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There is a wide scope of clinical phenomenology in Alzheimers disease, regarding the 
age of onset, presenting features, rate of progression and appearance of other clinical 
manifestation. Although clinical appearance and neuropathological hallmarks have 
been defining AD since its first description, major factors which trigger pathology 
are still unknown. The role of comorbidity is discussed controversially. Important 

environmental risk factors in AD development are continuous stress, low education 
and cardiovascular risk factors such as alcohol intake, smoking, hypertension. The 

role of lipids and cholesterol has been recognized, but the relevant pathogenetic steps 
are still to be identified. There is an urgent need to understand molecular disease 

pathogenesis in order to develop early therapeutic targets for the disease.
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Preface

This book addresses many facets of Alzheimer´s disease, from epidemiology and clinical
management of the patients to new approaches to understand the disease pathology. Cur‐
rently discussed pathways are highlighted and discussed. The collection covers actual topics
of interest for basic researchers and clinicians and provides insights in the complex prob‐
lems in Alzheimer´s disease.

Inga Zerr, MD
Clinical Dementia Center

Department of Neurology
University Medical School

Georg August University Göttingen
Germany
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Chapter 1

Epidemiology of Alzheimer's Disease with the
Projection of Falls Among the Aged Population

Aysegul  Uludag, Sibel  Cevizci and Ahmet  Uludag

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59876

1. Introduction

With aging, the loss of the ability to adapt to environmental factors in progressive decline
occurs. Particularly in North European countries, the elderly population continues to gradu‐
ally increase. Currently, in developing countries with a high youth population,it has been
mentioned that the size of epidemiology in the aging population revealed a more realistic
projection. The aging population is rapidly increasing. Of the 600 million elderly (60 years and
over) that are living,the ratio will increase by 25% in the next 25 years, and the population of
over 65 years old is expected to increase by 88% in the world. Most of the older population is
found in developed countries than that are indicated. In this projection, the determination of
health policies for the elderly necessarily becomes a first priority.

The old age period needs to be examined in physical, psychological, and social aspects. While
physical changes occur in a chronological order, psychological perception changes are
observed in learning, psychomotor, and personality characteristics. In the aspect of social
perspective, the people live in many limitations [1]. The elderly population suffer with the
following: approximately 8.0% have serious cognitive problems; 20% have chronic diseases,
vision problems, and hearing loss; and 33% live with a limitation on movements [2].

Dementia is defined as one of the biggest problems faced by the elderly population. It is an
overall term for diseases and conditions characterized by a decline in memory or other thinking
skills that affects a person’s ability to perform daily activities. According to DSM V criteria,
dementia can be defined as a major and mild neurocognitive disorders. In epidemiological
data, 24.2 million people live with dementia at that time, with 4.6 million new cases arising
every year [3]. Dementia increases with age, especially over the age of 65 which are 1.5 times
more often seen. Many conditions may cause dementia. However, the Alzheimer’s disease
(AD) is one of the reasons of the dementia that estimates 60-80%.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Alzheimer's disease is defined as a progressive loss of the cognitive function. This func‐
tion loss  history starts  with the loss  of  memory and function,  and eventually  to  all  the
intellectual activities of daily living and leads to premature death. Beta-amyloid plaques,
neurofibrillary tangles, and neurodegeneration are the hallmark pathologic characteristics
of AD [4]. To establish a diagnosis of AD with the onset of symptoms that can be done, in
fact, already started the beginning of the 20 year before. Etiology has not been fully clarified,
but the underlying causes are genetics, age, family history, the Apolipoprotein E-ε4 gene
(APOE-ε4),  mild  cognitive  impairment,  education  level,  traumatic  brain  injury,  and
cardiovascular risk factors [5].

Alzheimer's disease causes slowly progressive irreversible cognitive destruction with the loss
of performing even the daily activities. In particular, the most common problems encountered
in this process is falling. Falls in patients have clinically more severe chronic process and
present additional morbidity while mortality is increases. Alzheimer’s disease has approxi‐
mately 2 times higher risk for falling [6,7]. For patients with dementia, when they fall, they are
three times more likely to have broken hips. Hip fracture further increase the death rate of AD
patients [8]. In AD patients, increased risk of falling remains less understood. In studies,
cerebral white matter lesions may relate to cognition and postural balance [9-10].

In this chapter, the epidemiology of Alzheimer’s Disease with etiologic factors will be dis‐
cussed, and with this projection, the risk and importance of falls in these patients will also be
tackled.

2. The aging population

With aging, loss of the ability to adapt to environmental factors in progressive decline and
aging population is rapidly increasing. Of 600 million elderly (60 years and over) that are living,
the ratio will increase by 25% in the next 25 years, and the 65+ population is expected to increase
by 88% in the world. Most of the older population is found in developed countries than that
are indicated. In the year of 2056, 29.5% of Canadians, which is roughly 10.5 million people,
are expected to be above 65 years of age [11]. Approximately 8% of the elderly population live
with serious cognitive problems, while 20% have chronic diseases, vision problems, and
hearing loss, while the another 33% live with limitation of movements [2,12].

While the geriatric population increases, the incidence of chronic diseases also increases. In
particular, there are many physiological changes that occur in the geriatric period. The most
prominent of these occur in the skeletal system. With aging, bone resorption decreases and
senile osteoporosis occurs. In women, the menopause accelerated osteoporosis, and it threat‐
ens both male and female with aging. In addition to this change in the geriatric period,
gastrointestinal system changes occur that reduce appetite and prevent the absorption of
nutrients. This process in the geriatric period affects both the dementia process as well as
increase the risk of co-morbidity.

Alzheimer's Disease - Challenges for the Future4
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There are also social aspects of geriatric patients with the same changes. The most prominent
of these is related to the loss of spouse or loss of family members. Work situations, such as
separation or lack of income increases, results to social problems in the elderly.

Today, in developed countries live alone in geriatric period stood out, with the rise of indus‐
trialization. In developing countries geriatrics are also dwindling along with family members.
This facilitates the social isolation occuring in the aging population that live on their own.

One of the most significant changes experienced by the geriatric age group is also a change in
mental health. Especially due to social isolation or existing health problems, mood disorders
in the geriatric population is emerging. At the inital stage of dementia in people with mood
changes, it is difficult to recognize the coexistence of disorder or delay.

3. The aging population and falls

In the elderly, physiologically changes and many chronic diseases occur, and the geriatric
population also experience comorbidity problems. Falling is one of the major problems causing
the increasing comorbidities and mortality rates. Falls, in the geriatric population, is the fifth
leading cause of mortality [13]. Every year, geriatric patients aged 65 years and over is reduced
by 30%, and for patients over 85 years of age, by 50%. Each year, 30-50% of falls are in nursing
homes and 40% of those individuals fall again [14].

In the study from South Asia, it was found that the incidence of falls in China was 6-31%, while
in Japan, it was 20% [15-17]. According to the WHO report, the rate of hospital admission
caused by falls was found to be 1.6 to 3.0 per 10,000 population for people at the aged 60 years
and over in Australia, Canada, the United Kingdom of Great Britain, and Northern Ireland
(UK) [15]. Forty percent of all injury deaths are caused by falls [18]. Populations have various
fall fatality rate for people aged 65 years and over: in the USA, 36.8 per 100,000 population; in
Canada, 9.4; in Finland, 55.4 for people aged 50 and over [19-21]. Figure 1 indicates fatal falls
by age group and gender [15,22]. Fatal fall rates increase with age for both gender, and the
highest rate is seen at the age of 85 years and over. It has been found that men reported poorer
health and a greater number of underlying conditions than women. These include increasing
hip fracture and the risk of mortality [23].

Although population ageing is a triumph of humanity related to the extension of life-span, it
brings back some challenges for societies [24]. The absolute number of people aged 60 years
and over is expected to increase from 688 million in 2006 to 2 billion by 2050. For the first time,
the population of aged people will be greater than the population of children under the 14
years of age [15]. In addition, being predisposed to falls and its serious consequences is fastest
growing at the age of 80 and over. Figure 2 shows the population pyramid in 2005 and 2025
[15]. This figure shows that the percentage of older population is growing in parallel with a
decreasing percentage of the younger population. The triangular shape of the 2005 population
pyramid will transform into the more cylinder-like form in 2025 [15].

Epidemiology of Alzheimer's Disease with the Projection of Falls Among the Aged Population
http://dx.doi.org/10.5772/59876

5



Figure 1. Fatal fall rates by age and sex group[15,22].

Figure 2. Global population pyramid in 2005 and 2025 [15,25].

The prevention of falls is a considerable challenge for the ageing population. The number of
falls increase in magnitude as the number of aged people increase in many populations
throughout the world [15]. Falls increase with age because of biological change. Consequently,
the number of people aged 80 years and over will trigger a substantial increase of falls and
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injuries at an anxious rate. Actually, incidence of fall injuries have increased by 131% in the
last three decades. The number of injuries caused by falls is predicted to be 100% higher in the
year 2030 [15,21].

This applies to developing countries where ageing population is rapidly occurring and where
close to 70% of the elderly population lives. To add, “the developed world that became richer
before getting older, developing countries are getting older before becoming richer” [26].

The Ontorio working group linked the cause of the high incidence of falls to extrinsic and
intrinsic risk factors. The intrinsic risk factors are the physical characteristics, demographics,
and general health status of elders; e.g. psychosocial-demographic risks, medical risks and
considered as risk and degree of dependency with activity levels. While the extrinsic factors
are thought to be related to the physical and socio-economic environment; e.g. balance, slip
hazards and vision hazard. [27].

Most falls result from a person’s environment. The causes are, especially, the predisposing and
precipitating factors of the person’s environment. In most studies, about 25 to 45 percent of
falls occur because of environmental hazards [28]. The other common causes are gait disturb‐
ance and muscle weakness. The risk factors of falls are dizziness, vertigo, drop attacks, postural
hypotension, visual impairment, and syncope in patients. Lower extremity muscle weakness
is a significant risk factor for falls because it increases the odds of falling fourfold. The other
risk factors of falls are having fall history and gait or balance deficits which increases the risk
threefold. Other high-risk situations for falls are the use of an assistive device, visual deficit,
arthritis, impaired activities of daily living, depression, cognitive impairment, and age over
80 years. Studies reported that, medication increases the risk of falls, especially the use of four
or more medications, which have been strongly associated with an increased risk of falls. In
particular, the use of psychotropic medications, cardiac drugs including class 1A antiarrhyth‐
mic agents, digoxin, diuretics, and anticonvulsants have been implicated in increasing the risk
of falls [29,30]. In a social perspective, falls are one of the most common geriatric syndromes
because of the threat to the independence of older persons. Between 30 to 40 percent of
community-dwelling adults older than 65 years fall each year, and the rates are higher for
nursing home residents. Falls are associated with increased morbidity, mortality, and nursing
home placement [31,32]. The other risk factors of falls are arthritis, depression and activities
of daily living [33,34].

Falling due to fractures is very common in the geriatric population. In Canada, it is stated that
a large 23,631 people 59 years and older were hospitalized due to femoral neck fractures. The
most frequent cause of hospitalization for 65 years old and older is hip fracture. Femoral neck
fractures with dependence in daily activities in patients older than 85 years also increases
[35-40].

The American Academy of Family Practice offers a clinical assessment to determine the risk
of fractures in the elderly. The risk groups are defined as the conditions shown in Table 1
below.
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Clinical Assessments and Interventions for Elderly at Risk for Falls*

Assessment and risk factor Interventions

Circumstances of previous falls
Changes in environment and activity to reduce the
likelihood of recurrent falls

Medication use
High-risk medications
Four or more medications

Review and reduction of medications

Vision
Acuity < 20/60
Decreased depth perception
Decreased contrast sensitivity
Cataracts

Ample lighting without glare; avoidance of multifocal
glasses while walking; referral to an ophthalmologist

Postural blood pressure; ≥ 20 mm Hg drop in systolic
pressure, with or without symptoms, repeat immediately
or after two minutes of standing

Diagnosis and treatment of underlying cause, if possible;
review and reduction of medications; modification of salt
restriction; adequate hydration; compensatory strategies;
pressure stockings; pharmacologic therapy if the above
strategies fail

Balance and gait
Patient’s report or observation of unsteadiness
Impairment on brief assessment

Diagnosis and treatment of underlying cause, if possible;
reduction of medications that impair balance;
environmental interventions; referral to physical therapist
for assistive devices and for gait and progressive balance
training

Targeted neurologic examination
Impaired proprioception
Impaired cognition
Decreased muscle strength

Diagnosis and treatment of underlying cause, if possible;
increase in proprioceptive input; reduction of medications
that impede cognition; awareness on the part of caregivers
of cognitive deficits; reduction of environmental risk
factors; referral to physical therapist for gait, balance, and
strength training

Targeted musculoskeletal examination: examination of legs
and feet

Diagnosis and treatment of underlying cause, if possible;
referral to physical therapist for strength, range-of-motion,
and gait and balance training and for assistive devices; use
of appropriate footwear; referral to podiatrist

Targeted cardiovascular examination
Syncope
Arrhythmia

Referral to cardiologist; carotid-sinus massage

Home hazard evaluation after hospital discharge
Removal of loose rugs and use of night lights, non-slip bath
mats, and stair rails; other interventions as necessary

Table 1. Clinical Assessments and Interventions for Older Persons at Risk for Falls
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Tinetti ME. Clinical practice. Preventing falls in elderly persons. N Engl J Med 2003;348:45.

Health care services has provided the necessary preventive measures for fall-related fractures
in the geriatric population. There are some precautions, in terms of extrinsic factors, that are
also needed to be taken to prevent falls. In this regard, the US Preventive Task Force (USPSTF)
offers suggestions to prevent fractures in elderly patients [41]. The USPSTF recommendations
are given in Table 2 below.

Strength of Recommendations*

Key clinic Recommendations Label

Home hazard assessment and modification is recommended for patients with a history of falls. A

Exercise and physical therapy are recommended to prevent falls and injury from falls. A

Patients should receive a multifactorial risk assessment and intervention because it is the most
consistently effective strategy to prevent falls.

A

Evaluation of medications and withdrawal of medications that increase the risk of falling is
recommended.

B

Dual-chamber pacemaker placement is recommended for selected patients with carotid sinus
syndrome and syncope.

B

Hip protectors are recommended for patients at high risk of falling in an institutional setting. B

Patients with a history of falls or with risk factors for falling should undergo a formal
evaluation.

C

* U.S. Preventive Services Task Force. Guide to clinical preventive services

Table 2. Recommendations and labels for preventing elderly people from falls

One of the most significant pathology in the geriatric age group is also dementia. The most
common cause of dementia in the USA is Alzheimer's disease that has an annual health
spending of 192 billion dollars. The cost for health expenditure has been based from a study
but the social impact cannot be calculated [41].

4. Dementia in the aged population

The biggest problem is defined as dementia in the aged population. Dementia prevalence is
estimated to amount to 24 million and predicted to quadruple by the year 2050 [41]. Dementia
is defined as an overall term for diseases and conditions characterized by a decline in memory
or other thinking skills that affects a person’s ability to perform everyday activities. According
to the DSM V criteria, dementia is defined in terms of major and mild neurocognitive disorders.
In the epidemiological data, 24.2 million people lived with dementia at that time, with 4.6
million new cases arising every year [3]. In Canada; 2.0% of the population were diagnosed
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with dementia [11]. Dementia, increases with age, especially over the age of 65 years where it
has been often seen by 1.5 times more.

Previous definitions of dementia have often included the requirement of a progressive and
irreversible impairment. Dementia related so many things and can occur before or after the
age of 65 [42].

Alzheimer’s disease (AD) has been one of the top reasons of the dementia which estimates
60-80%. The etiology of Alzheimer's disease shows many reasons, although the exact etiologic
factor could not be determined. The early-onset AD is referred to the existence of genetic factors
associated with the etiology of APOE. While with the late onset AD, the etiological factors
could not be determined [4].

5. Alzheimer’s disease epidemiology

Alzheimer's disease is defined as a progressive loss of cognitive function. This function loss
history starts with the loss of memory and function, and eventually to all the intellectual
activities of daily living, and leads to processes that causes premature death. Beta-amyloid
plaques, neurofibrillary tangles, and neurodegeneration are the hallmark pathologic charac‐
teristics of AD [4]. In fact, since 20 years ago, there were already initial steps to establish the
diagnosis of AD with the onset of symptoms. Etiology has not been fully clarified, but the
underlying causes are genetics, age, family history, the Apolipoprotein E-ε4 gene (APOE-ε4),
mild cognitive impairment, education level, traumatic brain injury, and cardiovascular risk
factors [5].

The prevalence of Alzheimer's disease, according to the countries' health-related database
information from Holland, France, Italy, England and USA, is estimated at 3-7% [43].

Memory loss is the most pronounced behavioural abnormality, and is usually the first
symptom in Alzheimer’s disease. Memory is impaired for recent events, with relative preser‐
vation of remote memory. In the early stages of the disease, memory impairment may be an
isolated dysfunction, followed in time by the development of impairments of attention,
language function (defective word finding with otherwise fluent speech), visuospatial abilities
(drawing, route finding), praxis (purposeful movements), calculations, visual, auditory and
olfactory perception, problem-solving ability, and judgement. Patients with Alzheimer’s
disease have difficulty shifting their mental set from one task to another. Depression, person‐
ality changes, apathy, and irritability are also common features of the disease. Language
abilities and social skills may be remarkably preserved, even in the later stages, and patients
with well-established dementia may be able to maintain polite conversations with remarkable
skill and thus appear to be intact to the casual observer. Paranoid delusions, illusions, and
hallucinations are seen in a minority of patients, usually in the later stages. Up to half of the
patients with Alzheimer’s disease have limited awareness of their behavioural deficits. It
should be emphasized that the behavioural features of this disease are highly variable from
patient to patient: some patients may have preserved language function with impaired

Alzheimer's Disease - Challenges for the Future10



with dementia [11]. Dementia, increases with age, especially over the age of 65 years where it
has been often seen by 1.5 times more.

Previous definitions of dementia have often included the requirement of a progressive and
irreversible impairment. Dementia related so many things and can occur before or after the
age of 65 [42].

Alzheimer’s disease (AD) has been one of the top reasons of the dementia which estimates
60-80%. The etiology of Alzheimer's disease shows many reasons, although the exact etiologic
factor could not be determined. The early-onset AD is referred to the existence of genetic factors
associated with the etiology of APOE. While with the late onset AD, the etiological factors
could not be determined [4].

5. Alzheimer’s disease epidemiology

Alzheimer's disease is defined as a progressive loss of cognitive function. This function loss
history starts with the loss of memory and function, and eventually to all the intellectual
activities of daily living, and leads to processes that causes premature death. Beta-amyloid
plaques, neurofibrillary tangles, and neurodegeneration are the hallmark pathologic charac‐
teristics of AD [4]. In fact, since 20 years ago, there were already initial steps to establish the
diagnosis of AD with the onset of symptoms. Etiology has not been fully clarified, but the
underlying causes are genetics, age, family history, the Apolipoprotein E-ε4 gene (APOE-ε4),
mild cognitive impairment, education level, traumatic brain injury, and cardiovascular risk
factors [5].

The prevalence of Alzheimer's disease, according to the countries' health-related database
information from Holland, France, Italy, England and USA, is estimated at 3-7% [43].

Memory loss is the most pronounced behavioural abnormality, and is usually the first
symptom in Alzheimer’s disease. Memory is impaired for recent events, with relative preser‐
vation of remote memory. In the early stages of the disease, memory impairment may be an
isolated dysfunction, followed in time by the development of impairments of attention,
language function (defective word finding with otherwise fluent speech), visuospatial abilities
(drawing, route finding), praxis (purposeful movements), calculations, visual, auditory and
olfactory perception, problem-solving ability, and judgement. Patients with Alzheimer’s
disease have difficulty shifting their mental set from one task to another. Depression, person‐
ality changes, apathy, and irritability are also common features of the disease. Language
abilities and social skills may be remarkably preserved, even in the later stages, and patients
with well-established dementia may be able to maintain polite conversations with remarkable
skill and thus appear to be intact to the casual observer. Paranoid delusions, illusions, and
hallucinations are seen in a minority of patients, usually in the later stages. Up to half of the
patients with Alzheimer’s disease have limited awareness of their behavioural deficits. It
should be emphasized that the behavioural features of this disease are highly variable from
patient to patient: some patients may have preserved language function with impaired

Alzheimer's Disease - Challenges for the Future10

visuospatial abilities, while other patients at a similar stage in the overall disease process may
show the reverse pattern of deficits. Motor function and urinary continence are usually not
affected until later. This variability, or heterogeneity, in the behavioural manifestations of the
disease is due to variations in the distribution of disease severity in brain regions. For example,
patients with severe involvement of the left temporal and parietal cortex will have relatively
more marked language dysfunction. The disease is progressive, with survival rates after an
onset of 5 to 12 years duration [42,43].

As the elderly population in developed countries increases, it also can not be prevented to have
an increase in the prevalence of Alzheimer's disease. This is due to the change in the direction
of health policies. The unknown cause and limited treatment cause higher health expenditures
and quite large losses in every perspective.

Alzheimer's Disease, has two types of progressive diseases. If the AD starts before 65 years of
age, it is defined as early clinical onset. If it starts after 65 years of age, it is defined as late onset
AD. Early-onset AD starts in middle age and is implicated in the etiology of genetic predis‐
position. Late-onset AD is the most commonly seen in the 70-80 age range, and after 65 years,
there is a 2-fold increased risk of AD.

Some factors considered to be the etiology of Alzheimer's disease: age, genetics, family history,
the Apolipoprotein E-ε4 gene (APOE-ε4), mild cognitive impairment, education level,
traumatic brain injury, and cardiovascular risk factors.

Age: Age is associated with the increase in the prevalence of AD. After 65 years of age, it is
known that a 2-fold increase likelihood of AD occurs every 5 years. When a person isover 85
years of age, the increased risk becomes 16-fold.

Genetics: There are many studies on this subject. There are some genes and polymorphisms
that are genetically determined. These genes and polymorphisms are associated with the
pathophysiology of white plaque in AD. Alzheimer's disease pathology in the brain is
characterised by the presence of plaques of amyloid β peptides and intraneuronal tangles of
hyperphosphorylated forms of microtubule-associated protein tau (MAPT) [44]. It is stated
that in the studies of both componentscarry genetic forms of AD. Casual mutations in three
genes have been identified in early-onset forms, establishing the central role of amyloid in
Alzheimer's disease, which has become to be the most widely studied pathway since these
discoveries [45-49]. Twin studies have observed that the transition rate is 80% [50].

In the absence of transitions in all AD patients with the same genes, it has been suggested that
the environmental factors are related in the development of the disease. It has been genetically
implicated, especially in the early onset of Alzheimer's disease with APOE ε4 allele presence.
At the molecular level, especially in transition, Mendelian APP, PSEN1, and PSEN2 mutations
were studied [45-49].

Mutations in PSEN1 and PSEN2 are also directly related to amyloid production; they impair
the γ-secretase-mediated cleavage of APP, resulting in an increased ratio of amyloid β to
amyloid β [51].
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The results of the studies that show autosomal dominant Mendelian characteristics found that
some genes were involved in the pathology of AD. The late-onset AD is also guilty of the
changes in these genes. The genome-wide association and replication of these genes, addi‐
tionally, have been reported for single nucleotide polymorphisms in or near CR1, PICALM,
and BIN1[52]. Continued concerted efforts identified the association with single nucleotide
polymorphisms especially in MS4A cluster, CD2AP, CD33, EPHA1, and ABCA7 [52-56].

Apolipoprotein-ε4 (APOE ε4)

Apolipoprotein-ε4 allele is the best known factor for the late-onset and early-onset forms. The
Alzheimer’s disease risk is increased with having one ε4 allele roughly three-times and those
with two ε4 alleles have a roughly 15-times-increased risk, compared with the most common
genotype, APOE ε3ε3 [57].

Results of early studies suggested that this risk was greatest in patients who were 60–79 years
of age at the onset, a notion confirmed by a study of more than 17,000 individuals with whom
the risk of disease in APOE ε4ε4 carriers aged 60–69 years was as much as 35 times higher than
that noted in APOE ε3ε3 carriers [58]. In APOE ε4 carriers, the lifetime risk of Alzheimer’s
disease (an estimate independent of APOE ε3ε3 and the actual probability of developing
disease between birth and a given age) at age 85 years was estimated to be as high as 35% for
female APOE ε3ε4 carriers and 68% for female APOE ε4ε4 carriers [59].

5.1. Cerebrovascular diseases

Hemorrhagic infarcts, vasculopathy or something which causes changes in white matter cause
AD, however, the specific name for this cause or reason has not yet been identified. Infarcts
can lead to losses in areas related to memory or due inflammation that occurs in AD [62,63].

5.2. Hypertension

In studies, the hypertension that especially occurs in middle aged people, could cause the onset
AD. In many studies, vascular resistance of the resulting protein will lead to the extravasation
of the blood-brain barrier and, thus, lead to damage in the cell structure, apoptosis, and damage
in the brain. In addition, this may be considered as a cause of AD [62,63].

5.3. Type 2 Diabetes Mellitus

Type 2 DM is accused to be the cause of hyperinsulinemia in AD patients. Ensuring that the
peripheral hyperinsulinemia down-regulates the insulin receptors in the brain, under phys‐
iological insulin needs provides a transition to the brain and leads to an increase in the IDE
found mediated amyloid production [64,65].

5.4. Lipid disorders

Many studies considered cognitive impairment and AD are caused by lipid disorders,
although there is no evidence to reveal exactly why. The reason for this is that genetics
predisposition and apolipoprotein E, apolipoprotein J (APOJ, CLU), ATP-binding cassette
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subfamily A member 7 (ABCA7), and sortilin-related receptor (SORL1) are responsible
etiology of AD and lipid metabolism [66-68].

5.5. Head injury

In the meta-analysis, it is particularly prevalent in people who underwent a traumatic brain
injury with dementia [69-71]. Especially the men are more affected than the women. However,
there are inconsistent evidences for head injuries increasing the risk of AD.

6. Alzheimer disease and risk of falls

The prevalence of falls in patients with mild to moderate dementia is at 42% [44]. Cognitive
destruction of dementia patients have a worse prognosis than when they fall. In studies, falls
are more frequently seen in patients with AD [45]. In the world, the geriatric age population
is increasing and consequently the number of patients with AD is also increasing too meaning
falls happen in the people in this group, which is a serious problem [44-47].

According to the CDC, every year people aged 65 and over fall [48-49]. Falls can cause fatal
and nonfatal injuries, and can increase the risk of early death [50]. In fact, we know that falls
are a preventable public health problem, especially for aging communities. In aging societies,
Alzheimer diseases is another serious health problem, which is largely seen in developed
countries. The death and injury rates that result from falls among older men and women have
risen sharply over the past decade (Table 3). Aged people with Alzheimer's Disease are at a
particularly high risk of falling. Problems with vision, perception, and balance increase as the
Alzheimer's Disease advances, making the risk of a fall more likely [51].

Deaths

In 2011, about 22,900 older adults died from unintentional fall injuries.

Men are more likely than women to die from a fall. After taking age into account, the fall death rate in 2011 was 41% higher for
men than for women.

Older whites are 2.7 times more likely to die from falls as their black counterparts.

Rates also differ by ethnicity. Older non-Hispanics have higher fatal fall rates than Hispanics.

Injuries

People age 75 and older who fall are four to five times more likely to be admitted to a long-term care facility for a year or longer,
than those age 65 to 74.

Rates of fall-related fractures among older women are more than twice than those for men.

Over 95% of hip fractures are caused by falls. In 2010, there were 258,000 hip fractures and the rate for women was almost twice
the rate for men (15).

White women have significantly higher hip fracture rates than black women.

*Centers for Disease Control and Prevention, the National Center for Injury Prevention and Control.

Table 3. Fall-related deaths and injuries*
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The annual incidence of Alzheimer's disease patients that experience a fall in their age group
is 60-80% of non-AD. Also AD patients are 3 times more likely to carry the risk of fall-related
developments fraction [52-55].

Although not proven, there are already studies about the increasing frequency of falls in
patients by De Groot et al., [9] and Maruyama et al., [10] that cerebral white matter lesions may
relate to cognition and postural balance.

There is not known relation between falls and AD. But, changes in motor movements are
thought to be related to the recently impaired cognitive function. It is not known whether
changes in motor movement, or cognitive loss in AD and mild cognitive impairment had
previously occurred [46-57]. Stark SL et al., [58] considered that motor movements are affected
before than the cognitive impairment and is argued that the increase of brain amyloid levels
increase the risk of falling.

Ogama N et al., [59] declared that AD patients with falls have higher white matter lesions
(WML) than patients without falls. The posture and gait performance of the AD patients with
falls were lower than patients without falls. It has been found that, the periventricular
hyperintensity in frontal caps and occipital WMLs were strong predictors for falls, even after
potential risk factors were considered. About the risk of dementia and AD patients, regional
WMLs visualisation by the the brain magnetic resonance may greatly help to diagnose
dementia in the elderly with a higher risk of falls. Regional white matter burden, independent
of cognitive decline, correlates with balance/gait disturbance and predicts falls in elderly with
aMCI and AD [59].

In dementia, many risk factors were studied. The most common risk factors for falls in patients
with AD that are related to cognitive impairment and dementia are: gait and balance distur‐
bances, behavioral disorders, visual problems, malnutrition, adverse effects of drugs, fear of
falling, neurocardiovascular instability (particularly orthostatic hypotension), and environ‐
mental hazards.

Based on data from studies, a multifaceted intervention, including a physical exercise pro‐
gramme, and a modification of the risk factors may prevent falls in older people with cognitive
impairment and dementia. Lorbach ER et al., considered [60] that age, history of falls, motor
impairment, visual disturbance, cognitive disfunction, behavioral disturbance, side effects of
prescription drugs, and the presence of risky behaviors are risk factors of falls. NutriAlz’ study
declared that the risk of falls are related with the history of falls, nutritional status and arthritis
[61]. Walking is an automatic process until it is necessary to deviate from the learned program.
Most of the locomotion involves intention and therefore, there are cognitive inputs of various
degrees.

In AD and the other dementia diseases, cognitive impairment will have a negative effect on
all aspects of gait performance and progressive decline in cognition. This may cause a
concomitant disorganization of the network that controls locomotion, leading to an impaired
gait timing and postural control.

A disintegration of a higher cortical sensory function and a particularly involving percep‐
tual-motor integration may represent in AD patients. Because of this disintegration of the
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various  components,  previously  learned routine  motor  functions  “breaks  down” due to
visuo-spatial integration and other functions of higher cortical perception, an unconscious
component  in  the  network  of  motor  control.  In  AD  patients,  both  constructional  and
ideomotor apraxia at all stages of the disease occur. Alternatively, as a result of trying to
compensate  for  an  impaired  higher  cortical  sensory  integration  and  competition  for
attentional  resources,  the  control  of  timing  in  the  cerebellum  executes  programs  with
variable output,  leading to the variability of stepping during the stride with subsequent
gait unsteadiness and ultimately leads to falling [62].

Dementia and AD with frontal cognitive impairment is reported to cause deterioration of
walking in patients [63]. In the study Coelho et al., [64] AD's mild/moderate stages indicate
that the difference between the kinematic parameters is walking. Moderate stages of AD
patients had shorter stride lengths and walked more slowly than patients who were in the mild
stage. In the study of Maggio et al., [65] the caregivers are the risk factor of AD because of
caregiver stress.

7. Other risk factors of falls in Alzheimer disease

Physiological and cognitive changes and other functional disabilities occur in patients with
AD. The experimental or epidemiological studies show that there is more than one etiologic
factor that may be responsible for the risk of falls.

Age: Age is seen as the most important etiologic factor. Both AD prevalence and falls increase
with ageing. In Nutrialz study, the prevalence increase by 10% with ageing and is increases
every 5 years [61]. It is known that, with ageing, dementia, AD, and falls increase. The loss of
abilities is related to ageing.

Education level: In the study of Ott et al., [66] high education level is stated to be related to
AD. It was especially noted that increased levels of education delay the onset of AD. With a
higher education level, neural reserve and neural network capacities are higher, and this
delayed the neurodegeneration [67,68]. The effects of education, job and entertainment
experiences lead to the efficiency of neural reserves.

Functional Ability and Falls: Normal ageing involves vision, hearing, vestibular, and
somatosensory changes in the primary sensory areas. Thus, a more cognitive effort may be
required to accommodate these systemic changes. The progressive decline in cognitive
functions may lead to the disorganization of the network that controls locomotion, leading to
impaired gait speed, timing, and poor postural control [70].

Recent Falling History: The risk of falls is increasing with AD patients that have a previous
falling history. This is influenced by, because of recent experiences, fear of falling. Fear of
falling are influenced by spatial and temporal parameters [71-72]. In this subject, there are
many evidences. Especially, the history of falling is the main risk factor in elderly people and
in patients with AD.
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Gait: In AD patients, stride length variability at all walking speeds may contribute to the
increased incidence of falls [73].

Global Brain Atrophy: White matter lesions in older adults are also associated with gait and
balance impairment, cognitive impairment, and frequent falling. Yamaha et al., [74]. stated
that patients with cognitive disorders, global brain atrophy is an independent factor for falling
in AD patients.

Medication: In AD patients, one of the risk factors for falls is the medication. In the study of
Epstein et al., [75] the medication increases the falls. Even after the medication has been
changed, medication side effects are still thought to be the cause of the vast majority of falls.

7.1. Preventing falls

Older adults can keep on their independence for their daily life activities and reduce their
experience of falling through exercising regularly, asking their doctor to revise their medicine
use due to dizziness, having their eyes checked, and making their homes safer [50,77,78].

Because half of all falls occur at home, below are some suggested steps that may be considered
to make the home safer (Table 4) [51,79].

Remove things you can trip over, such as papers, books, clothes, and shoes, from stairs and places where you walk.

Remove small throw rugs or use double-sided tape to keep the rugs from slipping.

Keep the items you use often in cabinets you can reach easily without using a step stool.

Have grab bars put next to your toilet and in the tub or shower.

Use non-slip mats in the bathtub and on shower floors.

Improve the lighting in your home. As you get older, you need brighter lights to see well. Lamp shades or frosted bulbs can reduce
glare.

Put handrails and lights in all staircases.

Wear shoes that give good support and have thin non-slip soles. Avoid wearing slippers and athletic shoes with deep treads.

Table 4. Safety tips for preventing falls at home

Fall prevention for people with Alzheimer’s Disease and other types of dementia is vital. The
key point for reducing falls in people with dementia is to understand why they fall and what
causes the falls (Figure 3) [78]. Restlessness, discomfort or pain, hunger or thirst, a need to use
the bathroom, boredom, and loneliness were other contributors to falls [78-81].

Some studies indicate that cognitive impairment is associated with Alzheimer disease and
increase fall risk among older adults. Strategies including multifactorial assessment should be
considered to prevent the risk of falling [24,25,82]. Falls are a prevalent health problem in the
geriatric population and can result in severe somatic and psychological consequences. Fall risk
assessment can provide knowledge to make and develop suitable interventions for identifing
persons at risk [21,83].

Alzheimer's Disease - Challenges for the Future16



Gait: In AD patients, stride length variability at all walking speeds may contribute to the
increased incidence of falls [73].

Global Brain Atrophy: White matter lesions in older adults are also associated with gait and
balance impairment, cognitive impairment, and frequent falling. Yamaha et al., [74]. stated
that patients with cognitive disorders, global brain atrophy is an independent factor for falling
in AD patients.

Medication: In AD patients, one of the risk factors for falls is the medication. In the study of
Epstein et al., [75] the medication increases the falls. Even after the medication has been
changed, medication side effects are still thought to be the cause of the vast majority of falls.

7.1. Preventing falls

Older adults can keep on their independence for their daily life activities and reduce their
experience of falling through exercising regularly, asking their doctor to revise their medicine
use due to dizziness, having their eyes checked, and making their homes safer [50,77,78].

Because half of all falls occur at home, below are some suggested steps that may be considered
to make the home safer (Table 4) [51,79].

Remove things you can trip over, such as papers, books, clothes, and shoes, from stairs and places where you walk.

Remove small throw rugs or use double-sided tape to keep the rugs from slipping.

Keep the items you use often in cabinets you can reach easily without using a step stool.

Have grab bars put next to your toilet and in the tub or shower.

Use non-slip mats in the bathtub and on shower floors.

Improve the lighting in your home. As you get older, you need brighter lights to see well. Lamp shades or frosted bulbs can reduce
glare.

Put handrails and lights in all staircases.

Wear shoes that give good support and have thin non-slip soles. Avoid wearing slippers and athletic shoes with deep treads.

Table 4. Safety tips for preventing falls at home

Fall prevention for people with Alzheimer’s Disease and other types of dementia is vital. The
key point for reducing falls in people with dementia is to understand why they fall and what
causes the falls (Figure 3) [78]. Restlessness, discomfort or pain, hunger or thirst, a need to use
the bathroom, boredom, and loneliness were other contributors to falls [78-81].

Some studies indicate that cognitive impairment is associated with Alzheimer disease and
increase fall risk among older adults. Strategies including multifactorial assessment should be
considered to prevent the risk of falling [24,25,82]. Falls are a prevalent health problem in the
geriatric population and can result in severe somatic and psychological consequences. Fall risk
assessment can provide knowledge to make and develop suitable interventions for identifing
persons at risk [21,83].

Alzheimer's Disease - Challenges for the Future16

Figure 3. Causes of Falls among People with Alzheimer’s Disease

8. How can we avoid accidents and reduce the risk of falls?

Aged people with dementia want to carry on their everyday life at home for as long as possible.
However, it can be difficult managing everyday situations if you have dementia, particularly
as the dementia progresses and as you get older. In conclusion, some people may not be as
safe at home as they used to be. Some risk factors and suggested ways to manage them were
mentioned below [84].

Occupational therapy provides practical support to help people do their day-to-day tasks,
hobbies, interests, and activities (Figure 4 and 5). People who want to take an occupational
therapy assessment can consult their local social services or their psychology experts related
to occupational therapy [84].

Other preventions to reduce the risk of falls are: store dangerous substances safely, improve
home environment, manage daily activities such as cooking or bathing through adaptations,
avoid fire including fitting smoke alarms and carbon monoxide detectors, stay safe outdoors,
use support networks, arrange access especially for family member or care worker, and record
contact names and numbers belong to carers, friends, or family members [84].
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Figure 4. Seek advice from an occupational therapist.

Figure 5. Steps to reduce the risk of falling at home.
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9. Conclusion

With ageing, the risk of dementia and falls prevalence increases. Falls are one of the important
risks for comorbidity and mortality in the aged population. Preventing strategies must be
performed and must be related with the individual as well as the health services and the politics
area. Only the implementation of prevention services may be solve this problem because the
dementia and AD have a progressive decline process and there is currently no known
alternative treatment for these pathologic conditions.
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1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia in the elderly and a chronic
neurodegenerative disease characterized by widespread degeneration of neurons. An esti‐
mated 37 million people worldwide currently have AD, which is estimated to increase to 65.7
million by 2030 and 115.4 million by 2050 [1]. It is a growing health concern in society because
patients suffer from progressive functional impairments, emotional distress, loss of independ‐
ence, and behavioral deficits. AD is characterized by the presence of two types of neuropa‐
thological hallmarks: senile plaques (SPs) and intracellular neurofibrillary tangles (NFTs). SPs
predominantly consist of extracellular amyloid β-peptide (Aβ) deposits. NFTs are formed by
intraneuronal aggregation of hyperphosphorylated tau. The amyloid cascade hypothesis
theory proposes a dysregulation of amyloid precursor protein processing. This event leads to
AD pathogenesis, which involves the aggregation of Aβ (particularly Aβ42), neuritic plaque
formation, and consequently the formation of NFTs followed by the disruption of synaptic
connections, neuronal death, and cognitive deficits (dementia) [2]. Increasing evidence
suggests that Aβ oligomers may be the primary cause of AD because they have a greater
correlation with dementia than insoluble Aβ42. Aβ also plays a crucial role in inducing
neuronal oxidative stress [3]. Aβ-mediated mitochondrial oxidative stress causes hyperphos‐
phorylation of tau in AD brains [4, 5]. Mounting evidence clearly links tau to neurodegener‐
ation, indicating that tau hyperphosphorylation may be the necessary link in neural
dysfunction and death. However, whether autophagic dysfunction is involved in neuronal
death during this event still remains unknown. Recent studies have indicated the importance
of defective autophagy in the pathogenesis of aging and neurodegenerative diseases, espe‐
cially in AD. Autophagy may increase the formation of autophagosome in AD, and autophagic
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dysfunction may induce the pathogenesis of AD, particularly at the late stage of AD [6].
However, the relationship between oxidative stress, tau protein hyperphosphorylation,
autophagic dysfunction and neuronal cells death in AD remains elusive. In this review, we
summarize the latest progress in research focused on oxidative stress, tau hyperphosphory‐
lation, and autophagic dysfunction, and their relationship with AD.

2. Oxidative stress in AD

Oxidative stress appears to be one of the earliest events and a major determinant of the
pathogenesis and progression in AD. In experimental models and human brain studies of AD,
oxidative stress has also been shown to play an important role in neuronal degeneration [7].
Several risk factors for AD may cause or promote oxidative damage, such as advanced age,
apolipoprotein E (APOE) ε4 alleles [8], medical risk factors, environmental and lifestyle-related
risk factors and so on. Generally, oxidative stress is caused by the imbalance between reactive
oxygen species (ROS) (O2-, H2O2 and OH), which associated with both the chronic formation
of ROS derived from the mitochondrial electron transport chain and the acute and high output
formation of ROS derived from nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, and the breakdown of chemically reactive species, by reducing agents and antioxidant
enzymes, such as superoxide dismutase (SOD). This disequilibrium may result from disease,
stressors, or environmental factors. High ROS levels lead to the accumulation of oxidized
proteins, lipids, and nucleic acids due to mitochondrial dysfunction, increased metal levels,
inflammation, and Aβ peptides, thereby directly impairing cellular function if not be removed
or neutralized [9]. Oxidative damage to cellular components is likely to result in the alteration
of membrane properties, such as fluidity, ion transport, enzyme activities, protein cross-
linking, and eventually cell death.

Structurally and functionally damaged mitochondria are more proficient at producing ROS
[10]. Mitochondrial dysfunction may be an initial trigger for enhanced Aβ production during
the aging process [11].Oxidative stress can promote Aβ deposition, tau hyperphosphorylation,
and the subsequent loss of synapses and neurons in the development of AD. Several studies
suggest that ROS are involved in Aβ fibrillization and NFT formation in AD and increases
with Aβ and NFT pathology in AD. Both soluble and fibrillar Aβ may further accelerate
oxidative stress, as well as mitochondrial dysfunction [12-14]. The transgenic (Tg) Thy1-
APP751 (SL) mouse model of AD shows increased proteolytic cleavage of APP, increased
production of Aβ, and impaired Cu/Zn-SOD activity [15]. Furthermore, oxidative stress is
considered as a primary factor of NFT formation in AD. However, the relationship between
oxidative stress and tau hyperphosphorylation remains unclear. Okadaic acid is used as a
research model to induce tau phosphorylation and neuronal death in AD. Oxidative stress
combined with Okadaic acid results in tau hyperphosphorylation [16], and mitochondrial
SOD2 deficiency also increases the levels of Ser396 phosphorylated tau in the Tg2576 mouse
model of AD [4].
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3. Tau protein in AD

3.1. Tau protein physiology and pathology

Tau protein (known as neuronal microtubule associated protein tau) plays a large role in the
outgrowth of neuronal processes and the development of neuronal polarity. Tau protein in
the central nervous system is predominantly expressed in neurons [17, 18], with its main
function to promote microtubule assembly, stabilize microtubules, affect the dynamics of
microtubules in neurons [19, 20], and inhibit apoptosis [21], particularly in axons [22, 23].
However, recent reports suggest that excess intracellular tau is released into the extracellular
culture medium via membrane vesicles [24]. In the adult human brain, tau consists of six
isoforms, and the tau gene contains 15 exons. The isoforms are generated by alternative splicing
of exons 2, 3, and 10. Depending on the alternative splicing of exon 10, tau isoforms are termed
4R (with exon 10) or 3R (without exon 10). N-terminal exon (tau 1N), two N-terminal exons
(tau 2N), or no N-terminal exons (tau 0N) at the N-terminal inserts mainly depend on the
inclusion of exon 2, exon 2 and 3, or the exclusion of both. Biochemical analysis of postmortem
AD brains indicate that 4R-tau is more abundant than 3R in isolated NFTs [25].

Tau protein normally stabilizes axonal microtubules in the cytoskeleton and plays a vital role
in regulating the morphology of neurons. It has more than 30 phosphorylation sites. When tau
is abnormally hyperphosphorylated, it destabilizes microtubules by decreasing the binding
affinity of tau and resulting in its aggregation in NFTs. NFTs are composed of paired helical
filaments (PHF) of abnormally hyperphosphorylated tau. The severity of dementia in AD was
shown to correlate well with NFT load. In the transgenic mouse model, conditionally express‐
ing the human tau P301L mutant, age-related NFTs develop, along with neuronal loss and
behavioral impairment. After the suppression of transgenic tau, memory function recovered,
and neuron numbers stabilized [26]. The pathogenesis of tau-mediated neurodegeneration is
unclear but hyperphosphorylation, oligomerization, fibrillization, and propagation of tau
pathology has been proposed as the likely pathological processes that induces the loss of
function or gain of tau toxicity, which caused neurodegeneration [27]. Tau phosphorylation
has been investigated at AD-related sites by using recombinant human tau phosphorylated
by DNA damage-activated checkpoint kinase 1 (Chk1) and checkpoint kinase 2(Chk2) in vitro
[28]. This study identified a total of 27 Ser/Thr residues as Chk1 or Chk2 target sites. Among
these sites, 13 sites have been identified to be phosphorylated in AD brains [29]. The generation
of a Tg mouse line overexpressing human tau 441 via V337M and R406W tau mutations has
been shown to accelerate the phosphorylation of human tau, inducing tau pathology and
cognitive deficits [30].

3.2. Tau protein kinases and phosphatase

Tau phosphorylation is mainly determined by a balance between the activation of various tau
protein kinases and phosphatases, and its disruption results in the abnormal phosphorylation
of tau, which is observed in AD. Each tau site is phosphorylated by one or more protein kinases.
Tau kinases are grouped into three classes: (1) proline-directed protein kinases (PDPK)
containing glycogen synthase kinase-3 (GSK3), cyclin-dependent protein kinase-5 (CDK5), and
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mitogen activated protein kinases (MAPK) (e.g. p38, Erk1/2 and JNK1/2/3); (2) non-PDPK,
including tau-tubulin kinase 1/2 (e.g. casein kinase 1α/1δ/1ε/2), dual specificity tyrosine-
phosphorylation-regulated kinase 1A/2, microtubule affinity regulating kinases, phosphory‐
lase kinase, cAMP-dependent protein kinase A (PKA), PKB/Akt, protein kinase C, protein
kinase N, and Ca2+/calmodulin-dependent protein kinase II (CaM kinase II); and (3) tyrosine
protein kinases, including Src family kinase (SFK) members (e.g. Src, Lck, Syk, and Fyn), and
c-Abelson kinase or Abl related gene kinase. Phosphatases are also usually classified into three
classes according to their amino acids sequences, the structure of their catalytic site, and their
sensitivity to inhibitors. These groups include: (1) phosphoprotein phosphatase (PPP), (2)
metal-dependent protein phosphatase, and (3) protein tyrosine phosphatase (PTP).

GSK3 (particularly GSK3β) plays a key role in the pathogenesis of AD, contributing to Aβ
production and Aβ-mediated neuronal death by phosphorylating tau in most serine and
threonine residues and inducing hyperphosphorylation in paired helical filaments [31].
Inhibition of GSK3 prevents Aβ aggregation and tau hyperphosphorylation [32, 33].The
involvement of CDK5 in tau phosphorylation is shown by the increase in its enzymatic activity
and the absence of MT-2 cells neurite retraction in the presence of roscovitine or CDK5 siRNA
[34]. Therefore, CDK5 may be a key candidate target for therapeutic gene silencing [35]. p38
MAPK has been identified as one of the kinases involved in the regulation of tau phosphory‐
lation. Thus, under pathological conditions this kinase is likely to play a role in the hyper‐
phosphorylation of tau [36]. CDKs and casein kinase 1 (CK1) are involved in the aggregation
of Aβ peptides (forming extracellular plaques) and hyperphosphorylation of tau (forming
intracellular NFTs). The expression pattern of CKIδ (an isoform of CK1) plays an important
role in tau aggregation in AD [37]. Ser214, Ser262, and Ser409 are major phosphorylation sites
of tau that are affected by PKA [38]. In P19 cells stably expressing human tau441, CaM kinase
II has been shown to be involved in retinoic acid (RA)-induced tau phosphorylation- mediated
apoptosis [39].

Tau protein phosphatase PPP group includes protein phosphatase [PP]1, PP2A, PP2B and
proteinphophatase-5 [PP5]. In vitro, Overexpression of PP5 resulted in dephosphorylation of
tau at multiple phosphorylation sites [40] and protected neurons against apoptosis induced
by Aβ [41]. In vivo, PP5 interacts with the regulatory subunit A of PP2A [42], and the enzymatic
activity level of PP5 has been reduced by 20% in AD brains [40]. PP2A contributes to abnor‐
mally hyperphosphorylated tau protein, and is the most efficient phosphatase. The inhibition
of PP2A significantly plays a role in tau hyperphosphorylation [43-45]. PP2A is regulated by
endogenous inhibitor-1 of PP2A (I1PP2A) and inhibitor-2 of PP2A (I2PP2A) in mammalian
tissues [46].

Recently inactivation the nuclear translocation signal (179KRK181-AAA) along with
168KR169-AA mutations of I2PP2A (mNLS-I2PP2A), it was translocated from nucleus to the
cytoplasm. Cytoplasmic retention of I2PP2A physically interacted with PP2A and inhibited its
activity, induced Alzheimer-like abnormal tau protein hyperphosphorylation by the direct
interaction of I2 PP2A with PP2A and GSK-3β [47]. In AD brain, I2PP2A is also translocated
from neuronal nucleus to cytoplasm, leading to the inhibition of PP2A and abnormal phos‐
phorylation of tau. I2PP2A directly inhibits the activity of PP2A activity without affecting its
expression [48]. Over activation of GSK-3β inhibits PP2A through up regulation of I2PP2A.
GSK-3 activation significantly contributes to tau hyperphosphorylation by inhibiting PP2A via
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the up-regulation of I2PP2A [49]. These data indicate that up-regulation or down-regulation
of the phosphorylation system or dephosphorylation system, respectively of tau protein may
be implicated in tau pathologies.

3.3. Tau protein and oxidative stress

3.3.1. Tau protein hyperphosphorylation and oxidative stress

Oxidative stress is believed to be a prominent early event in the pathogenesis of AD, contri‐
buting to tau phosphorylation and the formation of neurofibrillary tangles. However, the
relationship and underlying mechanisms between oxidative stress and tau hyperphosphory‐
lation remains elusive. Fatty acid oxidative products provide a direct link between the
mechanism of how oxidative stress induces the formation of NFTs in AD [50]. Chronic
oxidative stress increases the levels of tau phosphorylation at paired helical filaments (PHF-1)
epitope (serine 399/404) via the inhibition of glutathione synthesis with buthionine sulfoximine
(BSO) in an vitro model of chronic oxidative stress [5]. In primary rat cortical neuronal cultures
stimulated by the combination of the copper chelator, cuprizone, and oxidative stress (Fe2+/
H2O2), tau phosphorylation is significantly increased by the elevated activity of GSK-3 [51].
Furthermore, treatment of rat hippocampal cells and SHSY5Y human neuroblastoma cells with
H2O2 at the early stages of oxidative stress exposure results in tau dephosphorylation at the
Tau1 epitope by CDK5 via PP1 activation [52]. Several studies have suggested that oxidative
stress is a causal factor in tau-induced neurodegeneration in Drosophila [53], and ROS
generation is a key intracellular event that contributes to an induction of p38-MAPK activation
and tau phosphorylation.

3.3.2. GSK3β, PP2A, and oxidative stress

Oxidative stress is likely to play a critical role in tau hyperphosphorylation, which is regulated
by tau protein kinase activation and the suppression of phosphatase. Tau hyperphosphoryla‐
tion may be induced by oxidative stress through the direct interaction with tau protein kinase
and phosphatase, particularly GSK-3β and PP2A, respectively because they are predominant
and play an important role.

The main site of ROS formation is mitochondrial complex I, inhibition of complex I induces a
decrease in ATP levels and excessive production of ROS [54]. GSK-3β has been situated in the
mitochondria and highly activated. Mitochondrial GSK3β activity controlled the mitochon‐
drial complex I activity, promoted ROS production, and perturbed the mitochondrial mor‐
phology [55]. In contrast, GSK-3β activity is up-regulated under oxidative stress [56]. For
example, in human embryonic kidney 293/Tau cells, H2O2 increases GSK-3β activity and tau
is hyperphosphorylated at Ser396, Ser404, and Thr231. Mitochondrial superoxide activates the
mitochondrial fraction of GSK-3α/β, resulting in the phosphorylation of the mitochondrial
chaperone cyclophilin D [57]. This effect also provides a link between GSK-3β and oxidative
stress.

Studies have also focused on the link between PP2A and oxidative stress. A recent report shows
that rat cortical neurons treated with okadaic acid inhibits PP2A activity, resulting in an
abnormal increase in mitochondrial ROS and mitochondrial fission [58]. Other findings reveal

Oxidative Stress, Tau and Autophagy in AD
http://dx.doi.org/10.5772/59980

31



that ROS inhibits PP2A and PP5, leading to the activation of JNK and Erk1/2 pathways and
subsequently caspase-dependent and -independent apoptosis of neuronal cells [59]. In vivo,
after hypoxia exposure, the levels of activated form of GSK-3β was significantly increased in
the hippocampus, while activated form of PP2A were significantly decreased [60]. Despite
these studies, however, the relationship of GSK3 and PP2A with oxidative stress remains to
be further investigated.

3.3.3. Antioxidants and the tau protein

In recent years, antioxidant therapy has received considerable attention as a promising
approach for slowing the progression of AD. Research has focused on endogenous antioxi‐
dants (e.g. vitamins, coenzyme Q10, and melatonin) and the intake of dietary antioxidants,
such as phenolic compounds that are flavonoids or non-flavonoids. This increased interest has
thus strengthened the hypothesis that oxidative damage may be responsible for the cognitive
and functional decline in AD patients. Melatonin is a free radical scavenger, clinical trial
revealed that add-on prolonged-release melatonin had positive effects on cognitive function‐
ing and sleep maintenance in AD patients compared with placebo [61]. The mechanism may
be that melatonin can block tau hyperphosphorylation and microtubule disorganization under
in vivo and vitro conditions [62-64] and also decreases the activity of GSK-3β [65]. Moreover,
melatonin may be a potentially useful agent in the prevention and treatment of AD [66].
Demethoxycurcumin has been shown to inhibit the phosphorylation of both tau pS262 and
pS396 in murine neuroblastoma N2A cells [67]. Curcumin reduced soluble tau and elevated
heat shock proteins involved in tau clearance [68]. In addition, curcumin downregulated levels
of phosphorylated tau, which may concerned with the upregulation in BAG2 levels in the
neurons [69]. In addition, an association also exists between beta carotene and tau in AD
patients [70]. Other experiments have shown that the active component of Ginkgo biloba,
ginkgolide A, inhibits GSK3β and suppressed the phosphorylation level of tau [71]. Other
antioxidants, such as Vitamins E and C [72, 73] and gossypin [74] are also reported to have a
protective effect against neurotoxicity. These results have therefore led to further investiga‐
tions of this compound as an antioxidant therapy strategy for AD.

4. Autophagy in AD

4.1. The Autophagic pathway

Autophagy  is  an  essential  lysosomal  degradation  pathway  that  turns  over  cytoplasmic
constituents,  including  misfolded  or  aggregated  proteins  and  damaged  organelles,  to
facilitate the maintenance of cellular homeostasis. Autophagy is usually activated during
nutrient deprivation and stress to enhance cellular survival, and its constitutive activity is
recognized  to  control  neuronal  survival.  Autophagic  dysfunction  has  been  reported  to
contribute to AD [75].

Autophagy includes macroautophagy, chaperone-mediated autophagy, and microautophagy.
The most familiar of these types is macroautophagy, which is a process of cellular self-
cannibalism in which portions of the cytoplasm are sequestered within double- or multi-
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membraned vesicles (autophagosomes) and then delivered to lysosomes for bulk degradation.
Autophagy is induced by two pathways in macroautophagy - mammalian target of rapamycin
(mTOR)-dependent and -independent signaling pathways. mTOR is an important conver‐
gence point in the cell signaling pathway. mTOR kinase activity is modulated in response to
various stimuli, such as trophic factors, mitogens, hormones, amino acids, cell energy status,
and cellular stress. Rapamycin, as mTOR inhibitor, is a very important tool for autophagy [76,
77]. mTOR complex (mTORC) 1 is involved in autophagy and is the master regulator of cell
growth enhancing the cellular biomass by up-regulating protein translation [78]. For cells to
control cellular homoeostasis during growth, a close signaling interplay occurs between
mTORC1 and two other protein kinases, AMP-activated protein kinase (AMPK) [79] and
Unc51-like kinase (ULK1) [80]. Autophagy is inhibited by cytosolic p53 via the direct inhibition
of AMPK [81]. mTORC1 controls autophagy by directly interacting with the ULK1, focal
adhesion kinase family-interacting protein of 200 kDa (FIP200) and Atg13 complex [82].
Several mTOR-independent signals affect the autophagy pathway. When the level of free
inositol and myoinositol-1,4,5- trisphosphate (IP3) decreases, autophagy is reduced [83].
Furthermore, lower levels of Bcl-2 lead to the release of more Beclin 1, thus forming the Beclin
1-PI3KCIII (class III phosphoinositide 3-kinase) complex to activate autophagy via the PI3K-
AKT-mTOR pathway [84].

4.2. Autophagic dysfunction in AD pathology

A growing body of evidence suggests a link between AD and autophagy. Therefore, the
pathological functions of autophagy may be a critical mediator of neurotoxicity [85]. Autoph‐
agy develops in AD brains because of the ineffective degradation of autophagosomes, which
is controlled by many kinds of autophagy-related genes (Atg), including Atg1-Atg35. Atg8
(mammalian homolog is LC3) is an autophagosomal membrane protein and a marker of
autophagosome formation [86]. Beclin-1 (the mammalian ortholog of yeast Atg6) plays a
pivotal role in autophagy [87]. In an in vitro study of the pathogenesis of AD, Atg8/LC3
colocalizes with APP and LC3-positive autophagosomes are present [88]. Beclin-1 knockdown
increases APP, APP-like proteins, APP-C-terminal fragments, and Aβ [89]. Atg5, Atg12, and
LC3 are also associated with plaque, tangle pathologies, and neuronal death in AD [90].
Generally, autophagic vacuoles (AVs) are rare in the normal brain, but are increased in brains
of AD patients. In the early stages of AD, the expression of lysosome-related component is
significantly increased prior to the formation of plaques and NFTs, and autophagy is also
induced at this stage, thus its activity is independent of extracellular Aβ deposition and NFT
formation [91]. In the late stage of AD, AVs continue to accumulate in large numbers in
dystrophic neurites. There are several causes for the dysfunction of autophagy in late-stage
AD, including the enhanced processing of APP and Aβ degradation [92], and the toxic effect
of high levels of intracellular Aβ on lysosomal function [93]. Inhibition of the AV-lysosome
fusion is caused by impaired microtubule-associated retrograde transport, which in turn leads
to increased accumulation of AV in dystrophic neurites. Lysosomal enzyme dysfunction may
be associated with the accumulation of AVs [94, 95]. Autophagy plays an important role in the
degradation of impaired mitochondria in AD. Dysfunction of the autophagy - lysosome system
causes insufficient degradation of mitochondria [96]. Conversely, mitochondrial dysfunction
may also impair this pathway [97].
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4.3. Autophagy and the tau protein

4.3.1. Tau protein degradation via autophagy

A variety of forms of tau proteins have been shown to be degraded by the ubiquitin-protea‐
some system (UPS) and autophagy-lysosomal pathway (ALP). UPS may play an important
role in the primary clearance of pathological tau. However, the importance of autophagy-
mediated tau degradation, particularly at the late stage of NFT formation, is becoming more
recognized. The autophagy-lysosomal pathway has the capacity to engulf protein aggregates
and keep tau levels at a low level [98]. Autophagy is believed to be an evolutionarily conserved
mechanism for intracellular degradation of proteins, such as Aβ and tau. mTOR in negatively
regulating autophagy is an important convergence point in cell signaling. Increasing mTOR
signaling facilitates tau pathology, and reducing this signaling ameliorates tau pathology [99].
Rapamycin has been reported to decrease tau phosphorylation at Ser214 in vitro, and reduce
tau tangles and insoluble tau in vivo [100, 101]. In a tetracycline-inducible model [tau DeltaC
(tauΔC)], tau is abnormally truncated at Asp 421, and is cleared predominantly by macroau‐
tophagy and degraded significantly faster than full-length tau [102]. Autophagy activation
suppresses tau aggregation and eliminates cytotoxicity [99]. Moreover, trehalose (an enhancer
of autophagy) directly inhibits tau aggregation in primary neurons [103]. Under in vitro
conditions, the accumulation of tau species is increased with the autophagic inhibitor, 3-
methyladenine, and decreased with trehalose [104]. Overall, these results suggest that tau
degradation involves autophagy, and this activity is beneficial for neurons to prevent the
accumulation of protein aggregates.

4.3.2. Tau protein hyperphosphorylation leads to autophagic dysfunction

The physiological function of tau protein is well known to be associated with microtubule
binding and assembly. Autophagosome transport mainly depends on the movement along
microtubules in the autophagic pathway. However, the link between tau hyperphosphoryla‐
tion and autophagic dysfunction is still under debate. Frontotemporal dementia and parkin‐
sonism linked to chromosome 17 (FTDP-17) - mediated tau mutations can disrupt lysosomal
function in transgenic mice expressing human Tau with four tubulin-binding repeats (in‐
creased by FTDP-17 splice donor mutations) and three FTDP-17 missense mutations: G272V,
P301L, and R406W [105]. In Tg mice expressing mutant human (P301L) tau, axonal spheroids
have been shown to contain tau-immunoreactive filaments and AVs [106]. A recent study has
revealed that PP2A upregulation stimulates neuronal autophagy, thus providing link between
PP2A downregulation, autophagy disruption, and protein aggregation [107]. Furthermore,
autophagosomes have been shown to be increased in rat neurons treated with okadaic acid
[108]. Altogether, tau is known to regulate the stability of microtubules, and tau hyperphos‐
phorylation may result in the destabilization of neuronal microtubules, thus affecting the
placement and function of mitochondria and lysosomes. Therefore, tau hyperphosphorylation
is likely to play a critical role in the process of autophagic dysfunction.
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[108]. Altogether, tau is known to regulate the stability of microtubules, and tau hyperphos‐
phorylation may result in the destabilization of neuronal microtubules, thus affecting the
placement and function of mitochondria and lysosomes. Therefore, tau hyperphosphorylation
is likely to play a critical role in the process of autophagic dysfunction.
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4.3.3. Autophagic dysfunction induces tau protein aggregation

The autophagy-lysosomal pathway is well recognized to play an important role in the
clearance of abnormally modified proteins in cells. The hyperphosphorylation of tau and NFT
formation results in the disruption of the neuronal skeleton, thereby contributing to neuronal
dysfunction, cell death, and eventually the symptoms of AD. Abnormal lysosomal proteases
are found in brains of AD patients. Several studies have shown that dysfunction of the
autophagy-lysosomal pathway contributes to the formation of tau oligomers and insoluble
aggregates [109, 110]. Both phosphorylated tau and GSK3β significantly accumulate in Atg7
conditional knockout brains, although NFTs are absent [111]. Therefore, the ALP system plays
a crucial role in the clearance of tau, and its accumulation may be due to autophagic dysfunc‐
tion in cells.

5. Conclusion

Oxidative stress, as the one of the earliest events in AD, induces tau phosphorylation with
protein phosphatase and kinase imbance. Tau protein hyperphosphorylation destabilizes

Figure 1. Tau protein NFTs formation and autophagic dysfunction in Alzheimer’s disease. Aβ oligomers and ROS pro‐
duction intrigue oxidative stress and mitochondria dysfunction, which induce tau protein hyperphosphorylation and
neurofibrillary tangles formation. These events converge to tau protein aggregation and autophagic dysfunction, then
lead to neurodegeneration and cell death in AD.
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microtubules by decreasing the binding affinity of tau, thereby resulting in the formation of
NFTs in AD. Tau hyperphosphorylation may affect the autophagy- lysosomal pathway, and
dysfunction of the ALP also promotes the accumulation of tau protein. These events initiate a
series of cascades to induce neurodegeneration and cell death in AD (Figure 1). However, the
relationships among oxidative stress, tau hyperphosphorylation and autophagic dysfunction
and their accurate mechanisms on neurodegeneration in AD still require further research.
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1. Introduction

Alzheimer's disease (AD) is a neurodegenerative disease, characterized by progressive
memory loss, cognitive deterioration and personality changes. Neuropathologically AD brains
are characterized by massive accumulation of neurofibrillary tangles (NFT). NFTs are com‐
posed by paired helical filaments (PHF), which main constituent is tau protein. Another
hallmark lesions of AD are Neuritic plaques (NPs), constituted by extracellular amyloid
peptide aggregates (Aβ), that are associated with distrophyc neurites (DNs). Amyloid
precursor protein (APP) processing occurs via two pathways. A) The amyloidogenic and B)
the non-amyloidogenic pathway. In the amyloidogenic pathway, the APP is proteolyzed by
β-secretase. This truncation occurs at the N-terminus of APP. The cleavage produces a soluble
N-terminal fragment of APP (sAPPβ) and a C-terminal transmembrane fragment (β-CTF). β-
CTF is cut into the membrane by γ-secretase and generates the Amyloid beta (Aβ) peptide and
the APP intracellular domain (AICD). Depending on the site of γ-secretase cleavage, two main
species of Aβ are generated: Aβ 40 and Aβ 42 amino acids. Aβ 42 is more hydrophobic and
more prone to aggregate, as compared to the Aβ 40 peptide. In the non-amyloidogenic
pathway, APP is cleaved by the α-secretase. This cleavage occurs in the middle region of Aβ
and produces an N-terminal fragment of soluble APPα (sAPPα) and a C-terminal transmem‐
brane (α-CTF) fragment. The sAPPα have neurotrophic and neuroprotective functions.
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Similarly to β-CTF, α-CTF after being cleaved by γ-secretase generates a 23-25 amino acid
peptide designated as p3. Aβ aggregates promote an inflammatory response mediated by
activated microglia and astrocytes, that may activate pathological signalling pathways, leading
to neurodegeneration. Long-term activation of the innate immune system is able to trigger an
inflammatory cascade that converges on alterations of the cytoskeleton (including aggregation
of tau protein and formation of PHFs and microtube disassembling) promoting neuronal
degeneration. One of the pathological signalling pathways that may lead to neurodegeneration
is oxidative stress, defined by the generation of a large amount of reactive oxygen species
(ROS), which are highly harmful since they lead to the alteration in the structure of proteins,
lipids and nucleic acids and cellular death. High levels of copper and iron have been detected
in the blood plasma of people with AD. These metals catalyse the production of ROS by the
Fenton reaction resulting in the generation of highly reactive hydroxyl radical, so that the
reactivity of these metals can give rise to cellular damage and neurodegeneration. In AD, it
had been described oxidative stress caused by free radicals (FRs). The most important in
human biology FRs are superoxide (O2 -), hydroxyl (OH⋅), nitric oxide (NO⋅), and trichloro‐
methyl (CCl3⋅). In AD, there is an increase in iron concentration in the hippocampus. There is
an accumulation of iron and aluminum in NPs and cerebrospinal fluid (CSF), which could
contribute to this oxidative stress. In AD, neuroinflammation is involved in multiple patho‐
logical mechanisms. Clinicopathological and neuroimaging studies have shown that inflam‐
mation and microglial activation precede neuronal damage and that oxidative stress occurs
prior to neurodegeneration. Aβ accumulation alters the normal neuronal function, cell death,
even before the formation of NPs and NFTs. Aβ not only has been linked to the inflammatory
response, but also in a lesser extent to tau pathology. The Aβ itself causes activation of
microglia and astrocytes through toll-like receptors 2, 4, 9 (TLR); activated microglia produces
neurotoxic molecules and is conveniently located to the vicinity of the NPs. The proinflam‐
matory cascade generated by microglial activation, results in the release of cytotoxic molecules
such cytokines, chemokines, matrix metalloproteinases, and complement factors. These
cytotoxic molecules may enhance neuronal neurodegeneration increasing sensitivity to FRs.
The neurotoxicity mediated by microglial cells depends on ROS and cytokines. The present
chapter address the physiological and pathological role of proinflammatory cytokines and the
induction of tau pathology including tau accumulation and the formation of NFTs, as well as
the mechanisms involving extracellular deposits of beta amyloid species (Aβ1-42, Aβ1-40,
Aβ3-42 and Aβ11-42), which generate neurotoxic microenvironment in AD. In relation with
the mechanisms involved in AD neuroinflammation, we will discuss the participation of
caspases in inflammation and its likely activation as a result of the accumulation of endothelial
cells. We will also talk about how the accumulation of Aβ in blood vessels affects blood-brain
barrier endothelial cells tight junctions, modifying its permeability and its implications in AD
pathology.

2. Diagnosis of Alzheimer's disease

AD can be diagnosed with 70% of accuracy, with a battery of clinical analysis and cognition
tests. However, the definitive diagnostic test for AD is done post-mortem through histological
analysis of the brains of patients.
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2.1. Gross microscopy pathology

Atrophy of the brain in a case of AD, is generally symmetrical and diffuse in the convolutions,
which is evidenced by the decrease in thickness. An increase in the depth of the grooves, a
dilatation of the ventricles (Fig 1A and B compared to Fig 1 C and D) and decreased brain
weight and volume is noticeable. Atrophy, mainly affecting the hippocampus, and the adjacent
area transenthorinal, entorhinal cortex and the temporal and frontal lobes (Fig 1 C,D).

	 4

Figure 1. Neuroanatomical comparison of normal brain and Alzheimer´s disease 
brain. A,B) Normal Brain. C,D) Brain with pathology of AD. B) Prominent atrophy 
seen in fronto-temporal areas involved with association functions (arrows). B, D) 
Coronal sections of A) and C) respectively. Where observe an enlargement of the 
ventricles and selective hippocampal atrophy (arrow). 

Histopathology of Alzheimer's disease. 

 Microscopically, AD is characterized by the presence of lesions in the brain tissue 
known as neurofibrillary tangles (NFTs. Fig. 2 A, B. long arrows), dystrophic 
neurites (DNs. Fig. 1 C short arrows) and neuritic plaques (NPs, Fig. 1. C). 

Neurofibrillary tangles.  

It has been shown that the severity of dementia in AD, correlates significantly with 
the density of NFTs in the neocortex and entorhinal cortex [1, 2]. On the state of 
degeneration NFTs may be intracellular (iNFT, Fig. 2A) or extracellular (eNFT, Fig. 
2B), [3] The formation of NFTs is associated with neuronal death [4-6] and found a 
strong correlation between neuronal degeneration and the transition between iNFT 
and eNFT [7]. The iNFT are characterized by a compact Constitution and to 
distinguish the cell membrane and the nucleus, although the latter may be 
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Figure 1. Neuroanatomical comparison of normal brain and Alzheimer´s disease brain. A,B) Normal Brain. C,D) Brain
with pathology of AD. B) Prominent atrophy seen in fronto-temporal areas involved with association functions (ar‐
rows). B, D) Coronal sections of A) and C) respectively. Where observe an enlargement of the ventricles and selective
hippocampal atrophy (arrow).

2.2. Histopathology of Alzheimer's disease

Microscopically, AD is characterized by the presence of lesions in the brain tissue known as
neurofibrillary tangles (NFTs. Fig. 2 A, B. long arrows), dystrophic neurites (DNs. Fig. 1 C
short arrows) and neuritic plaques (NPs, Fig. 1. C).
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be intracellular (iNFT, Fig. 2A) or extracellular (eNFT, Fig. 2B), [3] The formation of NFTs is
associated with neuronal death [4-6] and found a strong correlation between neuronal
degeneration and the transition between iNFT and eNFT [7]. The iNFT are characterized by a
compact consistency and to be able to distinguish the cell membrane and the nucleus, although
the nucleus may be displaced from its original position by the inclusion of fibrils. NFT is such
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a typical flame shape (Fig.2A). The eNFT show a fibrillar relax form and without nucleus (Fig
2B). These eNFT, are considered as the "skeleton" or "ghost" of the affected neuron (Fig 2B),
are released into the extracellular space as a consequence of cell death, which remain stable
due to its high insolubility and resistance to proteolysis.
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antibodies against protein tau. C) Neuritic plaque. Evidenced by thiazine red dye 
(red channel) marker of beta-pleated sheet conformation and doble 
immunolabelling with two antibodies raised against tau protein to evidence 
dystrophic neurites (arrows), associated with these beta amyloid deposits (A).
Confocal microscope images (Leica SP8). 
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3. The tau protein and paired helical filaments

The NTFs and DNs (a component of NPs) are formed by the accumulation of abnormal
polymers know as paired helical filaments (PHFs), due to their ultrastructural appearance [8].
The PHFs are characterized by its staining with thiazine red fluorescent dye, which has affinity
for β-pleated structures [9], and have been used to differentiate between non-fibrillar (pre-
assembled) amorphous and fibrillar states (assembled) of tau protein in AD [3, 10]. The main
structural constituent of PHFs is tau protein, which is normally associated with microtubules.
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3.1. Tau protein structure

Tau is the major component of the family of microtubule-associated proteins in the neuron.
The tau gene was located on the long arm of chromosome 17 (17q21) and contains 16 exons[11].
Three of these exons (exon 4, 6 and 8), occurs only in the peripheral tissue RNA and these are
not present in human brain mRNA, exons 1 and 14 are transcribed but not translated [12-15].
Exons 2, 3 and 10 have an alternative splicing and exon 3 never appears in the absence of exon
2 [15, 16]. Alternative splicing of three exons latter produces six isoforms of tau protein in the
adult brain [12, 17]. Tau isoforms differ from each other by the presence or absence of one or
two inserts (29 or 58 amino acids) in the amino terminal portion and by the presence of 3 to 4
repeated domains in the carboxyl terminal portion. The length of the various isoforms of tau
varies from 352-441 aa's (Fig 3) [18].

Figure 3. Schematic representation of tau protein gene. The MAPT gene encoding the tau protein is located on chromo‐
some 17q21, which contains 16 exons. Isoforms of tau protein in human brain is encoded by 11 exons. Exons 2, 3 and 10
are alternatively spliced, favouring the synthesis of 6 isoforms. With a range of longitude between 352-441 amino
acids. They differ by the presence or absence of one or two inserts of 29 amino acids at its amino terminal portion and
by the presence of 3 or 4 microtubule binding domains in its C-terminal portion.
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3.2. Post-translational modifications of tau protein in AD

It has not been reported for AD any change in the levels of RNAs messenger of any of the
existing six isoforms of tau protein, which suggested, from the beginning, that abnormal forms
of the protein found in PHFs originate from posttranslational modification rather than the
novo synthesis [12]. There are two posttranslational modifications of tau protein, as the major
molecular mechanisms involved in the pathophysiology of AD: the abnormal hyperphos‐
phorylation and endogenous proteolysis [19, 20]. Both pathological processes are involved in
the cascade of molecular events that lead to irreversible polymerization of tau protein into
PHFs. Recently it has been described a series of tau conformational changes which appear to
be associated, in fact, they appear to be the consequence of both the endogenous hyperphos‐
phorylation and the truncation [21, 22].

4. Neuritic plaques

NPs are composed of extracellular deposits of insoluble amyloid fibrils that are made-up
of Aβ peptide (Fig 2C), and these deposits are associated with neuritic component from
dendritic and axonal origin (Fig. 2B arrows). There could also be AD brains with soluble
non-fibrillar β-amyloid deposits without DNs associated, named senile plaques (SPs). SPs
do not have a selective topographic distribution, however, their density is predominant in
motor or sensory cortical areas than in primary hippocampal. The density of NPs in AD,
in  general,  does  not  have a  good correlation with the  progression of  dementia  and the
degree of neuronal loss [5, 23].

5. Amyloid precursor protein and amyloid-β peptide

Aβ originates from a large trans-membrane molecule, called APP. So far 8 isoforms of APP are
known, were the predominats are the ones of 695, 751 and 770 aa's. The 695 isoform is the most
abundant neuronal isoform. APP is a membrane glycoprotein with a single transmembrane
domain, an intracytoplasmic portion and a extracellular long portion (Fig. 4). APP has an
hydrophobic region of 23 aa's, by which it is anchored to cell membrane. The extracellular
domain exposed to partial proteolysis by the action of three secretases (α, β and γ) (Fig 4). The
proteolytic processing of APP, can occur via two types: the amyloidogenic and the non-
amyloidogenic. By the action of both enzymes: γ (presenilin 1) [24] and β (transmembrane
aspartyl protease called BACE) secretases, fragments of Aβ are generated, predominantly the
fragments of 40 and 42 aa's. Alternatively to this proteolytic pathway amyloidogenic form, the
action of α-secretase (metallo-protease and call disintegrin TACE) that cleaves the sequence
of Aβ at aa's 16 and 17, represents a non-amyloidogenic processing. At first it was thought that
the Aβ was produced only in pathological events, however, it was demonstrated that its
production and secretion are physiological process, and Aβ is present in plasma and cerebro‐
spinal fluid during the normal life of an individual [9, 25, 26]. In AD, APP metabolism is altered
with a progressive increase in the production and abnormal deposition of Aβ. There are some
Aβ deposits without neuritic component in elderly individuals without cognitive impairment
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[27]. In general, it is thought that the abnormal accumulation of Aβ may be depend on certain
alterations in the normal metabolic APP processes. Recent studies have emphasized a neuro‐
toxic role of Aβ in in vivo animals models, which have led to reconsider the Aβ peptide, as one
of the main factors related to the molecular pathogenesis of AD [28-30].

Figure 4. Amyloid precursor protein structure and metabolism. Schematic representation of APP processing by α-, β-,
and γ-secretases. APP processing by secretase activities is divided into the non-amyloidogenic pathway on the left and
the amyloidogenic pathway on the right. α- and β-secretase activities cleave APP in its extracellular domain to release
respectively a soluble fragment sAPPα or sAPPβ in the extracellular space and generate carboxy-terminal fragments
CTFα or CTFβ. These CTFs can subsequently be processed by γ-secretase complex to generate AICD and Aβ. The γ-
secretase complex is composed of presenilin, nicastrin (NCT), γ-secretase activating protein (GSAP), pen-2, and aph-1.

6. Oxidative stress and Aβ

It is known that Aβ aggregates promote an inflammatory response, mediated mainly by
microglia and astrocytes, which activate pathological signaling pathways, which may lead to
neurodegeneration. A long-term activation of the innate immune system, is a mechanism
capable of triggering an inflammatory cascade that culminates in cytoskeletal alterations (tau
aggregation and formation of PHFs) with neurodegenerative consequences of this hypothesis,
it has named "neuroimmunomodulation" [31].

One of these pathological signalling pathways that may lead to neurodegeneration, is oxidative
stress, defined as the generation of a large amount of reactive oxygen species (ROS), which are
highly harmful, leading to the alteration in the structure of proteins, lipids and nucleic acids
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and cell death [32]. AD described in the oxidative stress caused by free radicals (FRs). Major
FRs in human biology are superoxide (O2 -), the hydroxyl (OH ⋅), nitric oxide (NO ⋅), the thiyl
(RS ⋅) and trichloromethyl (CCl3 ⋅). There seem to be an accumulation of iron and aluminum
in NPs and CSF [33], which could contribute to this oxidative stress [34].

Under physiological conditions, Aβ could regulate the release of NO, neurotransmitters, and
hormones, long term potentiation and promotes cell survival. High levels of NO are generated
under conditions of inflammation and may contribute to synaptic dysfunction, oxidation of
proteins and lipids; culminating in neuronal death [35, 36] (Figure 5).

In AD, it has been shown that the A-peptide is able to promote the production of NO in
microglia and activated astrocytes [37, 38] the release of proinflammatory cytokines such as
IL-1β and TNF-α which contribute to the formation of NO and peroxynitrite [38, 39] and cause
changes in proteins and lipids, mitochondrial damage, apoptosis and promotes the formation
of Aβ, as well as increasing γ-secretase activity [40, 41] (Figure 3, 5). NO synthesis during
development of AD could also contribute to the formation of NFTs (Fig 5), favouring the
increase of tau phosphorylation [42].

7. Neuroinflammation as a trigger of neuronal death

Inflammation is involved in many pathological mechanisms in AD [43]. Clinicopathological
and neuroimaging studies show that microglial activation and inflammation precede neuronal
damage [44], and oxidative stress occurs before the histopathologycal lesion of AD appear [45].
But inflammation can be neuroprotective in its early stages [46] and the inability to resolve the
activating stimulus can result in a chronic inflammatory response.

Under physiological conditions, glial cells and neurons express cytokines involved in modu‐
lating various functions including cellular homeostasis, metabolism, synaptic plasticity, and
neural transmission. The Aβ plays a role in synaptic function and pathology [47], inducing
degeneration, promoting the release of excitatory neurotransmitters by increasing intracellular
calcium and ROS production (Figure 4) [48]. Aβ accumulation in the brain parenchyma and
blood vessels promote microglial migration causing chronic and acute inflammatory response
and induces production of FRs, proinflammatory cytokines and prostaglandins (PG), which
may eventually promote neuronal death [49]. Aβ accumulation could disrupt the normal
operation of the neurons, resulting in a significant cell dysfunction, which leads to apoptosis
even before the formation of NPs and NFTs.

8. Glial cells key mediators of the inflammatory response in AD

Microglia cells are derived from monocytes during embryogenesis and are responsible for
neuronal damage response [49]. Functions related to the immune response participate in a
variety of neuroinflammatory processes [50].
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The inflammatory response in AD includes morphological changes of microglia cells ranging
from a branched cell "inactive" to the amoeboid appearance "active" [51, 52]. Activated
microglia expresses several molecules on their surface, such as: Fc receptors required in
phagocytosis of opsonized antigens by IgG, scavenger receptors [53], cytokine and chemokine
receptors, complement receptors as CD11b, CD11c, CD14, molecules of the major histocom‐
patibility complex (MHC) [54], Toll-like receptors (TLR) family and Aβ receptors as the
receptor for advanced glycation endproducts (RAGE). Cell surface microglial receptors are
required for interaction with different types of immune cells, molecules involved in inflam‐
matory responses in the brain and Aβ [55-57].

Aβ itself, causes activation of microglia and astrocytes through TLRs 2, 4 and 9 [54], when
activated microglial cells produces neurotoxic molecules and strategically are located in the
vicinity of the NPs. This proinflammatory cascade generated by microglial activation results
in the release of cytotoxic molecules such as interleukins (IL-1 α, IL-1 β, IL-6, IL-10, IL-12, IL-16,
IL-23), growth factors (transforming growth factor beta. TGF-β), chemokines, metalloprotei‐
nases (MMP-2, MMP-3, MMP-9), eicosanoids (PGD 2, leukotriene C4, cathepsins B and L) and
complement factors (C1, C3, C4) also causing astrocytes chemotaxis around NPs [52]. Acti‐
vated microglia also releases excessive amounts of glutamate and thereby inducing neurode‐
generation These molecules can enhance cytotoxic neurodegeneration, increasing sensitivity
to FRs [39]. Thus microglia-mediated neurotoxicity depends on ROS and cytokines [58, 59].

9. Astrocytic activation and their significance in the AD

Astrocytes represent the most abundant glial cell type in the CNS. They provide physical and
metabolic support for neurons, and they are involved in the formation and maintenance of the
BBB (Fig 5A), they produce neurotrophic and neuroprotective factors and are involved in
repair processes within the CNS [60]. Attenuate the production of FRs and tumor necrosis
factor α (TNF-α) [61], reduces microglial activation by Aβ [62] and alter their phagocytic
activity [63]. They also decrease the cytotoxicity of A, both directly and indirectly through
modulation of microglial cells [64].

In early stages of AD, activated astrocytes are located in two areas: in the molecular layer of
the cerebral cortex and the amyloid deposits below the pyramidal cell layer. The activated
astrocytes can phagocyte and degrade Aβ, suggesting that these cells are very important in
the removal of parenchymal Aβ aggregates (Fig 5A and 6A. Arrowheads). As microglia,
astrocytes are also activated by TLRs dependent pathways and RAGE receptors, therefore
causing local inflammation and eventually favouring neuronal death [49]. Activated astrocytes
produce numerous pro-inflammatory molecules as microglia, but unlike microglia, astrocytes
produce S100β, which is highly expressed in the proximity of the Aβ deposits. Prolonged
activation of astrocytes has a detrimental impact on neuronal survival and S100β could
exacerbate this effect [65].
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10. Monocytic cells derived from bone marrow function as a compensatory
mechanism to remove amyloid deposits

There are 2 types of phagocytic cells within the CNS that are capable of initiating the innate
immune response: microglia and peripheral macrophages [66]. These macrophages are
recruited into the CNS by cytokines and chemokines, which are released during the microglial
and astrocyte activation able to cross the blood brain barrier (BBB) [49]. Cells derived from
bone marrow, can cross the BBB into the CNS and differentiate into microglia, which are
located surrounding the amyloid deposits [67, 68]. This finding is very important, since if the
resident activated microglia is incompetent to eliminate amyloid deposits, macrophages from
the periphery could remove them by phagocytosis [69].

The presence of microvasculature in the brain promotes the release of chemokines such as IL-8,
MPC-1, MIP-1, MIP-1α and MIP1-β and thereby promoting differentiation of monocytes into
macrophages and migration through the BBB [70]. Analysis of the cerebrospinal fluid (CSF) of
AD patients showed an increase in the levels of chemokines such as MCP-1 and IL-8 [71, 72].
In vitro models have demonstrated the ability of (CD4 and CD8) lymphocytes to cross the BBB
[73] by increasing the level of MIP-1α.

11. Effect of neuroinflammatory environment on BBB integrity

In AD brains, it has been observed a number of inflammatory reactions, surrounding brain
microvasculature, together with A accumulation, which is associated with a dysfunction of
the BBB. Morphological the BBB consists mainly of vascular endothelial cells, and other cellular
components secondarily supporting the BBB that include pericytes found in the abluminal
basal lamina, the perivascular astrocyte that form extensions towards capillaries around the
basal lamina of the capillary wall and microglia.

The permeability and integrity of the BBB is regulated by the endothelial intercellular tight
junctions (TJ), that consists of three integral membrane proteins: claudin, occludin and
adhesion juntion molecules, as well as some accessory cytoplasmic proteins (ZO1, ZO2, ZO3
and cingulin). Cytoplasmic proteins are linked to actin cytoskeleton primary protein essential
for the structural and functional maintenance of the endothelium [74]. While adherent
junctions are formed by Vascular endothelium cadherin (VE-cadherin) which is a transmem‐
brane glycoprotein catenin that its main function is to anchor the complex of cadherins and
thereby the actin cytoskeleton, but also it is involved in the development of cellular signalling
pathways (Figure 5) [75].

During neuroinflammation, leukocytes can infiltrate the brain microenvironment generating
high levels of inflammatory mediators such as TNF-α and IFN-γ [76]. Increased levels of TNF-
α had been reported not only in endothelial and TJ modulating cytoskeletal rearrangement of
brain endothelial cells (BEC) [77, 78], but also by causing an increase in the production of
caspase-3 leading BEC to apoptosis [79]. However activation of this caspase 3, not always leads
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to apoptosis [80] and it has been shown that hypoxia can induce activation of caspases 3 and
9, without inducing neuronal apoptosis [81]. The caspase-3 has been involved in the disas‐
sembly of ZO-1 and claudin-5 in TJ regardless of fragmentation during cerebral ischemia (Fig.
5. blood Vessel) [82].

A recent study showed that TNF-α alone or in combination with IFN-γ induces hypermeabil‐
ity, causing the leak of paracellular tracers and also induce degradation of ZO-1. Alterations
in the function of brain endothelial cells (BEC) could lead to BBB breakdown, due to high
concentrations of cytokines that correlates with expression of caspases 3 and 7 through
activation of JNK signalling pathway and protein kinase C (PKC) and an increase in the number
of apoptotic cells[83]. Treating peripheral microvascular endothelium with high concentra‐
tions of TNF-α and IFN-γ results in a loss focal intercellular adhesion mediated by VE-
cadherin generating endothelial rupture areas [76] whereas low concentrations of cytokines,
also led to effector caspase activation, increased paracellular flux, and redistribution of zonula
occludens-1 and VE-cadherin but failed to induce apoptosis. It was also suggested that
cytokines have a dose dependent effect on the BEC. The BEC exposed to high levels of cytokines
may be susceptible to caspase-mediated apoptosis and the BEC exposed to low concentrations
of cytokine does not undergo apoptosis but results in alterations of the BBB [83].

12. Disruption of the blood-brain barrier as a marker of AD and other
dementias

BBB dysfunction is a marker of neuroinflammatory diseases [84]. The BEC are the first physical
barrier and expresses CNS binding complexes including TJ, and Adherent Junctions (AJ) [85].
In active inflammatory lesions, focal BEC show abnormalities in the distribution of occludin
and ZO-1, including the absence or diffuse immunoreactivity at junctions and an increased
immunoreactivity in the cytoplasm [86].

Occludin is vulnerable to the attack of matrix metalloproteinase (MMPs) [87]. MMPs can
degrade the basal lamina proteins like fibronectin, laminin, and heparan sulfate after ischemic
injury, which helps to break the BBB [88, 89]. It was demonstrated in a study the accumulation
of occludin in neurons, astrocytes and microglia in AD, frontotemporal dementia (FTD) and
vascular dementia (VaD) [90], suggesting a new function of occludin and proteins of the TJ in
the pathogenesis of these dementias.

In this same study it was found that claudin 5 is degraded by MMP2 and MMP9 after ischemic
damage, and therefore claudin and occludin were found surrounding astrocytes, but not in
brain endothelium after an alteration in the BBB [91]. It is likely that the increase in occluding
levels found in astrocytes and neurons in VaD, AD and FTD [90], may be a response to
autophagy of TJ proteins by these cells after the rupture of the BBB caused by chronic hypoxia,
aberrant angiogenesis or both [92].
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13. Blood-brain barrier mechanisms of transport and regulation of
brainAβ levels

According to the neural theory, Aβ is produced locally in the brain, in contrast to the vascular
theory which suggests that the origin of Aβ comes from the circulation, and that the circulation
of soluble Aβ (s- Aβ) may contribute to toxicity when it crosses BEC, which compromises the
BBB (figure. 3) [93]. It has been proposed that specific receptors of Aβ are present in human
brain capillaries and their distribution in the BEC transport could favour the peptide coupling
to the BBB [94]. These receptors include RAGE and SR [95]. It is known that both RAGE and
SR are receptors with multiple functions including cell endocytosis and transcytosis of
macromolecules. RAGE and SR mediate binding of sA 1-40 at the apical side of human BBB,
and RAGE is also involved in sA1-40 transcytosis [94].

It has been shown that the interaction between Aβ/RAGE in the luminal membrane of the BBB
participates in; 1). The diffusing of Aβ from the circulation to the brain through the BBB
parenchyma, 2) Endothelial NF-KB mediated activation resulting in the secretion of pro-
inflammatory cytokines (TNF-α and IL-6) and adhesion molecules expression (ICAM-1 and
VCAM) and 3), generation of endothelin-1 decreases cerebral blood flow (CBF). The peptide
Aβ / RAGE interaction contributes directly to neuronal death producing oxidative damage to
neurons expressing RAGE and indirectly through activation of microglia [95]. Inhibition of
RAGE/Aβ interaction in affected vasculature inhibits the production of cytokines, oxidative
stress and Aβ peptide transport across the BBB [96]. Therefore it is suggested that RAGE could
be an excellent therapeutic target in AD. It has been shown that RAGE inhibitors block its
interaction to Aβ peptide and stabilizes the BBB functions, reducing neuroinflammation and
improving the CBF.

14. Alterations of the neurovascular unit in AD

As previously described Aβ aggregates activate microglia and astrocytes, promoting the
secretion of cytotoxic and pro-inflammatory factors culminating in neuronal and BBB dys‐
function. Aβ can accumulate in the cerebral blood vessels, causing a morphofunctional
alteration of neurovascular function.

Human brain receives 20% of the total cardiac output, if the cerebral blood flow (CBF) is
stopped, so do brain functions in seconds and damage to neurons occurs in minutes [97]. The
neuron-vessel relationship is critical for normal brain function. It has been estimated that each
neuron in the human brain has its own capillary [98].

The length of brain capillaries is reduced in AD. These reductions can decrease vascular
transport of substrates and nutrients through the BBB and reduce disposal of neurotoxins [99].
Vascular cells can directly affect the synaptic and neuronal functions through alterations in
blood flow, the permeability of the BBB, nutrient supply, removal of toxic molecules, enzy‐
matic functions, secretion of trophic factors and matrix molecules or through abnormal
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expression of vascular receptors [100]. In response to vascular injury, astrocites and microglia
are recruited, which when activated secrete several pro-inflammatory cytokines [101], that in
turn, damage and exacerbates neuronal and synaptic dysfunction.

15. Stages of neurovascular dysfunction in AD

In early stages of AD, Aβ peptide removal through the BBB is impair, which could favour the
accumulation of neurotoxic Aβ oligomers in the brain. Moreover, Aβ oligomers and focal
reduction in capillary blood flow may affect synaptic transmission, causing neuronal damage
and initiate the recruitment of microglial cells or blood within the brain [100].

In the early AD symptomatic stage, the BBB start missing Aβ removal properties, and activated
endothelium and pro-inflammatory cytokines secreted to the CBF. This increases synaptic
dysfunction, accumulation of intracellular tangles and activation of microglia. In late symp‐
tomatic AD stages, capillary unit is impair and contribute to the degeneration of the endothelial
barrier. At this stage, there is a severe loss of the ability of the BBB to remove Aβ, resulting in
amyloid deposits formation in the outer side of the capillary membrane, an increase in the
number of NFT and activated microglia and astrocytes. At the final AD stages, the capillary
unit is lost due to the amyloid deposits, therefore altering neuronal synapsis (Figure 6) [100].
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Figure 5. Schematic representation of neuroinflammatory environment and BBB alterations in AD. Aβ aggregates acti‐
vate microglia and astrocytes, which will secrete pro-inflammatory cytokines and cytotoxic factors that will cause neu‐
ronal damage and disruption of the BBB (See more details in text).
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16. Brain microvascular dysfunction as early event in AD

It is proposed that the breakdown of the BBB might be directly responsible for the pathogenesis
of sporadic AD or at least could participate synergistically with other pathogenic mechanisms
in the development of dementia [102]. Altering the BBB might occur as a result of hypoxia and
complication of ischemic events, causing myocardial alterations commonly observed in AD.
The breakdown of the BBB in AD is supported by the anatomical thickness and functional
changes in the cerebral microvasculature [102] Deposits of A in the cerebral vasculature,
leading to thickening of the basement membrane, stenosis of the vessel lumen and fragmen‐
tation of the internal elastic lamina, which can lead to stroke, brain haemorrhage or dementia
[103, 104].

In AD there are ultrastructural changes [105] in the capillaries and changes in the its distribu‐
tion and density [106]. It is believed that the accumulation of Aβ is one of the earliest events
causing cerebrovascular alterations [107]. It has been detected changes in microvascular
permeability and BBB dysfunction in AD brains [108]. BBB regulates the input of plasma
derived Aβ and eliminates CNS Aβ through RAGE and the low-density lipoprotein receptor-
related protein, (LRP1) respectively [95, 109].

The soluble peptide Aβ (s- Aβ) is normally produced by different cell types [110] and could
be released into the circulation of the cerebrospinal fluid (CSF)[9] and brain parenchyma [111].
The Aβ 1-40 peptide represents about 90% of the total cerebrovascular amyloid [112]. High
levels of Aβ and the presence of predisposing factors such as apoE4, genetic mutations in PS-1,
PS-2 and APP [113], may favor the accumulation of Aβ as fibrillar amyloid in the wall vessel
or in the brain parenchyma and could induce cytotoxic effects [95, 114] and contribute to
neuronal loss and the development of the AD pathology [113].

Recent studies support the vascular theory to show that the brain distribution of Aβ receptors
in the apical side of the BBB might be responsible for the interaction of Aβ circulating with the
vascular wall and mediate its transit to the brain [115]. In AD many Aβ deposits are associated
with microvessels [116] and with the presence of multiple inflammatory molecules that
provide support for monocyte transmigration ability to neighbourhoods of Aβ deposit and in
accordance with the clinical- pathological it has been suggested that neuroinflammation plays
a role in patients with AD dementia [117]. In a study it was shown that Aβ peptide induced
monocyte differentiation into macrophages and hypersecretion of inflammatory cytokines and
chemokines [70]. In AD brains, a large number of core amyloid deposits in NPs are intimately
associated with endothelial basal lamina and in many instances the lumen is lost [116]. It has
also been found that calcium influx is induced by intracellular Aβ [118, 119], and that elevation
of intracellular calcium leads to alteration of the TJ as the induction of MMPs [120].

Chronic transmigration of monocytes may result in subtle damage to the BBB. Disruption of
the BBB would allow the passage of large amounts of circulating Aβ linked to other carrier
proteins such as albumin [121], α-2 macroglobulin [53] and Aβ components. Albumin levels
in CSF of patients with early stages of AD, found to be significantly enhanced due to an
increased permeability of the BBB [122]. Elevated levels of other proteins of high molecular
weight as haptoglobin, had also been found in this conditions [123].

Alzheimer's Disease - Challenges for the Future60



16. Brain microvascular dysfunction as early event in AD

It is proposed that the breakdown of the BBB might be directly responsible for the pathogenesis
of sporadic AD or at least could participate synergistically with other pathogenic mechanisms
in the development of dementia [102]. Altering the BBB might occur as a result of hypoxia and
complication of ischemic events, causing myocardial alterations commonly observed in AD.
The breakdown of the BBB in AD is supported by the anatomical thickness and functional
changes in the cerebral microvasculature [102] Deposits of A in the cerebral vasculature,
leading to thickening of the basement membrane, stenosis of the vessel lumen and fragmen‐
tation of the internal elastic lamina, which can lead to stroke, brain haemorrhage or dementia
[103, 104].

In AD there are ultrastructural changes [105] in the capillaries and changes in the its distribu‐
tion and density [106]. It is believed that the accumulation of Aβ is one of the earliest events
causing cerebrovascular alterations [107]. It has been detected changes in microvascular
permeability and BBB dysfunction in AD brains [108]. BBB regulates the input of plasma
derived Aβ and eliminates CNS Aβ through RAGE and the low-density lipoprotein receptor-
related protein, (LRP1) respectively [95, 109].

The soluble peptide Aβ (s- Aβ) is normally produced by different cell types [110] and could
be released into the circulation of the cerebrospinal fluid (CSF)[9] and brain parenchyma [111].
The Aβ 1-40 peptide represents about 90% of the total cerebrovascular amyloid [112]. High
levels of Aβ and the presence of predisposing factors such as apoE4, genetic mutations in PS-1,
PS-2 and APP [113], may favor the accumulation of Aβ as fibrillar amyloid in the wall vessel
or in the brain parenchyma and could induce cytotoxic effects [95, 114] and contribute to
neuronal loss and the development of the AD pathology [113].

Recent studies support the vascular theory to show that the brain distribution of Aβ receptors
in the apical side of the BBB might be responsible for the interaction of Aβ circulating with the
vascular wall and mediate its transit to the brain [115]. In AD many Aβ deposits are associated
with microvessels [116] and with the presence of multiple inflammatory molecules that
provide support for monocyte transmigration ability to neighbourhoods of Aβ deposit and in
accordance with the clinical- pathological it has been suggested that neuroinflammation plays
a role in patients with AD dementia [117]. In a study it was shown that Aβ peptide induced
monocyte differentiation into macrophages and hypersecretion of inflammatory cytokines and
chemokines [70]. In AD brains, a large number of core amyloid deposits in NPs are intimately
associated with endothelial basal lamina and in many instances the lumen is lost [116]. It has
also been found that calcium influx is induced by intracellular Aβ [118, 119], and that elevation
of intracellular calcium leads to alteration of the TJ as the induction of MMPs [120].

Chronic transmigration of monocytes may result in subtle damage to the BBB. Disruption of
the BBB would allow the passage of large amounts of circulating Aβ linked to other carrier
proteins such as albumin [121], α-2 macroglobulin [53] and Aβ components. Albumin levels
in CSF of patients with early stages of AD, found to be significantly enhanced due to an
increased permeability of the BBB [122]. Elevated levels of other proteins of high molecular
weight as haptoglobin, had also been found in this conditions [123].

Alzheimer's Disease - Challenges for the Future60

	 17

levels of other proteins of high molecular weight as haptoglobin, had also been 
found in this conditions [123]. 

Figure 6. The extracellular deposits of amyloid- peptide induces cronic 
inflammation in neuronal cell. A) Double immunostaining. Glial cell immunostaining 
evidenced by GFAP antibody (arrowheads), which is located in the perifery of the 
extracellular amyloid deposit evidenced by the thiazine red dye (A). Microglial cell 
associated with a blood vessel. B) Triple immunostaining, where expression of 
caspase-5 (green channel) was detected in the cytoplasm of endothelial cells (the 
blood vessel, arrow).  Adjacent to the blood vessel is possible to observed a 
extracellular Adeposit  (amyloid plaque) evidenced by antibody BAM10 
(arrowheads). In the red channel is the immunoreactivity of an antibody against tau 
protein. C) Double immunostaining with antibodies raised to Caspase-5 (green 
channel, arrows), which is strongly associated with amyloid plaques (as evidenced 
by the thiazine red staining, red channel), counterstained with Topro dye to show 
cell nuclei (blue channel). confocal microscopy,  Leica SP8. 

Amyloid beta peptide and intracellular caspase 5 in brain endothelial cells.  

Caspase-5 is expressed in a restricted manner in placenta, lung, liver, spleen, 
small intestine, colon and peripheral blood lymphocytes (1, 3) and it is located in 
the cell cytoplasm. It belongs to the family of proteins involved in apoptosis, 
inflammation, proliferation and differentiation. Caspase-5 operatively was 
associated with the caspases 1, 4 and 12.
Caspase-5 is regulated by lipopolysaccharide (LPS) and interferon-. Suggesting 
that caspase-5 may perform functions in inflammation and innate immune 
response. Likewise, it is associated with the complex of proteins that constitute the 
inflammasome. Caspase-5 also participates in IL-1 processing However the 
presence of caspase-5 and its role in neurodegenerative diseases is unknown.

In this review we have discuss the inflammatory role that is present in AD brains in 
response to A accumulation and stress induced by this peptide, triggering a 
response in microglial and astroglial cells. Which are responsible for this 
inflammatory damage in AD. This proinflammatory cascade generated by 

	

A CB

Aβ

Figure 6. The extracellular deposits of amyloid-β peptide induces cronic inflammation in neuronal cell. A) Double im‐
munostaining. Glial cell immunostaining evidenced by GFAP antibody (arrowheads), which is located in the perifery
of the extracellular amyloid deposit evidenced by the thiazine red dye (Aβ). Microglial cell associated with a blood
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17. Amyloid beta peptide and intracellular caspase 5 in brain endothelial
cells

Caspase-5 is expressed in a restricted manner in placenta, lung, liver, spleen, small intestine,
colon and peripheral blood lymphocytes (1, 3) and it is located in the cell cytoplasm. It belongs
to the family of proteins involved in apoptosis, inflammation, proliferation and differentiation.
Caspase-5 operatively was associated with the caspases 1, 4 and 12.

Caspase-5 is regulated by lipopolysaccharide (LPS) and interferon-γ. Suggesting that cas‐
pase-5 may perform functions in inflammation and innate immune response. Likewise, it is
associated with the complex of proteins that constitute the inflammasome. Caspase-5 also
participates in IL-1β processing However the presence of caspase-5 and its role in neurode‐
generative diseases is unknown.

In this review we have discuss the inflammatory role that is present in AD brains in response
to Aβ accumulation and stress induced by this peptide, triggering a response in microglial and
astroglial cells. Which are responsible for this inflammatory damage in AD. This proinflam‐
matory cascade generated by microglial activation resulting from the release of cytotoxic
molecules such as interleukins (IL-1 α, IL-1 β, IL-6, IL-10, IL-12, IL-16, IL-23), growth factors
(transforming growth factor beta [TGF-β]), chemokines, matrix metalloproteinases (MMP-2,
MMP-3, MMP-9), eicosanoids (PGD 2, leukotriene C4, cathepsins B and L) and complement
factors (C1, C3, C4) also causing astrocytic chemotaxis around NPs (53). Activated microglia
also releases excessive amounts of glutamate excitotoxicity, thereby inducing neurodegener‐
ation. So far caspase-5 has been involved in Aβ induced neuroinflammation in AD brains. In
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our laboratory we have detect the presence of caspase-5 closely associated with Aβ deposits
in blood vessels (Fig. 6 B arrows) and Aβ plaques (Fig. 6 B. arrowhead, Fig. 6. C arrows) in AD
brains. NPs showed a high immunoreactivity to caspase-5. The presence of caspase-5 was
observed in the area where active microglial cells are and poorly observed in the periphery of
the NPs where the astroglial cells are (Fig. 6). This does suggest that microglial cells carry out
active inflammatory activity and are responsible for the neurotoxic environment observed in
AD.

A large numbers of studies have demonstrated an increase of endothelial cells activity in blood
vessels. By double and triple immunostaining and confocal microscopy, we have demonstrat‐
ed the presence of soluble Aβ and fibrillar Aβ (evidenced by the monoclonal antibody BAM10
and stained with thiazine red (TR), which is used to monitor the fibrillar state of tau and Aβ
peptide, with a β pleated sheet conformation.) in endothelial cell soma. It is possible that the
accumulation of extracellular Aβ peptide could be trigger by caspase-5 activity, causing an
increase in the synthesis of IL, therefore modifying the permeability of cerebral blood vessels
by altering tight junctions in AD brains. Consequently the presence and activity of caspase-5
could promote the prolonged and sustained inflammation described in AD brains.

6

Figure 7. Disruption of the BBB in AD. Aβ aggregates activated glia, pro-inflammatory cytokines secretion, which in
turn activate caspase 3, contributing to the disassembly of constitutive adherent junction proteins. The Aβ aggregates
also contribute to activation of MMPs. BBB damage, allows monocytes, macrophages and peripheral Aβ aggregated to
pass from outside the nervous system to the brain, increasing the neuroinflammatory environment.
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18. Conclusions

Amyloid β peptide, which is aggregated extracellularly in the neuritic plaques, generates a
constant inflammatory environment and prolonged, activation of microglial and astroglial
cells that potentiate neuronal damage and have been involved in the alteration of the BBB,
damaging the permeability of blood vessels. Maybe as a consequence of degradation of tight
junctions proteins, favouring the loss of these junctions, altering the permeability of blood
vessels. Understanding the mechanisms of action of different species of beta amyloid peptide
could lead to new therapeutic interventions directed to inhibit Aβ aggregation at the level of
oligomers, which are much more toxic than the fibrillary form. It is important to understand
the mechanisms of action of caspase-5, in this pathological process of amyloid β peptide,
emphasizing the clinical importance of casapasa-5 and its relation to the process of neuroin‐
flammation.
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1. Introduction

As Alois Alzheimer himself first observed, the brain of an individual affected by Alzheimer's
disease (AD) shows aggregations of the peptide beta-amyloid (Aβ) and tau proteins, which
form characteristic plaques and neurofibrillary tangles respectively [1].

Since Aβ is known to participate in many normal body functions, its precipitation into plaques,
often referred to as ‘amyloid cascade’, has been for a long time the only recognized, yet
unexplained mechanism of AD pathogenesis [2]. In time, however, diverse phenomena, such
as oxidative stress, aberrant inflammations, impaired energy metabolism and more have been
gradually discovered to contribute to the cascade [3].

The observation that Aβ aggregation in plaques is an age-dependent phenomenon, whereas
Aβ production is not, suggested that some other age-dependent mechanism must play a role
in transforming Aβ into a neurotoxic element. The fact that some metals, such as copper and
zinc, are known to modulate glutamatergic neurotransmission [4] led researchers to hypothe‐
size that late-age abnormalities in the homeostasis of one or more transition metals may play
a role in the amyloid cascade.

Moreover, much evidence gathered on AD depicts an improperly functioning ceruloplasmin,
an enzyme synthesized by the liver, which controls iron oxidization state. There is also
evidence that a functional failure of systemic ceruloplasmin may be behind the iron-related
redox processes that produce oxidative stress in the AD brain [5, 6]. Ceruloplasmin is the
‘crosstalk’ factor linking copper to iron metabolism, thus its failure is very likely to be a major
actor in the dysfunctional metal metabolism affecting AD individuals. Aβ may gain toxicity
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upon some interaction with copper, in a process involving ceruloplasmin, even though the
molecular mechanism still remains elusive.

This notion was further supported by the fact that the Amyloid precursor protein (APP) was
discovered to possess selective copper binding sites, which mediate redox activities causing
precipitation of Aβ even at low concentrations [7]. Aβ itself has been reported to possess
selective high- and low-affinity metal-binding sites which, in normal conditions, bind equi‐
molar amounts of either copper or zinc but, in conditions of acidosis, see zinc completely
displaced by copper [8]. Thus, hyper-metallation was suggested to be the mechanism that gives
Aβ its redox properties, triggering redox cycles through production of H2O2 that lead to self-
oxidation of Aβ, formation of oligomers with diverse grades of complexity and finally to Aβ
precipitation into plaques (Figure 1) [4, 9].

Figure 1. Systemic Non-Cp-copper in AD passes through the Blood Brain Barrier and causes an imbalance of copper in
the brain. Here Non-Cp-copper can interact with physiological amyloid-β (Aβ), forming clusters of metal-toxic soluble
Aβ that evolve in diffuse amyloid and, finally, in toxic plaques. Non-Cp-Copper can also interact with reactive oxygen
species (ROS), which are responsible for lipid peroxidation in neuron membranes, protein oxidation, and cleavage of
DNA and RNA molecules.

Diverse animal studies support the toxic role of copper in AD pathogenesis.

White et al. [10] showed that the copper contents of both liver and cerebral cortex in APP−/−

and amyloid precursor-like protein (APLP2−/−) knockout mice were significantly increased,
supporting the authors’ hypothesis that the APP gene modulates hepatic and cortical copper
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levels. However, the mechanism leading to increased brain copper content (due to APP gene
knockout) remains known. Serum copper levels were not significantly more altered in APP−/−

and APLP2−/− mice than in wild-type mice. It appears that a failure of copper excretion from
the brain to the blood or, more likely, an imbalance of copper distribution between the Cp-
bound and unbound fractions could be associated with the deposition of excessive copper
levels in the brain in this knockout model. Besides demonstrating that the AβPP is an important
regulator of brain copper homeostasis, White et al. also demonstrated that it potentiates the
Aβ-mediated neurotoxicity by increasing oxidative stress.

Sparks and Schreurs [11] demonstrated that adding 0.12 ppm (0.12 mg/L) of copper to water
given to a cholesterol-fed rabbit AD-model resulted in significantly enhanced cognitive
waning and also exacerbated amyloid plaque deposition. This finding led to serious concerns
in some Government Environmental Agencies about the content of copper in drinking water
delivered to households via copper pipes. It must be kept in mind that cholesterol, though
vital for neuronal transmission, synaptic plasticity and cell function, is also a well-established
risk factor for atherosclerosis and AD [12]. Cholesterol to 7-hydroxy cholesterol oxidation,
caused by Aβ, is extremely toxic for neurons [13]. Cp levels measured using o-dianisidine
dihydrochloride as a substrate in the plasma of cholesterol-fed rabbit model after adding
copper to drinking water, suggest an increase, although the change did not reach statistical
significance. This suggests that a Non-Cp copper increase is a vehicle of copper within the
brain.

In a different investigation [14], Sparks reconfirmed this earlier finding, reporting that other
animal models, like spontaneously hyper-cholesterolemic Watanabe rabbits, cholesterol-fed
beagles and rabbits, and PS1 and APP transgenic mice showed considerably increased brain
levels of Aβ when given copper-rich (0.12 ppm) drinking water. Notably, non-cholesterol fed
PS1 and APP transgenic mice models of AD demonstrated significantly enhanced levels of
Aβ due to copper exposure via drinking water, demonstrating that the mouse model of AD
exhibits vulnerability to copper even in the absence of cholesterol in the diet. This observation
highlights the fact that both cholesterol and copper are separate causative factors whose
interaction further enhances the formation of Aβ plaques.

In another study [15], Lu at al. confirmed the findings of Sparks and colleagues’. The authors
demonstrated that Kunming strain mice fed with a high-cholesterol diet and distilled water
containing 0.21 ppm copper exhibited significantly increased level of APP mRNA, coupled
with the activation of caspase-3 in the brain, suggesting apoptosis mediated neurotoxicity.
Strikingly, copper also increased cholesterol-induced learning and memory impairment in
mice.

Moreover, it has been reported [16] that, in Sprague-Dawley rats, which underwent bilateral
common carotid artery occlusion (2VO) and were administered with 250 ppm copper con‐
taining water for 3 months, chronic copper toxicity exacerbated memory impairment induced
by 2VO coupled with an augmented expression of brain AβPP and β-site AβPP-cleaving
enzyme 1 (BACE1) at both mRNA and protein levels. However, these copper-aggravated
changes were ameliorated after copper was withdrawn from the drinking water.
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As a whole, these experimental animal models demonstrated the toxicity mediated by copper
in the AD cascade, showing that increased level of copper ingested with drinking water, or
more generally through the diet, affects AD neuropathology.

All this evidence has eventually led to the proposal of the so called Metal Hypothesis of AD
(Bush et al. 2008), which is based on the concept that it is the interaction of Aβ with specific
metals, especially copper, that actually drives the amyloid cascade and AD pathogenesis.

One question remained: how does copper actually reach the brain? In fact, we normally ingest
copper through the diet - via food, drinking water, beverage, supplements - and copper status
in the body is regulated by the balance between duodenal absorption (intestine) and biliary
excretion (liver). After crossing the intestinal lumen, copper is transported via portal circula‐
tion to the liver, where it is partly stored and partly redistributed to other organs. In the
hepatocyte, copper is incorporated into ceruloplasmin, whose dimensions don’t allow an easy
crossing of the blood-brain-barrier (BBB).

An answer to  the question came with the discovery that,  although the vast  majority  of
human copper circulates tightly bound to ceruloplasmin [17, 18], a faulty copper metabo‐
lism leads to the creation of a small pool of copper that goes into circulation loosely bound
to and constantly exchanged among albumin, α2 macroglobulin, peptides, amino acids and
other low-molecular-weight compounds. Due to the loose character of the bindings,  this
portion is normally referred to as Non Ceruloplasmin copper (Non–Cp copper). The key
difference between bound (to ceruloplasmin) and Non-Cp copper lies in the fact that the
low-molecular-weight  compounds  can  easily  cross  the  BBB  [18],  thus  carrying  Non-Cp
copper into the brain. There, copper can enter cycles of Haber-Weiss or Fenton reactions
producing ⋅OH,  against  which our  body has  no defenses  [19],  and generate  pleiotropic
effects on the amyloid cascade [3].

The metal hypothesis has also gained support from consistent reports of enhanced concentra‐
tions of labile copper in areas of the brain that are considered critical for AD [20].

There is by now a solid body of literature reporting in vitro [8, 21, 22], experimental (reviewed
in [23, 24]) and clinical evidence gathered over the last years which have shown that some
systemic abnormalities in copper metabolism are shared between the AD and the Wilson’s
disease (WD). Wilson’s disease is the paradigmatic disease of copper toxicosis or accumulation
[18]. Although much less severe than in WD, it has been shown that the increases in Non-Cp
copper correlate with some typical AD deficits, with the 'core' markers of AD in the cerebro‐
spinal fluid [25], a poor prognosis of the disease [26], and the conversion from Mild Cognitive
Impairment (MCI) to full dementia [27]. Meta-analyses have confirmed increased levels of total
copper and Non-Cp copper in general circulation of AD patients compared with healthy
control subjects [28-30]. A higher intake of copper in the diet was also associated with cognitive
decline or with an increase in overall mortality. Specifically, in the 'Chicago Health and Aging
Project' (3718 subjects followed from 1993 to 2002), a diet with a content of 2.75 mg / day of
copper on average, along with a high saturated and trans fat intake, has been proved to be
associated with cognitive decline, which was estimated to be equivalent to an extra nineteen
years of aging [31]. In the 'Iowa Women's Health Study' (38772 older women followed from
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1986 to 2008), the use of dietary supplements of copper has been shown to be associated with
a 18% increase in total mortality [32]. Recently, it was shown that the increase of copper in the
soil in 26 provinces and 3 municipal districts in China, between 1991 and 2000, is associated
with an increased AD-related mortality. In geographic areas with higher concentrations of
copper, the relative risk of AD-related death is 2.6 times higher than that in geographical areas
with a lower content copper in the soil [33].

Also results of a recently completed Phase II clinical trial, based on using metal attenuat‐
ing  complexing  compounds  or  Zinc  therapy  [34-37],  appear  to  support  the  notion  of  a
copper dysfunction in AD. The available evidence has now reached such a quantitative and
qualitative level that the notion of a copper-related phenotype in AD has now started to
be accepted [23]. This is a very important step, since many translational hypotheses may
develop from this notion,  in terms of both diagnostic  and prognostic  tools,  with impor‐
tant repercussions in terms of preventive and therapeutic approaches. However, most of
the literature dealing with the relationship between copper and AD focuses on local copper
abnormal distribution,  especially in those specific  areas of  the brain that  are considered
critical for the disease. Recently, this vision has started to appear limited. There is now a
bulk  of  evidence  suggesting  that  all  modifications  should be  viewed in  a  wider  frame‐
work  of  systemic,  rather  than  local,  metal  dishomeostasis.  This  concept  can  be  better
understood looking at recent studies of the link between the status of serum ceruloplas‐
min and AD clinical signs and/or Aβ markers in the CSF [23]. Torsdottir et al. [38] reported
a decrease in ceruloplasmin activity in AD patients. Lower levels of circulating ceruloplas‐
min in  AD patients  with  different  CSF markers  of  AD were  reported by Brewer’s  [39],
Arnal’s [40] and Kessler’s [41] groups. In 2008, our laboratory demonstrated a consistent
and measurable increase of apo-ceruloplasmin (a defective form of ceruloplasmin, lacking
copper and its ferroxidase activity) in the serum and CSF of AD patients [42, 43].

Since both WD and the early-onset form of AD are known to have a genetic origin determining
the hereditability of the disease, researchers have embarked in a wide range of studies in the
attempt to find genes that cause the late-onset AD or at least contribute to it via damaging
phenomena, such as oxidative stress, inflammation, apoptosis or an increased expression of
Aβ. In order to encompass as much as possible of the huge genome world, researchers have
also embarked in so-called large-scale genome-wide association studies (GWAS). These
studies search for DNA sequence variations that appear more common in individuals with a
certain disease than in individuals without that disease. GWAS typically analyze a multitude
of single gene variations, generally called single-nucleotide polymorphisms (SNPs), and verify
their association, if any, with the traits of a disease.

2. AD and APOE

So far, no specific gene has been found that can be reliably considered a cause of AD. Even
genes, whose mutations have been found responsible for early-onset AD, appear to have a
minor, or at least not a pivotal role in the late-onset form. However, numerous risk factors have
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been identified in the last few years. Historically, the first one to be established is the inheri‐
tance of the ε4 allele of the apolipoprotein E (APOE), found on chromosome 19. APOE is the
gene encoding the protein that carries cholesterol and other fats into circulation and manifests
itself in a number of alleles, of which ε2, ε3 and ε4 are the most common. The allele ε3, the
most common of the three, appears totally unrelated to the risk of developing AD. The slightly
less common ε4, instead, has been definitely established to increase the risk of developing AD.
The rare variant ε2 seems instead to provide some form of protection by delaying the onset
age of the disease.

Individuals inherit two copies of the APOE gene, one from each parent, which can be different
alleles. If one of the inherited alleles is ε4, the carrier has about a 3-fold increased risk of
developing AD. Two copies of ε4 make this risk is much higher, reaching a 15-fold increase of
the risk. In other words, it can be stated that APOEε4 carriers have a 90% statistical risk of
contracting AD if they are heterozygote and close to 100% if homozygote [44].

It must be emphasized, though, that we are dealing here with statistical risk: in fact, not all
individuals who have one or two ε4 develop AD and AD occurs also in people who have no
ε4. Thus, APOEε4 is a ‘susceptibility’ gene, i.e., a gene that affects risk but is not the cause.

3. Other genes

The fact that APOEε4 is neither necessary nor sufficient for the development of the disease has
supported the quest for more genetic risk factors and GWAS have led to the identification of
numerous genes now widely accepted as risk factors for AD. Major examples include:

CLU – The CLU gene on chromosome 8 encodes the protein clusterin, or apolipoprotein J,
which is implicated in multiple biological processes, such as lipid transport, membrane
recycling, cell adhesion and apoptosis. Two GWAS have independently found a statistical
association between a SNP within CLU and the risk of having AD [45, 46]. Despite the fact that
people who already have AD have more clusterin in their blood, and that clusterin blood levels
correlate with faster cognitive decline in individuals with AD, there is no indication that levels
of this protein can predict the onset of AD.

SORL1 – an APOE receptor in the neural system. Some variants on chromosome 11 have been
related to AD [47], since a significant decrease in their expression has been found in AD patients
and some authors have described a link between SORL1 and APP regulation.

CR1 – encodes the protein C3b/C4b receptor, whose deficiency may contribute to chronic
inflammation in the brain. Some specific variant of this gene have been identified as contrib‐
utors to AD [46, 47].

PICALM - located on chromosome 11, encodes phosphatidylinositol-binding clathrin assembly
protein, which is linked to the process by which brain nerve cells (neurons) communicate with
each other. GWAS have identified several functional SNPs in the PICALM gene [45-50]

In AD, GWAS have consistently shown that the effect size and the strength of association of
APOE variants are greater than the best of APOE-unrelated associations. This stresses the
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relevance of APOE as risk factor for AD, although also other explanations should be consid‐
ered: firstly, most GWAS do not study the variants’ true susceptibility but are rather based on
the identification of their tagging markers. The latter generally show much greater heteroge‐
neity than the former in terms of both alleles and extent of linkage. Consequently, it is possible
that some variants have in reality bigger effect sizes than the ones seen by GWAS. Secondly,
current GWAS platforms are often insufficient to detect rare variants. Thus, the existence of
some variants that have a big effect size but happen to be rare can remain undetected.
Moreover, the linear modeling framework often used in GWASs considers only one SNP at a
time, thus ignoring the genomic and environmental context of each SNP [51]. This is an
important limitation since the genotype-phenotype relationship is most likely characterized
by significant genetic heterogeneity and complex gene-gene and gene-environment interac‐
tions [52]. Recently, there has been a shift away from the ‘one SNP at a time’ method toward
a more holistic approach that includes the gene's environmental context.

Another approach is selecting a candidate gene on the basis of hypotheses regarding the
disease and then analyze all sequence changes of that gene. Direct sequencing has proven an
effective way to discover rare variants with large effect sizes. Recently, studies using next-
generation sequencing have led to the identification of rare frequency coding variants in PLD3
[53] and TREM2 genes [54, 55] associated with the risk of AD.

3.1. ATP7A and ATP7B

Two serious disorders are today recognized to be due to a dyshomeostasis in copper metab‐
olism: Menkes disease (MD) and Wilson’s disease (WD). Both are caused by a mutation of one
gene: ATP7A in MD and ATP7B in WD, which generate a dysfunction of the proteins they
encode: ATP7A and ATP7B, respectively [56]. These two proteins are copper pump proteins
or transporting ATPase and, although they have somewhat different distributions in diverse
cell types, both are key in regulating copper levels in the body.

The ATP7A gene is located on the long (q) arm of the X chromosome. The protein it encodes,
ATP7A, is found virtually everywhere in the body except in the liver and delivers copper
wherever it is needed within tissue cells. In the small intestine, it contributes to control the
absorption of copper from food. Mutations of the ATP7A gene lead to synthesis of dysfunc‐
tional proteins, of which some engage in disorderly copper transport while others are even
unable to bind the metal. More than 100 mutations the have been identified as causes of MD.

ATP7B is a gene of chromosome 13, expressed mainly in the liver, although it has also been
detected in the brain, heart, kidney, lung, mammary gland and placenta [57]. The protein it
encodes, ATP7B, maintains the body copper homeostasis. In the hepatocyte, ATP7B receives
copper from ATOX1 and it moves across the trans Golgi network where it incorporates this
metal into apo-ceruloplasmin generating a holo-active form. When intracellular copper levels
exceed cell needs, ATP7B moves toward the bile canaliculi and carries out the excretion of
copper [58].

Technically, mutations of the two genes have somewhat opposite effects: in MD, the dysfunc‐
tional ATP7A results in an unbalanced distribution of copper throughout the body. Copper
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accumulates in some tissues while it remains insufficient in others, where the decreased supply
reduces the activity of enzymes that are necessary for the health of numerous body parts, such
as bone, skin, blood vessels, and the nervous system. In WD, instead, the dysfunctional ATP7B
causes: (i) a failure in the incorporation of copper into the holo-ceruloplasmin, resulting in
increased levels of Non-Cp copper being released into the blood stream and in low circulating
levels of that protein; (ii) decreased levels of copper released into the bile canaliculi, causing
cell over-feeding and intracellular copper deposits, which accelerate apoptotic cell death [59].

We know that in WD huge amounts of Non-Cp copper enter the brain through the BBB, where
labile copper accumulates and leads to neurodegeneration. WD is considered the hallmark of
copper toxicosis.

Since increased copper levels characterizing WD are shared in a smaller scale by AD patients,
the ATP7B gene and its variations have of course become the focus of much of our research
focusing on copper. Some authors have expressed doubts about this research direction by
pointing out that neurodegeneration in WD leads to movement disorders with little or no effect
on cognition, while AD neurodegeneration affects chiefly cognition. Moreover, onset ages are
very different in the two pathologies as WD appears typically in childhood, whereas late-onset
AD by definition after 60-65y. In other words, even accepting the fact that the two pathologies
share copper toxicity, manifestations are so different that it seems unreasonable to claim that
the same gene causes both of them. In reply to this valid concern, other authors have argued
that ATP7B has a high variability. Thus, the possibility that this gene is a causative gene for
WD when in homozygosis and a susceptibility gene for AD (interacting with environmental
factors and other risk genes) cannot be ruled out. Other genes have shown unexpected diverse
effects. ATP7A, for example, which is causative of MD, has been recently recognized to be
associated with a mild form of occipital horn syndrome [60]. Moreover, recent evidence has
demonstrated that certain missense mutations of this gene can cause a syndrome restricted to
progressive distal motor neuropathy even without signs of copper deficiency [61].

Our laboratory has pursued the link between copper and AD pathogenesis on the assumption
that the excessive Non-Cp copper production in the body is actually due to a faulty ATP7B
causing a flaw in the incorporation of copper into nascent ceruloplasmin in the liver [56]. On
this basis, we have embarked in an extensive study of the ATP7B gene and of the protein
ATP7B, which is the only one known to catalyze that incorporation.

Unfortunately, analysis of the ATP7B gene is not an easy task, due to its huge variability. The
1000 Genomes project has identified 1,358 variations of ATP7B in human populations. At least
500 of them have been recognized as disease-causing [62]. Worldwide detection of ATP7B
mutations is actually difficult [63] since most mutations are rare, reported only within single
families and often prevalent in specific ethnic groups [32]. As a result, the database regarding
both the gene’s properties and the possible dysfunctions of the proteins they encode is still
largely insufficient [64].

The first significant information on the structure of the ATP7B protein was gained from a
homology modeling study [65]. Some more light was later shed by nuclear magnetic resonance
(NMR) spectroscopy studies [66-70]. Recently, significant progress in the comprehension of
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ATP7B structural organization has come from the solution of the crystal structure of the
bacterial copper ATPase LCopA [71]. The LCopA protein model has been employed as a
template to analyze ATP7B core domain on the basis of its sequence homology to build
interpretations of WD mutations [64].

We know that mutations leading to a complete abolition of ATP7B function, chiefly early stop
mutations and mutations in regions of the gene that have a high functional importance, lead
to an early and predominantly hepatic dysfunction. Conversely, point mutations in regions
that are functionally less important are associated with a later onset and predominantly
neurological or psychiatric dysfunctions [17].

An effective strategy to characterize genetic compositions, which has become popular in recent
years, is the so-called in-silico analysis, i.e., performed via computer simulations. Several
computational procedures have been developed to analyze the effects of genetic variants on
the protein function. The advantage of this type of analysis is that it allows analysis of huge
amounts of data, delivered by high-throughput sequencing technologies, in relatively short
time. These procedures take into account different factors associated with the protein proper‐
ties, such as chemistry constraints, three dimensional structure, and amino acid sequences of
homologous and orthologous proteins [72].

Our laboratory has used a new in-silico approach based on amino acid sequence, utilizing four
among the most used bioinformatics tools (i.e. Polyphen- 2, SIFT, Panther, and PhD-SNPs).
We have applied this approach to non-synonymous SNP (nsSNPs) detected in the ATP7B gene
to profile WD-causing and WD-non-causing mutations, while obtaining at the same time
useful information about the gene’s domains that could potentially harbor loci of susceptibility
for other disorders related to copper metabolism [73].

3.2. rs7323774 and rs2147363

In pursuit of the identification of regions in the ATP7B gene linked to copper dishomeostasis,
our laboratory has embarked in an investigation of the association between copper-related
biochemical markers in serum (bound copper, Non-Cp copper and ceruloplasmin) and
variants of the ATP7B gene.

In one study of 399 AD patients and 303 healthy elderly controls, we focused our attention on
a set of four SNPs that had been reported to be informative of the ATP7B gene structure [74]:
rs1801243 (missense substitution: Ser406Ala), rs2147363 (intronic variant: c.1544-53A>C),
rs1061472 (missense substitution: Lys832Arg) and rs732774 (missense substitution:
Arg952Lys). We had already found in a previous study that those SNPs among the four that
lay in the transmembrane domains appear to have an association with AD [75].

We first stratified the AD and control groups into three ‘classes’ according to their Non-Cp
copper levels: ‘low Non-Cp copper’ (<1 µmol/L), ‘medium Non-Cp copper’ (≥1, <1.6 µmol/L)
and ‘high Non-Cp copper’ (≥1.6 µmol/L) (Figure 2). Results showed antithetic distributions
for patients and controls: the ‘low Non-Cp copper’ class accounted for 27% of AD cases vs.
61% of controls; the ‘medium Non-Cp copper’ for 11% of AD vs. 10% of controls and the ‘high
Non-Cp copper’ for 62% of AD versus 29% of controls. The serum copper profile was then
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analyzed in relation to the selected gene variants in the sole ‘high Non-Cp copper’ class
(patients with AD, n = 109; controls, n = 53).

Figure 2. Stratification of the AD and control groups (CTRL) into three ‘classes’ according to their Non-Cp copper lev‐
els: ‘low Non-Cp copper’ (<1 µmol/L), ‘medium Non-Cp copper’ (≥1, <1.6 µmol/L) and ‘high Non-Cp copper’ (≥1.6
µmol/L). The bar graph reports the percentage of AD (first bar from left) and CTRL (second bar from left) for each
class.

The main result of this study was that individuals who are GG homozygous for ATP7B
rs7323774 SNP have higher levels of Non-Cp copper in their serum. This was true for the entire
sample of patients and controls but was definitely more pronounced in AD individuals. Non-
Cp copper distributions of AD patients turned out antithetic to those of controls and results
showed that this is due to those ATP7B variants that are located in regions encoding ATP7B
transmembrane domains, i.e., variants that we know to be associated with copper dyshomeo‐
stasis in AD. It must be noted, however, that we selected the variants on the basis of the
information they could deliver on the ATP7B gene structure, not for their impact on gene
function. Consequently, it is obvious that rs1801243, rs2147363, rs1061472 and rs732774, even
though significantly associated with AD [74], could not be the loci responsible for the effects
of the ATP7B gene on AD, either in terms of Non-Cp copper derangement or in terms of an
increased risk of the AD [76].

In another study of 286 AD patients and 283 controls we focused on the rs2147363 and
rs7334118 variants of the ATP7B gene. All genotype frequencies in our controls were within
the ranges reported previously in the European origin populations of the HapMap project
(available on http://hapmap.ncbi.nlm.nih.gov).
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We analyzed the genetic association between SNPs and AD risk. Our study revealed a
significant association between rs2147363 and AD. When data were adjusted for confounding
variables (i.e., age, gender, and APOE genotype), significant results were obtained for the
recessive model (OR: 1.63, 95% CI: 1.03–2.57; p = 0.035) and Log-additive model (OR: 1.51, 95%
CI: 1.05–2.16; p = 0.025).

In order to verify whether rs2147363 has any functional variants in LD, we also analyzed the
SNPs that showed a complete LD (D’ = 1) with this ATP7B variant in Tuscans in Italy (TSI),
which is the HapMap population most genetically related to our sample. We identified ten
SNPs in complete LD with the rs2147363. We prioritized these variants using FastSNP. This
analysis highlighted that one variant is a non-synonymous SNP (medium-high risk), four are
intronic enhancers (very low-low risk), four are intronic with no known function (no effect),
and one is a downstream variant with no known function (no effect) (Table 1).

SNP ID (rs) Possible Functional Effects Region SIFT PolyPhen2

rs7334118
Missense (non-conservative);

Splicing regulation
coding Damaging

Possibly
Damaging

rs4943053 Intronic enhancer intronic - -

rs9535803 Intronic enhancer intronic - -

rs9535809 Intronic enhancer intronic - -

rs2147362 Intronic enhancer intronic - -

rs11839458 Intronic with unknown function intronic - -

rs9526820 Intronic with unknown function intronic - -

rs9535827 Intronic with unknown function intronic - -

rs9535794 Downstream with unknown function 3-UTR - -

rs9535806 Intronic with unknown function intronic - -

Table 1. Prioritization and functional analysis of ATP7B SNPs in LD with rs2147363.

To predict the functional impact of the non-synonymous SNP (rs7334118), we used two
different bioinformatics tools: SIFT and Polyphen2. The application of both the SIFT algorithm
using orthologous sequences and the Polyphen2 tool highlighted that this coding variant may
have an adverse effect on the ATP7B protein.

To verify the hypothesis that genetic association of rs2147363 is due to LD with the rs7334118
SNP, 176 AD subjects and 169 healthy controls among the study population were genotyped
for the SNP rs7334118. Two AD patients were carriers of the rs7334118G allele, whereas no
healthy individual with this ATP7B mutation was identified. Even though this coding variant
was identified only in AD patients, its allele frequency in the AD group is in line with the minor
allele frequency observed in a general population of European origin (information available
at dbSNP). Thus, this result has to be confirmed in a bigger healthy control sample.

Metals Involvement in Alzheimer’s Disease — A Patho-Genetic View
http://dx.doi.org/10.5772/60447

83



To test whether the intronic region, in which rs2147363 is located, plays a role in the regulation
of the ATP7B gene function, the GERP++ and is-rSNP algorithms were used. rs2147363
nucleotide position resulted non-conserved, whereas, in the intronic region around this SNP,
7 nucleotide positions on the 16 analyzed (43%) achieve the GERP threshold [77]. Table 2
describes the findings of the is-rSNP algorithm. This analysis predicted the presence of binding
sites of 8 transcription factors (TF) binding sites, and, in two cases (i.e., Zfp423 and PLAG1),
the prediction results were significant (adjusted p < 0.05). The main result of this detailed
genetic analysis is that the significant association between rs2147363 SNP and AD can be
explained on the basis of the presence of TFs binding sites in the region in which this variant
is located. Thereby, rs2147363 may be associated with a cis-regulatory function. Specifically,
we observed two of the genetic models of rs2147363 SNP associated with AD: a recessive model
that suggested a 1.63-fold increased, and a log-additive model that suggested a 1.51-fold
increase in the risk of having AD. The Akaike Information Criterion (AIC) and Bayesian
Information Criterion (BIC) analyses highlighted that log-additive model achieved the most
reliable outcome. This suggests that C allele of rs2147363 SNP is additive: its presence in one
gene copy will lead to an increase in AD risk; its presence in both gene copies will lead to a
further increase. Additionally, we tested the reliability of our coding or noncoding hypotheses
to explain this intronic association. When we considered the coding hypothesis, we analyzed
the SNPs in complete LD (D' = 1) with rs2147363 in TSI. The functional prediction analysis
showed that the SNP rs7334118 has a complete LD (D’ = 1) with rs2147363. Moreover, rs7334118
has been recorded in the Wilson’s Disease Mutation database (available at http://www.wilson‐
disease.med. ualberta.ca) and in Human Genome Mutation Database (available at http://
www.hgmd.cf.ac.uk/) as a Wilson’s disease-causing variant, it corresponds to H1207R, located
into the P-domain, the domain in which phosphorylation of ATP7B occurs; in particular the
residue lies in the ATP-hinge which connects the nucleotide-binding domain (N-domain) and
the P-domain (Figure 3). Even though the genotype analysis in our case-control population
revealed the presence of two carriers of the rs7334118G allele in AD patients and none in
healthy controls, this ATP7B mutation could not alone explain the genetic association observed
for rs2147363. Specifically, two AD patients heterozygous for the rs7334118G mutation were
also carriers of the C allele in rs2147363 (1%). On the contrary, the other 166 AD patients,
carriers of the C allele in rs2147363, were negative for the rs7334118 WD mutation (99%).
However, this result does not exclude additional rare variants with large functional effects
may explain this intronic association.

We used the HapMap database to identify functional coding variants, in which only few
rare variants  are  present.  Using other  genomic databases,  such as  the database of  1,000
Genomes Project, may deliver new candidate variants that could be tested to explain our
intronic association. Conversely, in-silico analyses on rs2147363 revealed that this intronic
SNP  can  have  a  regulatory  role  on  ATP7B  function.  In  particular,  the  GERP  analysis
highlighted that the intronic region around rs2147363 resulted significantly conserved, and
the is-rSNP algorithm significantly predicted the presence of two TF-binding sites in the
rs2147363 region.  These  independent  findings  suggested that  this  genomic  region has  a
regulatory  function,  and  consequently  rs2147363  can  be  associated  with  clinical  pheno‐
types related to ATP7B dysfunction.
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Position Nucleotide GERP++ score

chr13: 52542783 C 2.17

chr13: 52542784 A 2.37

chr13: 52542785 G -7.84

chr13: 52542786 G 4.09

chr13: 52542787 G 0.889

chr13: 52542788 C -1.02

chr13: 52542789 C 1.93

chr13: 52542790 T -0.596

chr13: 52542791 C 4.11

chr13: 52542792 T -3.02

chr13: 52542793 A 2.98

chr13: 52542794 G -3.44

chr13: 52542795 G 2.55

chr13: 52542796 T -7.19

chr13: 52542797 T 3.25

chr13: 52542798 G 4.87

Table 2. GERP analysis of the genomic region around rs2147363. Conserved positions are highlighted in bold.

Specifically, Zfp423 and PLAG1 have been predicted to have a binding-site in the genetic
region of rs2147363. Both these TFs are involved in complex metabolic processes. For example,
Zfp423 has been reported to regulate neural and adipocyte development [78], whereas PLAG1
is a proto-oncogene that activates genes involved in uncontrolled cell proliferation (e.g., IGFII,
CRLF1, CRABP2, CRIP2, and PIGF) [79]. In this framework, our data on Zfp423 support the
hypothesis that ATP7B can be involved in molecular pathways linked to brain activity
regulation, suggesting new perspectives in the interpretation of neurologic signs of WD and
AD. This conclusion fits well with our original hypothesis that ATP7B can harbor variants that
may account for some of the missing hereditability of AD [80]. In particular, the present data
furnished a new insight into the copper hypothesis: non-coding regions can play a role in the
ATP7B function, and, thereby, genetic variation in ATP7B cis-regulatory elements within non-
coding regions may be associated with AD risk. Furthermore, genetic data adjusted for age
confounding effect confirmed the association between rs2147363 and AD risk. However,
although in-silico analyses support our hypothesis, further functional studies are necessary to
confirm the role of non-coding variants in the ATP7B gene function and in AD risk.
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Figure 3. Schematic representation of human ATP7B on the basis of homology-modeled structure [71]. The table re‐
ports the ATP7B SNPs studied from our group and the specific nucleotide and amino acid substitutions, standing in a
specific ATP7B domain.
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3.3. K832R (rs1061472) and R952K (rs732774)

In a recent study, we focused our attention on two functional changes in the ATP7B gene in
particular: K832R (rs1061472) and R952K (rs732774).

K832R corresponds to a non synonymous amino acid substitution and the corresponding
AAG>AGG mutation in exon 10 specifies this amino acid change in the A-domain, within the
ATP binding domain region of the protein. R952K (AGA>AAA) corresponds to a non-
synonymous substitution in the loop between Tm 5-Tm6 of the protein (Figure 3). Our aim
was to verify whether and in what way these amino acid changes have a disturbing effect on
the function of the ATP7B protein in terms of metal binding properties or ATP hydrolysis,
which can eventually result in copper dyshomeostasis.

We recruited 251 AD patients and 201 controls. As reported in the original article [76], for the
K832R substitution, the minor allele frequency (MAF) resulted 40% in Italian Tuscans, 45% in
Utah residents with Northern and Western European ancestry, while 42% in our controls. For
the R952K substitution, MAF was 39% in Italian Tuscans, 44% in Utah residents and 43% in
controls. The LD analysis revealed an association between K832R and R952K substitutions in
both AD patients (D’ = 0.79) and controls (D’ = 0.81). A high LD between K832R and R952K
was confirmed also in all HapMap populations.

Allele frequency distributions of both ATP7B SNPs differed between AD and controls: K832R
substitution genotype frequencies were K832/K832 10%, K832/R832 47%, and R832/R832 43%
(χ2 test, p = 0.022) in AD patients, while K832/K832 15%, K832/R832 54%, and R832/R832 31%
in our controls. R832/R832 genotype was more frequent in AD and this frequency variation
was maintained also when taking into account the Bonferroni correction (α= 0.025) as well as
in the logistic regression analysis, which took into account age and gender as confounding
factors. Our analysis revealed that patients with the ATP7B homozygous R832 genotype had
a 1.71-fold higher risk of developing AD than controls [adjusted OR= 1.71 (1.12–2.60); p = 0.012].
Genotype frequencies of the R952K substitution were R952/R952 15%, R952/K952 41%, and
K952/K952 45% in AD patients, and R952/R952 16%, R952/K952 54%, and K952/K952 30% in
our controls.

The χ2 test indicated that two distributions differed (p = 0.006) and the association between
the risk allele K952 and AD was maintained after checking for age and gender as possible
confounders in a logistic regression model. In summary, patients with the ATP7B homozygous
K952 genotype had a 1.82-fold increased risk of AD compared with controls [adjusted OR=
1.82 (1.19–2.80); p = 0.006].

We also performed a haplotype association analysis for the two SNPs in order to investigate
their combined effect on AD risk. The most common haplotype was R832/K952, which
contained a risk allele at each SNP locus. It was distributed as follows: 60.2% in AD patients
and 53.2% in controls (X2 = 4.85; p = 0.028).

The second more frequent haplotype was K832/R952, which contained no risk alleles and its
frequencies differed between the two cohorts, being 28.8% in patients and 37.3% in controls
(X2 = 7.21; p = 0.007).
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A logistic regression model was used to check these associations when taking into account age
as a possible confounder. The model confirmed the association (p = 0.018) and revealed that
the haplotype K832/R952 confers some protection against AD [adjusted OR= 0.68 (0.49–0.93)].
Thus, the haplotype association analysis revealed that the presence of alleles with normal
function, i.e., K832 and R952, is protective, even though the haplotype lies in a gene with
significant disease-risk.

It is important to notice that the SNPs of APOEε4 and ATP7B (both K832R and R952K) are
independent AD risk factors, as there was no difference in the frequency of the ATP7B alleles
between carriers and non-carriers of the APOEε4 variant (consistently p > 0.2), even when the
analysis was restricted to assessment of only the AD population (consistently p > 0.2). In
summary, the RR genotype in K832R raises the relative risk of developing AD by 71%, while
KK in R952K by 82%. The haplotype R832/K952, instead, appears to confer protection against
the disease by reducing the relative risk by 32%.These results seem in conflict with the fact that
GWASs carried out so far have never found an association between AD and the 13q14.3
chromosomal region where the ATP7B gene lies. However, we already described above how
GWAS, which are not well equipped to detect rare variants and fail to take into account the
genomic and environmental context of the investigated diseases, may underestimate ATP7B
haplotypes that are instead significantly associated with high risk of AD in individuals exposed
to inorganic copper [80].

4. Conclusions

The form of AD that has been the subject of this chapter accounts for about 95% of all AD cases
and appears rather late in life, normally after 60. For this reason it is called late-onset Alz‐
heimer's disease (LOAD), a term that well differentiates it from the inherited form, familial
AD, which is called early-onset AD because it develops much before 60 and accounts for the
remainder 5%. In opposition to familial AD, LOAD was initially called "sporadic" because early
researchers saw no link between the disease and hereditary factors and assumed that the
appearance of the disease was occasional and totally casual.

As we have seen above, this appeared untrue later, when researchers discovered the role of
several polymorphisms of the APOE gene in the disease pathogenesis. The term sporadic
continued to be widely used but we now know that LOAD is strongly influenced by both
genetic and environmental factors and appears to have a complex pattern of inheritance. It
remains true, however, that so far no gene has been found to be fully causative of LOAD, a
fact that is often referred to as missing heritability.

Due to the lack of a secure culprit, the role of genetic mutations in LOAD is often understated.
In an attempt to compensate, this chapter has described some of the most meaningful evidence
constituting the genetic background believed to provide a combined contribution to suscept‐
ibility (to become sick), which remains a statistical entity. It must be kept in mind that not only
genetic heterogeneity contributes to susceptibility but also other factors, such as reduced
penetration, a term describing that a predisposing genotype might be present without the
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pathology necessarily appearing, or even phenocopy, in which there are no predisposing
genotypes and yet the pathology develops due to environmental factors. The distinction
between genetic inheritance and genetic risk is fundamental and has helped understand how the
disease incidence can be decreased by changes in life style.

The chapter has also described GWAS, which have linked a substantial number of genes to the
pathogenesis of AD. It is important to notice that each gene, when taken alone, accounts only
for a small percentage of the disease incidence and often lacks clinical significance: the above
mentioned CLU gene, for example, has a proven correlation with AD-related cognitive decline
but its odds ratio tells us that it increases the risk of developing LOAD just 0.1-0.15 times.
Moreover, this gene has no clinical relevance since it does not predict the disease onset.

However, all the genetic evidence presented here should be regarded as the framework in
which systemic metal unbalances develop. For this reason, we have described in a consequen‐
tial but also factual fashion the role of systemic copper in the toxic processes leading to AD,
which we believe to be among the most important phenomena in AD pathogenesis.

We conclude with the introduction of an important, and somewhat innovative, notion
concerning copper in AD. We have shown how multiple variants of the APOE gene have an
actual effect on the statistical risk to develop AD and how they are also linked to level variations
of the portion of copper that does not bind to ceruloplasmin. These variants are also in linkage
disequilibrium with rare mutations, which can have a relevant effect on the risk of the disease.
We are now starting to explore this field by searching for multiple rare variants in the ATP7B
gene, which may account for portions of the odds of developing AD, defining a new gene for
AD susceptibility. Looking at all these associations as a whole, genetics appears as the factor
guiding the association between copper abnormalities and the clinical picture of the disease.
In other words, the fact that ATP7B multiple rare variants in practice modify the copper
homeostasis of an individual and have an effect on his/her risk of developing AD is an
expression of the causative character of this gene on the susceptibility of the disease.
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1. Introduction

Cholesterol is a key structural component of the brain, and cholesterol transport and distri‐
bution within the central nervous system (CNS) is mediated by a lipid metabolic cycle that
includes generation of apolipoproteins as lipid carriers, lipidation by cholesterol and phos‐
pholipid transporters, enzyme remodeling of these particles and their receptor-mediated
uptake and turnover in cells. It is becoming increasingly appreciated that Alzheimer’s Disease
(AD) patients often have comorbid conditions such as cardiovascular disease, type II diabetes
mellitus, or hypertension, each of which can greatly affect lipoprotein metabolism, especially
at the vessel wall and thereby possibly contribute to AD pathogenesis. Here we review the
known biology of lipids and lipoproteins in the CNS and discuss how alterations in lipid
metabolism may impact AD pathogenesis. Apolipoprotein E (APOE) is the best established
genetic risk factor for AD and the major apolipoprotein expressed in the brain. In addition,
genome-wide association studies (GWAS) have identified several other genes associated with
AD risk that function in lipid or lipoprotein metabolism, including clusterin (CLU), ATP
binding cassette (ABC) transporter A7 (ABCA7), and apoE receptors. Understanding how
lipid/lipoprotein metabolism in the brain and body affect cognitive function may therefore
offer new insights in developing more effective therapeutic approaches for dementia.

2. Lipid and lipoprotein metabolism in the CNS

2.1. General biology and function of lipids and lipoproteins in the CNS

The brain is the most cholesterol-rich organ in the body, with an average cholesterol content
of 15-20 mg/g wet weight compared to 2 mg/g for peripheral tissues in the adult mouse [1].
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The majority of the brain’s sterol content is located in free cholesterol, 70-80% of which is in
myelin. Cholesterol, sphingomyelin and phospholipids form the major structural components
of cellular membranes, with cholesterol, phosphatidylcholine and phosphatidylethanolamine
being the most abundant lipids in synaptic vesicles [2]. Many lipids also participate in
important signaling pathways in the brain, with lipid-mediated second messengers derived
from sphingomyelin and phosphatidylinositol, activation of G- protein coupled receptors and
nuclear receptor activation being particularly important [1, 3].

Name Major Sites of
Production in the Brain

Main Functions in
Healthy Brain

Potential Role in AD

ApoE • Astrocytes
• Microglia

• Lipid transport
• Aβ homeostasis
• BBB integrity
• Cerebrovascular health
• Innate immune response
• Reelin signaling

• Involved in Aβ metabolism: deposition,
transport across the BBB, clearance through ISF
and the CSF pathways, and enzymatic
degradation
• Regulation of inflammation
• ApoE4, the most established AD genetic risk
factor, is associated with:

1. Impaired Aβ degradation and
clearance
2. Increased tau phosphorylation and
formation of NFT
3. Ineffective lipid transport
4. Impaired synaptic integrity
5. Reduced ability to suppress
inflammation

Clusterin • Astrocytes
• Choroid plexus
epithelial cells
• Neurons

• Golgi chaperone
• Inflammatory response
• Complement regulation
• Cell Cycle regulation
• Reelin signaling

• Third most highly associated susceptibility
locus for AD.
• Potentially involved in Aβ sequestration,
degradation and clearance

ApoA-I • Not produced in the
brain

• Reverse cholesterol
transport
• Vascular endothelial
health

• AD comorbidities such as type II diabetes and
hypercholesterolemia lead to apoA-I dysfunction
• Reduction of CAA, neuroinflammation, and
oxidative stress in mouse models of AD

Table 1. Major Apolipoproteins in the Brain

As lipids are insoluble in aqueous environments, neutral lipids are transported through bodily
fluids on lipoprotein particles consisting of amphipathic apolipoproteins that surround and
stabilize their lipid cargo. The general structure of mature spherical lipoproteins consists of a
core of neutral cholesterol ester and triglycerides surrounded by amphipathic free cholesterol
and phospholipids at the exposed surface, all of which are encapsulated by apolipoproteins
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[3]. Four major lipoprotein classes, defined by their buoyant density, are found in the circula‐
tion: high density lipoproteins (HDL), low density lipoproteins (LDL), very low density
lipoproteins (VLDL) and chylomicrons. While LDL, VLDL and chylomicrons are triglyceride
rich, HDL is triglyceride poor, and the HDL-like lipoprotein species found within the CNS
contain even less triglyceride than plasma HDL. As apolipoprotein B (apoB), the major
apolipoprotein of chylomicrons, VLDL, and LDL, is not found in the CNS, lipoprotein
metabolism in the brain and cerebrospinal fluid (CSF) is based entirely on a lipoprotein class
that most resembles plasma HDL with respect to size, shape, and density [4-11]. In rodents,
astrocytes secrete apoE-containing lipoproteins that are primarily composed of phospholipids
(~6 µg/ml) and cholesterol (~13 µg/ml), 0-18% of which is found in the esterified form. These
nascent lipoprotein particles are discoidal, ranging from 9-17 nm in diameter with a density
of 1.00-1.12 g/ml [7, 10]. Clusterin, also known as apolipoprotein J (apoJ), is also produced by
astrocytes but is secreted virtually free of lipids [7, 10, 12]. Conversely, whereas lipoprotein
particles found in CSF are of a similar diameter (11-20 nm) and density (1.063-1.12 g/ml) to
those secreted by astrocytes, they are distinguished by their spherical shape and a greater
proportion of phospholipids and cholesterol, with approximately 70% of cholesterol found as
cholesterol esters [5, 7, 8, 10, 13]. ApoE and apolipoprotein A-I (apoA-I) are the major apoli‐
poproteins present in CSF by mass, with apolipoproteins A-II, A-IV, D, CI, CIII, and clusterin
also present to a lesser extent [5, 8-11]. In the healthy CNS, lipoproteins regulate the transport,
delivery and distribution of lipids. In addition, lipoproteins are also thought to regulate many
functions in the CNS including inflammation, oxidative stress, vascular tone, cerebral blood
flow, and blood brain barrier (BBB) integrity (Table 1) [14].

2.2. Apolipoproteins present in the CNS

ApoE is present at 2-10 µg/ml in human and mouse CSF [8, 13, 15, 16] and at 10-50 ng/ml in
interstitial fluid (ISF) from both wild-type mice as well as in targeted replacement mice that
express human apoE [17]. ApoE is the most abundant apolipoprotein expressed within the
brain, where it is synthesized and secreted by astrocytes and, to a lesser extent, microglia [5].
Secreted apoE particles are lipid-rich, containing equal amounts of apoE and lipid, and carry
cholesterol secreted by astrocytes [10, 18]. Indeed, lipidation of apoE is essential for its stability
and function [19-21]. Humans express three APOE isoforms that differ from one another by
two amino acid residues; APOE2 (cys112, cys158), APOE3 (cys112, arg158) and APOE4 (arg112,
arg158), with the APOE3 allele being the most common and the APOE2 allele being the least
frequent in the general population [19]. The resulting apoE2, apoE3 and apoE4 proteins
therefore have both structural differences with respect to protein folding as well as functional
interactions with respect to their ability to bind to lipids and apoE receptors [22]. In addition
to mediating cholesterol transport to neurons, apoE has other functions in the brain such as
regulating vascular health and the innate immune system (Table 1) [23].

Brain tissue has one of the highest concentrations of clusterin, which is expressed in astrocytes,
epithelial cells of the choroid plexus, and selected neuronal subsets [24]. As a result, clusterin
is present in CSF at concentrations of 4-6.5 µg/ml in healthy human adults [25]. In humans,
due to the presence of three alternative mRNA start sites, the clusterin gene CLU is expressed
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as three transcriptional isoforms. At the protein level, clusterin exists in two major forms: a 50
kDa nuclear form and a 75-80 kDa glycosylated secreted form [26]. Although clusterin is best
known for its role as a chaperone, it also appears to be involved in the inflammatory response
and complement regulation, the cell cycle, and endocrine functions (Table 1) [27].

Unlike apoE and clusterin, apoA-I is not expressed in either murine or human brain [28-31],
suggesting that its presence in the CNS reflects transport across the BBB and/or the blood-CSF-
barrier (BCSFB) following its production from hepatocytes and enterocytes. Although in
vitro experiments suggest that apoA-I can transcytose across cultured endothelial cells [32], an
in vivo study shows that peripherally injected apoA-I rapidly localizes to choroid plexus
epithelial cells with negligible association in cerebrovascular endothelial cells, suggesting that
peripherally derived apoA-I may gain access to the CNS primarily by crossing the BCSFB [31].
The concentration of apoA-I in CSF is ~3-4 µg/mL, or 0.26% of plasma levels, in humans [8, 13,
15, 33] and 0.02 µg/mL, or 0.01% of plasma levels, in wild-type mice [31]. The physiological
functions of apoA-I in the CNS are not well understood but are hypothesized to be similar to
those of CNS apoE (Table 1) [14].

In addition to apoE, clusterin, and apoA-I, other apolipoproteins are also detected in the CNS,
including apoD, apoC-I, apoC-III, apoA-II, and apoA-IV [8, 9, 11], each of which is detected in
human CSF [5, 8-11]. It has been shown that apoD, an apolipoprotein with antioxidant and
anti-inflammatory properties, is produced in neuroglial cells, pia mater cells, and perivascular
cells in the human brain [34, 35].

2.3. Cholesterol and Phospholipid Transporters

Lipid-poor apolipoproteins receive cholesterol and phospholipids from membrane bound
transporters that are part of the ABC transporter family. The ubiquitously expressed trans‐
porter ABCA1 mediates the transfer of cellular cholesterol and phospholipids from cellular
membranes to lipid-poor apolipoprotein acceptors including apoA-I and apoE [36- 39], a
process that is essential for the production of both plasma and CSF HDL. HDL plays a critical
role in the regulation of lipid homeostasis, and is particularly important for cells such as
macrophages and microglia that form part of the innate immune system. ABCA1 activity in
these phagocytic cells is exquisitely sensitive to cholesterol accumulation, and by catalyzing
efflux of excess cholesterol and phospholipids to apoA-I and apoE acceptors, ABCA1 activity
helps to maintain intracellular cholesterol balance. In humans, mutations that block ABCA1
function cause Tangier Disease, which is characterized by a 95% loss of plasma HDL cholesterol
and apoA-I levels due to rapid catabolism of lipid-poor apoA-I by the kidney. ABCA1-
dependent lipidation of CNS apoE is also critical for its stability as both total body and brain-
specific loss of ABCA1 in mice leads to a significant 60-80% reduction of brain and CSF apoE
[20, 21, 30]. Whether ABCA1 also regulates apoE levels in the brain of Tangier Disease patients
is not known. Notably, Wahrle et al. did not observe significant differences in CSF apoE levels
between control subjects versus those with ten different ABCA1 single nucleotide polymor‐
phisms (SNPs), suggesting that these SNPs may not have a significant effect on human ABCA1
function in the CNS [16]. In mice, total body deletion of ABCA1 results in a significant and
proportional reduction of apoA-I levels by 60-90% in plasma, brain tissue and CSF [40].
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Intriguingly, brain-specific deletion of ABCA1 in mice leads to a significant increase of apoA-
I protein levels in brain tissue and CSF [30]. The mechanisms that regulate the distribution of
apoA-I between peripheral and CNS compartments remain to be fully determined.

Highly homologous to ABCA1, ABCA7 is also abundantly expressed in microglia, oligoden‐
drocytes, neurons, and astrocytes in both humans [41] and mice [42, 43]. Although the potential
for ABCA7 to act as a cholesterol and/or phospholipid transporter in the CNS is unknown,
when overexpressed in human embryonic kidney cells, ABCA7 can mediate the transfer of
phospholipids and sphingomyelin, but not cholesterol, to lipid-poor apoA-I and apoE [42].
The relative contribution of ABCA7 to the in vivo generation of plasma HDL cholesterol
appears to be minimal and may be influenced by sex, as decreases in plasma total cholesterol
and HDL cholesterol are only detected in female Abca7-/- mice [43]. Instead, ABCA7 may be
more involved is modulating the phagocytic activity of macrophages, particularly following
injury or infection; whether this is also true in brain microglia will be important to address in
the future [44, 45]. One critical difference between ABCA1 and ABCA7 is the distinct manner
in which they are regulated by cholesterol. Whereas ABCA1 expression is induced by activa‐
tion of the Liver-X-Receptor (LXR) pathway in response to increased cellular cholesterol
content, ABCA7 induction is unaffected [42, 43]. Instead, ABCA7 expression is primarily
regulated by sterol regulatory element binding protein 2 (SREBP-2) and is thus repressed in
cholesterol-laden cells [44].

Following initial lipidation, nascent HDL lipoproteins can receive additional lipids from the
cholesterol transporters ABCG1 and ABCG4 [46], which are abundantly expressed in grey and
white matter of the brain [47]. Unlike ABCG4, whose expression appears to be restricted to
neurons, astrocytes, and the retina, ABCG1 is widely expressed throughout the body and is
found in the liver, intestine, lungs, kidney and spleen in addition to neurons, astrocytes,
microglia, and choroid plexus epithelial cells [47, 48]. In addition to lipid efflux activity, ABCG1
and ABCG4 are also believed to regulate intracellular transport of cholesterol and sterols and
vesicle trafficking in the brain [47, 48].

2.4. Enzymes involved in lipoprotein metabolism

Many enzymes involved in lipoprotein metabolism are found in CSF, although for most, their
CNS expression patterns and functional roles have not been explored to the same extent as in
the periphery. For example, lecithin cholesterol acyltransferase (LCAT), phospholipid transfer
protein (PLTP), and cholesteryl ester transfer protein (CETP) are all detectable in brain tissue
and CSF [13, 49-53] and, as they have established roles in plasma lipoprotein metabolism, it is
of interest to understand whether they function similarly in the brain.

In plasma, LCAT is the enzyme responsible for generating the cholesterol ester core charac‐
teristic of mature circulating lipoproteins, including HDL. As the more hydrophobic choles‐
terol esters migrate to the core of the lipoprotein particle, the discoidal nascent particle takes
on its mature spherical shape. LCAT-mediated esterification of cholesterol serves not only to
generate mature HDL particles, but also to maintain the downward cholesterol gradient
between the cell and the lipoprotein particle, enabling further cholesterol efflux [54]. LCAT is
present in human CSF at levels corresponding to 2.2-2.5% of that in serum and migrates with
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γ-like lipoproteins [13, 49]. In mice, LCAT is secreted mainly by astrocytes, can be activated
by both apoA-I and apoE, and esterifies free cholesterol contained on glial-derived apoE-
containing lipoproteins [55]. LCAT may therefore play a role in maturation of discoidal
lipoprotein particles secreted from glia to the spherical particles that circulate in CSF by
catalyzing the cholesterol esterification of immature CNS lipoprotein particles [5, 7, 56].

PLTP is another enzyme intimately involved in the maturation and turnover of lipoprotein
particles within the circulation and CNS. PLTP’s primary activity involves the transfer of
phospholipids between HDL particles, thus modulating HDL size and composition, and
transferring lipids between apoB-containing lipoproprotein particles and HDL [53]. Within
the CNS, PLTP is highly expressed by neurons, astrocytes, microglia, oligodendrocytes, BBB
endothelial cells, choroid plexus ependymal cells and can be found both in brain tissue and
CSF in human and animals [57-61]. Within CSF, PLTP is associated with apoE-containing
lipoproteins where it actively participates in phospholipid transport [13, 62, 63] with activity
corresponding to 15% of plasma levels in humans [62] and 23% of plasma levels in rabbits [59].
Functionally, PLTP has been reported to regulate apoE expression and secretion by astrocytes
[63] and participate in neuronal cell signalling [64].

In plasma, CETP catalyses the bi-directional transfer of cholesterol esters from HDL in
exchange for triglycerides from VLDL and LDL, thereby reducing circulating HDL concen‐
tration and increasing its size [65]. CETP can potentially diffuse through the BCSFB and enter
the brain from plasma. However, it is not clear whether CETP is produced in the brain. Yamada
et al. reported CETP-like immunoreactivity in astrocytes in healthy human brain [51]. Albers
et al. have suggested that CETP is locally produced in the brain, as they were able to detect
CETP in human CSF samples at concentrations higher than what would be expected from
simple diffusion of proteins across the BCSFB [66]. However, Demeester et al. were unable to
detect CETP in human CSF and CETP mRNA in the human brain [13]. A few other studies
have also not detected CETP mRNA in the CNS of rabbits and cynomolgus monkeys [59, 67].
Undoubtedly, more research on the production and the role of CETP in the CNS of healthy
individuals is needed.

2.5. Receptors involved in lipoprotein uptake and turnover

Lipoprotein uptake and delivery of lipids into target cells of the CNS is regulated by the low
density lipoprotein receptor (LDLR) family [68]. The four major apoE receptors in the CNS are
LDLR, lipoprotein receptor related protein-1 (LRP1), very low density lipoprotein receptor
(VLDLR), and apolipoprotein E receptor 2 (apoER2) [69]. Of these, LDLR is the only receptor
that has apoE as its only known ligand in the CNS [69]. LDLR and LRP1 levels are inversely
correlated with brain apoE levels as deletion or overexpression of these receptors in mice
increases or decreases brain apoE levels, respectively [70-73]. VLDLR and apoER2 also serve
as essential receptors for the neuromodulatory ligand Reelin, which is involved in long term
potentiation, learning and memory [74-76]. Like apoE, clusterin can also bind to VLDLR and
apoER2 to regulate Reelin signaling (Table 1) [77]. LDLR, LRP1, VLDLR and apoER2 are all
expressed on neurons, which have a high LRP1:LDLR ratio. LRP1 and LDLR are also found
on astrocytes, which have a low LRP1:LDLR ratio, and LRP1 and VLDLR are found on
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microglia [78-81]. Solubilized forms of these receptors, generated via ectodomain shedding or
splice variants lacking the transmembrane domain, possibly contribute to negative feedback
and inhibition of lipoprotein uptake [82]. Of note, the lipoprotein related protein 2 (LRP2), also
known as megalin, and the neuronal sortilin- related receptor (SORL1 receptor) are also
additional apoE receptors expressed in the CNS [83, 84].

3. Alterations to lipids and lipoproteins in Alzheimer’s disease

The neuropathology of AD is defined by the presence of amyloid plaques and neurofibrillary
tangles (NTFs), which are composed of deposited amyloid-beta (Aβ) peptides and filamentous
hyperphosphorylated tau, respectively [85]. In addition to parenchymal amyloid plaques,
most AD patients also have accumulation of amyloid in cerebral blood vessels, known as
cerebral amyloid angiopathy (CAA) [14, 86]. Furthermore, neuronal degeneration and
dysfunction, the brains of AD patients are often marked by significant signs of chronic
inflammation, oxidative stress and vascular dysfunction. Not surprisingly, apolipoproteins,
the lipids they carry, and the transporters responsible for their lipidation may be intimately
involved in each step of the disease. In particular, the interrelationship between cerebrovas‐
cular dysfunction and AD is increasingly appreciated. Epidemiological, clinical, neuropatho‐
logical and pathophysiological evidence shows that several cardiovascular risk factors also
increase AD risk, including age, sex, hypertension, dyslipidemia, and type II diabetes [87-90].
Dementia progresses more rapidly in patients with cerebral infarcts [90- 93] and infarction and
other forms of brain injury may potentiate AD pathophysiology [94- 96]. Importantly, many
of these cardiovascular risk factors include aspects of dysfunctional lipid and lipoprotein
metabolism, which likely occurs at the vessel wall. However, compared to the wealth of
knowledge about lipid and lipoprotein physiology in large peripheral vessels, little is known
about the mechanisms by which vascular risk factors for AD may impair the function of
cerebral vessels. Importantly, BBB dysfunction may contribute to inflammatory processes in
the CNS, where exacerbated inflammatory responses or failure to resolve inflammatory
reactions are increasingly recognized to play important roles in AD pathogenesis [97].

3.1. Changes in brain lipid composition and their direct effects in AD

One often overlooked neuropathological observation initially reported by Alois Alzheimer is
the presence of adipose inclusions in the brain, which Alzheimer defined as “extraordinarily
strong accumulation of lipoid material in the ganglion cells, glia and vascular wall cells, and
the particularly numerous fibril-forming glia cells in the cortex and, indeed, in the entire central
nervous system” [98]. Almost all major classes of lipids have some correlation with AD
pathogenesis [99]. A recent review by Kosicek and Hecimovic reported that the post-mortem
brain levels of phosphatidylinositol, phosphatidylethanolamine, ethanolamine plasmalogen,
and sulfatide are decreased in AD, while the levels of ceramide are increased [100]. Though
not as extensively studied, it has been reported that CSF levels of ceramide are increased, while
the levels of sulfatide are decreased in AD [101, 102]. Furthermore, studies by Soderberg et al.
and Tully et al. report lower levels of n-3 and n-6 polyunsaturated fatty acids, which are major
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components of phospholipids, in AD brain compared to healthy controls [103, 104]. Changes
to the levels of these lipid classes affects not only the structural properties of the membranes,
but also numerous signaling and trafficking pathways that are heavily involved in the normal
functioning of the cells in the CNS [99, 105].

Changes to CNS lipid composition can also influence the production of Aβ peptides. As the
generation of these peptides involves several lipid-associated steps, including intracellular
trafficking and inter-membrane proteolytic cleavage, it is not surprising that, in addition to
genetic changes that alter Aβ production, there are also indirect, lipid- dependent changes that
can affect production of Aβ. Aβ peptides are derived via sequential proteolytic processing of
the amyloid precursor protein (APP) by β-secretase and γ- secretase. This leads to liberation
of Aβ peptides 38-46 amino acids in length into the extracellular space [106-108]. Of these, Aβ40
and Aβ42 are quantitatively the most important for amyloid deposition [109]. In healthy brains,
the vast majority of APP is processed by α-secretase, followed by γ-secretase cleavage, which
prevents toxic Aβ peptide generation [110]. All of the enzymes involved in APP processing
are transmembrane proteins, raising the hypothesis that the lipid composition and lipid
organization in the membrane may affect Aβ production [111]. Numerous in vitro studies have
focused on determining the role of specific lipid classes in APP processing. For example, it has
been shown that reducing membrane cholesterol lowers the levels and activity of β-secretase
and reduces γ- secretase activity, decreasing Aβ production [99, 112]. Altered cholesterol
content in lipid rafts, regions in the cellular membrane enriched with cholesterol and sphin‐
golipids, affects the localization of enzymes involved in Aβ production, which can lead to
changes in amyloidogenic APP processing [99]. Moreover, sphingolipids have been reported
to regulate γ-secretase activity [99, 113, 114]. Interestingly, expression of familial presenilin
(PS) mutations, which are mutations in components of the γ-secretase complex, affects
sphingolipid metabolism, suggesting an interplay of genetics and lipid metabolism in the
context of APP processing. Furthermore, in vitro elevation of ceramide, which is composed of
sphingosine and fatty acids, increases β-secretase stability and promotes Aβ biogenesis [115].

The production of Aβ peptides is not unique to AD pathology, but a constitutive process that
is a product of normal cell metabolism throughout life, confirmed by its secretion from primary
cells in culture and its presence in the plasma and CSF of healthy individuals [108, 116, 117].
Therefore, it is possible that disrupted Aβ homeostasis, either via increased production or
impaired degradation and clearance, leads to its net accumulation in the brain, triggering
subsequent neurotoxicity. Aβ production is clearly enhanced in cases of familial early onset
AD (<60 years of age), which account for 2-3% of the AD population [118]. In contrast to familial
early-onset AD cases, the vast majority of AD subjects who develop cognitive impairment in
late life have no genetically-determined net increase in Aβ production. For these late-onset AD
patients, who account for up to 99% of the AD population [119], aging, environmental factors,
or other genetic-related impairments in Aβ degradation and clearance are thought to lead to
the net accumulation of Aβ within the CNS [120-122].
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3.2. Apolipoproteins and AD pathogenesis

Of the apolipoproteins present in the CNS, APOE has the most established genetic association
with AD, influencing the risk, progression, and pathology of the disease (Table 1). The APOE4
allele is a robust risk factor for late-onset AD and is found in 40-60% of AD subjects depending
on ethnicity (the prevalence is lower in Asian compared to Northern European populations)
even though its carrier frequency in the human population is approximately 15-20% [123-125].
APOE4 increases AD risk by 3-fold when inherited in a single copy and greater than 9-fold in
homozygous individuals. APOE4 also accelerates the age of onset of AD [123, 126, 127]. A
wealth of pre-clinical and clinical evidence has demonstrated that APOE4 is associated with
earlier and more extensive Aβ and amyloid deposition, which is currently believed to result
from a net impairment of Aβ degradation and clearance from the CNS [120, 128]. ApoE affects
Aβ metabolism through multiple mechanisms, including transport of Aβ across the BBB,
modulation of interstitial fluid (ISF) and CSF clearance pathways, effects on BBB integrity, and
modulating the growth of Aβ oligomers and fibrils [129, 130]. Some studies suggest that the
risk and severity of CAA is also increased in APOE4 carriers [131, 132]. Intriguingly, a patient
with an ablative mutation in APOE was recently described to have no detectable impairment
in cognitive, neurological and retinal function, with normal levels of CSF Aβ and tau despite
very high plasma cholesterol levels [133], suggesting that apoE may have non-essential
functions in the human brain and eye. This observation reflects the prediction made from
Apoe-deficient mice, which also have greatly increased plasma cholesterol levels and exhibit
greatly reduced Aβ retention in the CNS [134-137].

In addition to modulating Aβ, apoE may also be involved in tau phosphorylation. In neurons,
hyperphosphorylation of the microtubule-associated protein tau by kinases, including
GSK-3β and CDK5, causes the dissociation and aggregation of tau to ultimately form neuro‐
fibrillary tangles [138]. Under conditions of stress or injury, neurons have been reported to
synthesize and process apoE4 to produce neurotoxic C-terminal fragments. Release of these
fragments into the neuronal cytosol has been reported to enhance tau phosphorylation and
formation of NFT-like structures [139, 140].

ApoE4 has additional deleterious consequences. Compared to apoE3, apoE4 is less effective
at mediating cholesterol transport in the brain; human knock-in APOE4 homozygous mice
show reduced total cholesterol and phospholipids compared to wild type mice [81, 141]. The
APOE4 allele has also been implicated in impaired synaptic integrity, as human APOE4
transgenic mice show lower levels of excitatory synaptic activity that declines to levels
comparable to Apoe knockout mice by 7 months of age [142]. ApoE4 has also been reported to
reduce apoER2 expression at the neuronal surface, impairing the ability of Reelin to enhance
synaptic glutamate receptor activity [143].

ApoE plays an integral role in inflammatory processes in the brain. Inflammation of the brain’s
glial supporting cells, known as neuroinflammation, is a prominent feature AD [144] and
contributes to neuronal damage. In response to Aβ or lipopolysaccharide (LPS), LRP1-
mediated glial cell activation increases apoE, which can limit the inflammatory response by
signaling though LDL receptors to suppress c-Jun N-terminal kinase signaling [145, 146]. There
is also evidence that isoform-specific apoE modulation of the innate immune response can
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modulate Aβ deposition [147]. Consistent with apoE having an anti- inflammatory role,
Apoe-deficient mice have elevated proinflammatory cytokines in the liver [148]. Importantly,
isoform specific effects appear to determine the extent of cytokine induction and may also
modulate progression and resolution of CNS inflammation. In mice, apoE4 has reduced ability
to suppress the inflammatory response induced by LPS treatment [149] and in the EFAD model
(5 familial AD mutations in the presence of human APOE), microglial activation in response
to Aβ is augmented by the APOE4 genotype [150]. Indeed, Apoe-deficient mice show a similar
activation of the inflammatory response to human APOE4 knock-in mice following LPS
injection, implying that apoE4 may lack the anti- inflammatory functions of the other apoE
isoforms [151]. Consistent with these findings, non- steroidal anti-inflammatory drugs are
associated with a reduced risk of AD only in participants with an APOE4 allele [152].

According to the AlzGene database, CLU is the third most highly associated susceptibility
locus for AD following APOE and bridging integrator 1 (BINI) (www.alzgene.org). In 2009,
two independent GWAS studies identified the C allele of the rs11136000 SNP in the CLU gene,
which occurs in 88% of Caucasians, to confer a modest risk of AD development (odds ratio
(OR) 1.16), whereas inheritance of the T allele is protective (OR 0.86) in Caucasians [153, 154].
Although these findings have been replicated in, and confirmed for, Caucasians of European
ancestry, the association of CLU polymorphisms and AD risk has not been replicated in
African-American, Hispanic, or Arab populations [27, 155]. Since this discovery, estensive
work has been conducted in an attempt to delineate the mechanism(s) by which the rs11136000
SNP confers AD risk. Inheritance of the TT versus TC versus CC allele appears to result in
either no change [156, 157] or a very subtle 8% decrease [158] of plasma clusterin levels in AD
and mild cognitive impairment (MCI) patients, with small 10-17% decreases of plasma
clusterin observed in cognitively normal aged-matched controls with the TT allele [156, 158].
Despite minimal effects on circulating clusterin levels with the T allele, inheritance of the C
allele of the rs11136000 SNP is associated with both structural and functional changes in the
CNS. In young (aged 20-30 years) cognitively normal adults, each copy of the C allele of the
rs11136000 SNP is associated with lower white matter integrity [159], decreased coupling and
connectivity between the hippocampus and prefrontal cortex during memory processing tasks
[160], and neural hyperactivity under emotional working paradigms [161], indicative of early
structural and functional abnormalities that may leave the brain more vulnerable to disease
during aging. In the elderly, independent of dementia status, the CC allele is significantly
associated with longitudinal increases in ventricular volume over a 2 year period [162], and
increased resting regional cerebral blood flow in the hippocampus and right anterior cingulate
cortex, regions which are important for memory function and default mode network activity,
over an 8-year period [163]. Further, the protective T allele is associated with a reduced rate
of conversion from MCI to AD (OR 0.25) [164], while the detrimental C allele is correlated with
a significantly faster rate of decline in verbal but not visual memory performance in MCI and
AD patients [163]. Lastly, with respect to CSF biomarkers, the CLU C allele is associated with
significantly lower CSF Aβ42 in a Finnish [165] but not American cohort [166], with no
association found for either total or phosphorylated tau.
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Although the specific mechanisms by which an individual SNP in CLU may confer disease
risk are not well understood, there are well recognized global changes to clusterin mRNA and
protein expression both in the plasma and CNS that are associated with AD pathology and
clinical presentation [27]. In non-demented elderly controls and patients with subjective
memory complaints, CSF clusterin is positively associated with CSF total and phosphorylated
tau [167] and an elevated atrophy rate in the entorhinal cortex of older non- demented adults
with low CSF Aβ42 [168]. Whereas older studies did not detect significant differences in CSF
clusterin between cognitively normal aged matched controls and AD subjects [25, 169], newer
studies that utilize higher sensitivity methods have reported up to a 25% increase of CSF
clusterin in AD subjects [170, 171], suggesting that increased CNS clusterin may be detrimental.
Within brain tissue, clusterin mRNA is increased after correcting for neuronal loss [172, 173],
whereas protein levels are reportedly increased by 40-180% depending on the brain region
[172, 174-177]. Within the AD brain, clusterin strongly co-stains with dystrophic neurites,
neuropil threads, and intracellular NFT [176, 178, 179], with minimal to moderate co-localiza‐
tion observed with mature amyloid plaques [176, 178, 180, 181] and cerebrovascular amyloid
[180]. Unlike the CNS, multiple studies have detected no difference between plasma clusterin
levels in non-demented controls, MCI, and AD subjects [157, 182-185]. However, increased
baseline plasma clusterin levels are suggestive of increased prevalence and severity of AD
pathology and presentation, including brain atrophy, amyloid deposition and worsened
cognitive function, with a more rapid clinical progression [186-188].

A mechanistic involvement of clusterin in AD pathology is also supported by in vivo preclinical
studies (Table 1) [27]. Clusterin appears to be directly involved in neuronal health and Aβ
metabolism via a variety of mechanisms. In transgenic AD mice, genetic ablation of clusterin
results in a reduction of mature fibrillar amyloid deposits and the dystrophic neurites that are
associated with them [189]. Supporting this, a recent study found that co- incubation of Aβ
with clusterin leads to a 60% decrease in oligomeric and 42% decrease in fibrillar Aβ binding
and uptake by primary microglia, and a 72% reduction in binding and uptake of oligomeric
Aβ by primary astrocytes, suggesting that clusterin can impede Aβ degradation by local glia
[190]. In vitro and in vivo, clusterin may also mediate Aβ toxicity and tau phosphorylation via
dickkopf-1-driven induction of the Wnt-PCP-JNK pathway [191]. In contrast, other studies
have found a beneficial role of clusterin in facilitating Aβ clearance across the BBB via LRP-2
[192] and binding to and sequestering Aβ oligomers, thereby reducing their potential toxicity
[193]. Clusterin also participates in various aspects of cell signaling. In vitro, clusterin signals
via Reelin by binding to apoER2 and VLDLR thereby increasing cell proliferation and neuro‐
blast chain formation in the subventricular zone [77]. Clearly, more research is necessary to
fully understand the pathways by which clusterin is involved in brain function and the
pathogenesis of AD.

Although apoA-I is relatively abundant in CSF and brain tissue, the physiological roles of
apoA-I containing lipoprotein particles in the CNS, their potential influence on AD risk and
pathology, and whether they affect AD pathogenesis through actions from one or both sides
of the BBB remains unknown [14]. The most established data regarding apoA-I and AD are
human epidemiological studies examining the interaction between serum apoA-I and HDL-
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cholesterol levels with AD risk (Table 1). At mid-life, high serum apoA-I levels resulted in a
significantly lower risk (hazard ratio (HR) 0.25) of dementia later in life, [194] while high levels
of serum HDL cholesterol (> 55 mg/dL) in cognitively normal elderly was associated with a
significantly reduced risk (HR 0.4) of AD even after adjusting for APOE genotype and vascular
risk factors such as heart disease, diabetes, obesity, hypertension, and lipid lowering treatment
[195]. Recently, Reed et al. demonstrated that low plasma HDL cholesterol and apoA-I were
associated with and predicted higher amyloid Pittsburgh compound B binding independent
of APOE4 in cognitively normal and MCI elderly subjects [196]. There also appears to be a
consistent 20-30% reduction in serum apoA-I in late-onset AD subjects compared to age-
matched controls [197-199], with levels of serum apoA-I positively correlating to cognitive
function [199, 200]. Further, in symptomatic AD patients, plasma apoA-I levels are negatively
correlated with measures of brain atrophy, including hippocampal and whole brain volume
and mean entorhinal thickness [186]. Alterations to CSF apoA-I are less clear, potentially due
to the small number of studies or sample size, whereas two studies reported a decrease of CSF
apoA-I in AD subjects [15, 201], two other studies reported no change [13, 202]. Prospective
studies designed and powered to assess the levels, and perhaps more importantly, the function
of both plasma and CSF apoA-I-HDL with respect to AD onset and progression are needed to
determine if apoA-I-HDL potentially contributes to AD pathology.

Although questions remain about the importance of apoA-I to AD in humans, studies in
preclinical AD mouse models support a role for apoA-I in removing amyloid selectively from
the cerebral vasculature, leading to reduced neuroinflammation and maintenance of cognitive
function (Table 1). Specifically, genetic loss of Apoa1 is associated with increased CAA, greater
inflammation, and exacerbated cognitive impairment, whereas transgenic overexpression of
human APOA1 from its endogenous promoter (driving expression from only hepatocytes and
enterocytes) prevented AD-related cognitive decline and reduced both CAA and glial
activation in symptomatic APP/PS1 mice [203, 204]. Given the known roles of apoA-I-
containing HDL in regulating vascular endothelial health, reducing inflammation and
oxidative stress, coupled with the relative contributions of these pathologies to AD, it will be
paramount to fully elucidate the function of apoA-I in the CNS and evaluate its therapeutic
potential [14].

Although the roles of other CNS apolipoproteins in AD pathogenesis are not as extensively
studied, apoD, apoC-I, apoA-IV, and apoC-III may play a role. The most significant change
due to aging is observed in gene expression levels of APOD [205]; CSF and hippocampal apoD
are elevated in AD [206] and correlated with disease severity [207]. ApoC-I colocalizes with
Aβ plaques in human AD brain [208] and apoC-I has been suggested to influence neuroin‐
flammation in AD [209]. The APOC1 gene is also considered as an AD susceptibility locus, as
the H2 polymorphism of APOCI is in linkage disequilibrium with APOE4 [209-211]. Further‐
more, heterozygosity of the APOA4 (360:His) allele is more common in AD patients [212]. In
APP transgenic mice, Apoa4 deficiency increases Aβ load, enhances neuronal loss, accelerates
cognitive dysfunction and increases mortality [213]. Lastly, apoC-III has recently been reported
to be associated with Aβ levels in the periphery and is of possible interest for use as an early
biomarker for AD [214].
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3.3. Cholesterol and phospholipid transporters in AD

There is a growing body of pre-clinical and clinical evidence that supports the involvement of
ABCA1, and recently ABCA7, in the pathogenesis of AD [215]. In mice, ABCA1-mediated
lipidation of apoE correlates with a net increase in Aβ clearance [216]. For example, total body
deficiency of Abca1 markedly decreases soluble apoE and increases amyloid plaque-associated
insoluble apoE, decreases plasma and CSF apoA-I, and increases Aβ deposits in both paren‐
chymal and vascular compartments, with no net change in APP production or processing
[217-220]. Recently, Fitz et al. demonstrated that haploinsufficiency of Abca1 significantly
exacerbated cognitive deficits, increased Aβ and amyloid deposits, and reduced Aβ clearance
in ISF of APOE4 but not APOE3 APP/PS1 Abca1-/+ mice, suggesting a particularly deleterious
state of poorly-lipidated apoE4 compared to apoE3 [221]. Of interest, the presence of apoE4
with Abca1 hemizygosity leads to a modest but statistically significant decrease in CNS apoE
(~10%), decreased CNS and plasma apoA-I by approximately 50 and 20%, respectively, and
decreased plasma Aβ42 and HDL cholesterol, with a strong inverse correlation between
plasma HDL cholesterol levels and amyloid burden [221]. Both genetic and pharmacological
approaches that increase brain ABCA1 activity also increase functional CNS apoE [40, 222]
and improve learning and memory with [222-227] or without [228-232] changes in Aβ and/or
amyloid burden. Importantly, ABCA1 was required to observe an improvement in cognitive
function in APP/PS1 mice treated with the LXR agonist GW3965, suggesting that ABCA1
lipidation of lipid-poor apolipoproteins is essential for cognitive function [229]. It is important
to note, however, that these manipulations will affect ABCA1-mediated lipidation of apoE in
the brain as well as ABCA1-mediated lipidation of apoA-I in the periphery and potentially the
CNS, of which the relative contributions are unknown.

The association of ABCA1 genetic variants and AD risk in human subjects is not as clear despite
more than a dozen studies [216]. In 2013, a meta-analysis was conducted on 13 independent
studies totaling 6034 controls and 6214 AD patients that examined whether the ABCA1 variants
R219K rs2230806, I883M rs4149313 and R1587K rs2230808 were associated with AD risk. No
significant association was found even after adjusting by ethnicity and sample size [233]. This
is consistent with ABCA1 failing to appear in GWAS [216]. It is important to note, however,
that most of the ABCA1 gene variants in heterozygous patients translate to a relatively small
reduction in plasma HDL cholesterol that may or may not increase the relative risk of ischemic
heart disease [234, 235], raising the caveat that these variants may not be severe enough to
impact brain physiology. As Tangier Disease, in which patients completely lack functional
ABCA1, is extremely rare and most patients die before 70 years of age, it is not known whether
human ABCA1 deficiency is associated with neuropathological changes relevant to AD [236].

In  contrast  to  ABCA1,  numerous  independent  GWAS  have  identified  associations  be‐
tween multiple ABCA7  SNPs and AD risk [237-244]. ABCA7 expression has been report‐
ed  to  be  increased  in  the  brains  of  AD  subjects,  with  the  magnitude  of  the  increase
correlating with greater cognitive decline [239, 241]. In 2011, the first two major SNPs of
ABCA7,  rs2764650 [244] and rs3752246 [237],  were associated with increased risk of late-
onset AD. Two subsequent GWAS found that the rs2764650 SNP was significantly associated
with  increased  neuritic  plaque  burden  [242,  243].  However,  both  Larch  et  al.  and  Vas‐
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quez et al. found that the minor allele of the rs2764650 SNP conferred protection from AD
by delaying onset and decreasing disease duration, despite increased ABCA7 expression,
whereas another study found that rs2764650 neither altered ABCA7 expression or AD risk
[238]. In African Americans, the ABCA7 rs115550680 SNP was shown to increase AD risk
by 1.79 even after adjusting for APOE  genotype, which itself conferred a relative risk of
2.31 [240]. With more ABCA7 SNPs identified by GWAS to confer AD risk [238], it will be
increasingly important to identify the functional consequences of ABCA7 polymorphisms.
In transgenic APP mice, total body loss of Abca7 increases hippocampal Aβ and amyloid
burden with  no  changes  in  APP processing  or  brain  levels  of  ABCA1,  apoE,  LDLR,  or
markers  of  neurodegeneration  or  synaptic  loss  [245].  However,  increased Aβ and amy‐
loid  did  not  significantly  impair  any  measure  of  cognitive  function,  including  spatial
memory, object recognition, short-term recognition, or fear conditioning [245]. Intriguing‐
ly,  bone  marrow  derived  macrophages  obtained  from  Abca7-/-  mice  displayed  a  50%
reduction in Aβ uptake compared to wild type controls, suggesting that phagocytosis may
be compromised; however, there were no change to either the number or distribution of
microglia or macrophages within the brain parenchyma in AD Abca7-/- mice [245].

Despite high expression in the brain, ABCG1 does not appear to have a marked role in AD
pathogenesis, as ABCG1 overexpression in AD mice does not significantly change Aβ or
amyloid burden [246]. Although a recent GWAS study reported that ABCG1 SNPs were
correlated with neuritic plaque burden in AD subjects [243], the relative risk of ABCG1 variants
has yet to be confirmed.

3.4. LCAT, PLTP and CETP in AD

Although better characterized with respect to their involvement in atherosclerosis, research is
emerging regarding the potential role of the lipoprotein modifying enzymes LCAT, PLTP and
CETP in AD [53, 65, 247]. One early study in a small group of symptomatic AD patients
suggested that CSF LCAT activity was reduced by 50% compared to cognitively normal age-
matched controls [13], raising the possibility that aging may influence LCAT activity or LCAT
activity may influence AD pathogenesis. Stukas et al. recently tested this hypothesis in mice
and found that the abundance and activity of LCAT in liver, cortex and plasma is unaltered
by aging or the presence of amyloid deposits [14]. Furthermore, total loss of Lcat does not
impact apoE levels or lipidation, or Aβ or amyloid metabolism in symptomatic APP/PS1 mice,
despite a 70-90% decrease in circulating and CNS levels of apoA-I [14]. These results suggest
that CNS lipoproteins need not be in a mature spherical form containing cholesterol esters to
participate normally in Aβ metabolism.

PLTP may also be involved in the pathogenesis of AD. Intriguingly, whereas PLTP synthesis
by neurons and glia is increased in the early stages of AD [62], its levels, and more importantly,
its activity are reduced in brain tissue and CSF of AD patients in later stages [57, 63]. In mice,
deletion of Pltp increases cerebral oxidative stress, elevates Aβ42, reduces synaptophysin
expression, increases BBB permeability and decreases expression of tight junction proteins
under basal conditions [61, 248]. Further, intracerebroventricular injection of an oligomeric
Aβ peptide leads to exacerbated cognitive impairment in Pltp-/- mice compared to wild-type
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controls [248]. In aged Pltp-/- mice, enhanced cognitive impairment is accompanied by
increased cortical Aβ42, APP expression, and both β- and γ-secretase activity with decreases
in cortical Aβ40 and apoE [249]. These preclinical studies suggest a role for PLTP not only in
phospholipid transport, but Aβ homeostasis, neuronal function, barrier integrity, and oxida‐
tive stress.

Another enzyme that plays a central role in lipid homeostasis that can potentially affect
dementia outcome is CETP. As reduced CETP activity in humans is associated with reduced
cardiovascular disease risk, the functions of CETP in atherosclerosis and the potential of CETP
inhibitors for cardiovascular disease have been of intense interest [65]. The CETP 405V allele,
which results in low plasma CETP levels in CETP 405V homozygotes [250], is associated with
longevity. However, the direction and the magnitude of this effect is not clear as some studies
have found a positive association, some a negative association, and some no association with
longevity [251-256]. It has also been shown that in young adults, this allele is associated with
higher fractional anisotropy, a measure of myelination in brain’s white matter [257]. In older
subjects, however, this effect is reversed [257]. Furthermore, genetic studies have proposed a
relationship between C629A, I405V, and D442G CETP polymorphisms and AD risk. Intrigu‐
ingly, the effects that are exerted by these polymorphisms may be dependent on the presence
of the APOE4 allele. Rodriguez et al. reported that in APOE4 carriers, the AA genotype of the
C629A CETP polymorphism is associated with lower AD risk [258]. It has also been shown
that in the Northern Han Chinese population, there is an association between the G allele of
the D442G CETP polymorphism and lower AD risk, an effect that was abolished in the absence
of APOE4 [259]. Additionally, Murphy et al. reported that in APOE4 non-carriers, the I allele
of the I405V polymorphism is protective, whereas the V allele is associated with higher AD
risk [260]. Interestingly, these associations are reversed in APOE4 carriers [260]. These results
are replicated by the Rotterdam study [250]. However, the Einstein Aging Study reported an
association between the VV genotype and slower memory decline and AD risk, and a recent
meta-analysis by Li et al. reported no association between AD and the 1405V CETP polymor‐
phism [253, 261]. Clearly, more research is required to elucidate the specific role of CETP in
the brain and its contribution to AD.

3.5. ApoE receptors

APP endocytosis is regulated by several members of the lipoprotein receptor family leading
to increased or reduced Aβ generation [74]. These receptors are also critical for Aβ clearance.
LRP1 can bind Aβ directly or bind apoE-associated Aβ to internalize and transport soluble
Aβ across the BBB to plasma for eventual degradation, or mediate degradation within cell
lysosomes [262-266]. APOE genotype impacts clearance of Aβ-apoE complexes with Aβ-apoE4
having the slowest net clearance rate [267]. Findings in knockout mice imply LDLR may also
enhance Aβ clearance [268, 269]. Other apolipoproteins such as clusterin may play a role in
mediating Aβ degradation and clearance though the LDLR family of receptors [83]. In addition
to Aβ removal, apoE receptors also regulate tau phosphorylation. Reelin signaling through
apoER2 and VLDLR inhibits the activity of GSK- 3β and blockade of this pathway increases
hyperphosphorylated tau in the brain [270, 271]. Although apoE receptors are clearly impli‐
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cated in AD pathogenesis by a number of mechanisms, genetic evidence for their role is not
robust, despite mutations in LDLR being highly associated with hypercholesterolemia in
humans [272]. For example, a polymorphism in exon 3 of the LRP1 gene (rs1799986) has been
weakly correlated with increased risk of AD, although subjects with both this LRP1 allele and
a tau polymorphism (MAPT, intron 9, rs2471738) have 6.2-fold higher risk of developing AD
than those without this genotype [273-275]. A polymorphism in LRP2 (rs3755166) has also been
reported to be associated with AD [276, 277]. By contrast, the neuronal sortilin-related receptor
(SORL1, also known as LR11) is an apoE receptor that has been shown to be significantly
associated with AD risk by multiple groups and in a GWAS [278, 279]. SORL1 levels are
reduced in AD brains [280] and risk variants that decrease SORL1 expression, particularly in
childhood and adolescence, predict increases in amyloid pathology [281].

4. Conclusions and future directions

ApoE is the major apolipoprotein produced within the CNS and is intimately involved in the
risk, progression, and pathogenesis of AD. Allelic differences in APOE appear to confer
isoform specific effects with respect to Aβ deposition, degradation and clearance, tau phos‐
phorylation, neuronal injury and inflammation. Given its gain of toxic or loss of beneficial
function, strategies aimed at increasing functional apoE may be of therapeutic interest,
although it is possible that elevated levels of dysfunctional apoE4 may actually be detrimental
for APOE4 carriers. However, as over 50% of AD patients carry at least one APOE4 allele,
development of future therapies must take into account the structural and functional differ‐
ences of this lipoprotein isoform, and seek to develop ways to either correct or bypass the
“dysfunction” of apoE4. Long ignored, the importance of clusterin in CNS health and disease
is now rapidly expanding. While clinical evidence is mounting that clusterin may be involved
in AD disease risk, severity, and rate of decline both with respect to cognitive function and
Aβ metabolism, the mechanism(s) by which clusterin confers these roles is poorly understood.
ApoA-I may also influence AD pathology, potentially by modulating cerebrovascular integrity
and function by assisting in the removal of Aβ peptides from cerebrovascular smooth muscle
cells and decreasing inflammation. Indeed, the known effects of common AD comorbidities
such as type II diabetes and hypercholesterolemia, on apoA-I function, should be taken into
account in clinical studies on dementia risk and potential therapeutic approaches.

In the cardiovascular field, many preclinical and clinical studies have endeavored to increase
the net concentration of circulating HDL to protect against cardiovascular disease. Many of
these studies may also have implications for CNS function. However, as some of these
approaches, such as the inhibition of CETP, have failed to meet their primary endpoints for
cardiovascular disease despite significantly increasing HDL cholesterol levels, the lipoprotein
field is now deeply invested in understanding the functional complexities of HDL. Therapeutic
interventions aimed at increasing the function of HDL particles and their cargo may be of much
greater importance than increasing its net levels, in both the peripheral and CNS compart‐
ments. Given the complexity of the HDL proteome and lipidome, it will be critical to divest
the same details in the CNS to allow for therapeutic development targeting lipoprotein species.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that accounts for most
of dementia cases in elder people. The main features of AD include a progressive deterioration
of intellectual functions, most prominently memory impairment, loss of language ability, and
cognitive deficits. Motor defects appear in the late phases of the disease and basic activities of
daily living are gradually compromised as the pathology progresses to advanced phases, and
are often accompanied by psychosis and agitation [1, 2]. The hallmarks of the disease include
the accumulation of amyloid-β peptide (Aβ) inside neurons and in the extracellular brain
space, and the intracellular formation of neurofibrillary tangles (NFTs) composed of hyper‐
phosphorylated tau protein, loss of synapses at specific brain sites as well as the degeneration
of cholinergic neurons from the basal forebrain [3]. The prevalence of AD is about 8–10 % of
the population over 65 years of age, which increases 2-fold every 5 years afterwards [4, 5]. This
high rate prevalence together with the increase in life expectancy, point to AD as one of the
most serious health concerns wordlwide, whose incidence is expected to tiple in the next 2-3
decades unless more effective therapies are available [6].

The identification of new targets for the development of more effective therapeutic approaches
requires a better understanding of the molecular pathways leading to AD. In this regard, both
genetic and environmental factors are increasingly recognized to contribute to the develop‐
ment of AD, which occurs in two forms. The sporadic form of the disease, which affects people
over 65 years of age and accounts for the vast mayority of AD cases. In a small proportion (6–
8 %), the disease is inherited as an autosomal dominant trait and appears as an early onset in
people younger than 65 years of age. Mutations within three genes, the amyloid precursor
protein (APP) gene on chromosome 21, the presenilin 1 (PSEN1) gene on chromosome 14, and
the presenilin 2 (PSEN2) gene on chromosome 1, have been identified as the main cause of
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early onset familial AD [7-10]. While these findings are key for our understanding of the
pathogenesis of familial AD, these mutations account for 30–50% of all autosomal dominant
early onset cases.

In the last years, it has become increasingly recognized that cholesterol plays a significant role
in AD. The first evidence of the importance of cholesterol was the discovery that the ε4 allele
of the cholesterol transport protein apolipoprotein E (ApoE) is associated with a higher risk
of developing both familial and sporadic AD and modulates the age of AD onset [11-14].
Despite these findings, the impact and causal role of cholesterol in AD remains controversial
(see below), as exemplified by the inconsistent outcome of statins in modulating AD risk and
progression, which calls for the need for large-scale trials to document whether statins and
cholesterol modification regulate or modify the course of AD [15, 16]. Emerging data, however,
position the small pool of cholesterol in mitochondria as a key player in AD by determining
the susceptibility of neurons to Aβ neuroinflammation, synaptotoxicity and neurotoxicity and
as a culprit of cognitive decline by depleting specific mitochondrial antioxidant defense
mechanisms. In this review, we will briefly summarize the role of cholesterol in AD, focusing
not only in the evidence that cholesterol may foster the amiloidogenic processing of APP and
the generation of Aβ peptide, but most importantly, recent findings indicate that cholesterol
trafficking to mitochondria stands as a novel critical factor that sensitizes to Aβ-induced
neuroinflammation and neurotoxicity, emerging as a potential target for intervention.

2. The involvement of Aβ and cholesterol in AD

2.1. The role of Aβ in AD

Since Aβ was first identified as a component of amyloid plaques, increasing evidence has
suggested that Aβ is a major player in AD pathogenesis. According to the amyloid cascade
hypothesis, the dysregulation of APP metabolism and Aβ deposition are primary events in the
onset of the disease [17, 18]. The Aβ 1–42 and Aβ 1–40 peptides are the major forms found in
amyloid plaques, which are generated by proteolytic cleavage of APP. These plaques are
predominantly found in areas affected by neurodegeneration, such as entorhinal cortex,
amygdala, neocortex, and particularly, hippocampus [19, 20]. While the number of plaques
usually does not correlate with the severity of dementia, clinical correlation between elevated
Aβ deposition in the brain and cognitive decline has been reported [21]. As described below,
several lines of evidence suggest that overproduction and/or reduced clearance of Aβ peptides
are key to amyloid aggregation, which contributes to the development of NFTs and neurode‐
generation in AD pathology. Intraneuronal Aβ can derive by either APP cleavage within
neuronal endocytic compartments, as well as by Aβ internalization from the extracellular
space. Both sources are of relevance in the formation of the pool of Aβ involved in neurode‐
generation. Intraneuronal Aβ accumulation is one of the earliest pathological events in humans
and in animal models of AD, which correlates with early abnormalities in long term potentia‐
tion (LTP), cognitive dysfunctions and precedes the formation of amyloid plaques and NFTs
formation and the neurodegeneration in animal models in which intracellular Aβ and neuronal
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loss have been reported [22-26]. Furthermore, Aβ plaques could generate from the death of
neurons that contained elevated amounts of Aβ and this release can account for the loss of
intraneuronal Aβ immunoreactivity in areas of plaque formation [24, 27, 28]. Moreover, recent
findings indicated that internalized Aβ elicits fibrillization in the multivesicular bodies
(MVBs), which after reaching the plasma membrane, cause cell death and the release of
amyloid structures into the extracellular space, indicating that exosomes derived from MVBs
could release part of the intracellular pool of Aβ to contribute to the extracellular Aβ pool [29,
30]. The contribution of intracellular Aβ to neuronal death has been well documented in
cortical neurons from brains of AD and Down syndrome patients that undergo apoptosis after
accumulation of Aβ42 [31, 32]. In addition, microinjection of Aβ1-42 or cDNA-expressing
cytosolic Aβ1-42 induces cell death in primary human neurons, while neuronal loss associated
with intracellular accumulation of Aβ has been described in a transgenic APP(SL)PS1KI mouse
that closely mimics the development of AD-related neuropathological features of AD [33, 34].
Intracellular Aβ accumulation has been associated with neuritic and synaptic pathology and
transgenic mice harboring constructs that target Aβ intracellularly developed neurodegener‐
ation [35-37]. Furthermore, antibodies against Aβ reduced intraneuronal Aβ accumulation
prevented synaptotoxicity and reversed cognitive impairment in triple transgenic mice [22,
38]. Finally, a coding mutation (A673TT) in APP has been recently shown to protect against
AD and age-related cognitive decline in elderly Icelanders [39]. This mutation that affects the
aspartyl protease β-site in APP significantly reduces the formation of amyloidogenic peptides,
strongly indicating that reducing the β-cleavage of APP protect against the disease. Thus,
although targeting Aβ may be a rationale approach to prevent or treat AD progression, recent
findings have unfolded the diversity of Aβ structures revealed by the immune response to
fibrillar Aβ [40]. This outcome may account for the failure of single therapeutic monoclonal
antibodies against Aβ in the treatment of AD.

2.2. Amiloidogenic processing of APP and Aβ generation

Amiloidogenic processing of APP yields toxic Aβ peptides (Fig 1). In this pathway, the β- and
γ-secretases cleave APP at the N- and C-termini of the Aβ peptide, respectively. APP, β -
secretase, PS1 and Aβ are all present in lipid rafts, which are enriched in cholesterol and
glycosphingolipids. This led to the suggestion that APP in lipid rafts is primarily processed
via the β-secretase, and APP outside of ratfs is processed via the α-secretase pathway. β-
secretase has been characterized as a membrane-bound aspartic protease termed beta-site
APP-cleaving enzyme 1 (BACE1), while γ-secretase is a complex comprised of presenilin-1 or
-2, nicastrin, anterior pharynx-defective 1 (Aph-1) and presenilin enhancer 2 (Pen-2) [41]. β-
arrestin 2, is a novel member of the γ-secretase complex that physically associates with the
Aph-1α subunit of the γ-secretase complex and redistributes the complex toward detergent-
resistant membranes, increasing the catalytic activity of the complex [42]. Moreover, β-arrestin
2 expression is elevated in individuals with AD and its overexpression leads to an increase in
Aβ peptide generation, whereas genetic silencing of Arrb2 (encoding β-arrestin 2) reduces
generation of Aβ in cell cultures and in Arrb2-/- mice. In addition to its amyloidogenic
processing by β- and γ-secretases, APP can be cleaved within the Aβ domain by α-secretase.
This non-amyloidogenic processing prevents the deposition of intact Aβ peptide and results
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in the release of a large soluble ectodomain, sAPPα, from the cell, which has neuroprotective
and memory-enhancing effects. Members of the ADAMs, a disintegrin and metalloprotease
family of proteases, have been shown to possess α-secretase activity [43].

Figure 1. Role of membrane cholesterol in amyloidogenesis. β- and γ-secretases cleave APP at the N- and C-termini of
the Aβ peptide, respectively. APP, β-secretase, PS1 and Aβ are all present in lipid rafts, which are enriched in choles‐
terol and glycosphingolipids. Therefore, APP in lipid rafts is primarily processed via the β-secretase, and APP outside
of ratfs is processed via the α-secretase pathway. In the former, β-secretase-mediated Aβ peptides oligomerize and ac‐
cumulate in plaques contributing to the neurotoxicity of AD.

Besides its extracellular deposition, current evidence indicates the processing and targeting of
APP and Aβ to intracellular sites, including mitochondria [44]. Moreover, levels of mitochon‐
drial APP are higher in affected brain areas and in subjects with advanced disease symptons
[45]. Immunoelectron microscopy analyses indicated the association of APP with mitochon‐
drial protein translocation components, TOM40 and TIM23, which correlated with decreased
import of respiratory chain subunits in vitro, decreased cytochrome oxidase activity, increased
ROS generation and impaired mitochondrial reducing capacity [45].

2.3. The role of cholesterol in AD: facts and controversies

Cholesterol is an essential component of membrane bilayers that regulate strucutral and
functional properties and, hence, a pleiotropic number of cell functions and in the intracellular
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trafficking of proteins [46]. Cholesterol is required for synapse formation, biogenesis of
synaptic vesicles and regulation of neurotransmitter release and the precursor of steroid
hormones and oxysterols, which are critical intermediates in many metabolic pathways
[47-49]. Cholesterol homeostasis is altered in AD; however, whether cholesterol levels are
upregulated or downregulated in AD remains to be established. The pathogenic processing of
APP into toxic Aβ fragments is known to occur in cholesterol-enriched membrane domains of
the plasma membrane, called lipid rafts. The first evidence that cholesterol may impact Aβ
production in the brain came from observations that dietary cholesterol increases amyloid
production in rabbit hippocampal neurons [50]. Work in mice genetically modified to deposit
cerebral Aβ demonstrated that a cholesterol-enriched diet resulted in increased Aβ deposition
and increased amyloid plaque formation [51], and these observations were confirmed in
subsequent studies in mice fed diets enriched in cholesterol [52-55]. As discussed below, very
little cholesterol is transferred from the periphery to the brain due to the impermeability of the
blood brain barrier (BBB), so the observations of diet-induced cholesterol-mediated Aβ
deposition in neurons are puzzling. A potential explanation for these findings is the fact that
BBB permeability is impaired in AD [56, 57]. Exploiting the relative detergent insolubility of
lipid rafts, there has been evidence indicating the localization of APP, the α-, β- and γ-
secretases in rafts [58, 59]. In addition, the activities of BACE1 and γ-secretase are stimulated
by lipid components of rafts, in particular glycosphingolipids and cholesterol. Consistent with
these findings supporting a role for cholesterol in AD pathogenesis, high cholesterol levels
have been shown to correlate with Aβ deposition and the risk of developing AD [60-62].
Patients taking the cholesterol-lowering drug statins have a lower incidence of the disease [62,
63]. Besides ApoE, other genes encoding proteins involved in cholesterol homeostasis,
including cholesteol 24-hydroxylase (CYP46A1), the acyl-coenzyme A:cholesterol acyltrans‐
ferase (ACAT), the cholesterol efflux transporters ABCA1 and ABCA7, and the lipopotrein-
receptor-related protein (LRP) have been linked to the risk, development or progression of AD
[64-68]. Despite this experimental and epidemiological evidence, the role of increased choles‐
terol in AD is controversial with findings showing the opposite. For instance, earlier studies
indicated that hippocampal membranes of AD brains showed a reduced fluidity in the
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statins in the cerebrospinal fluid [76-81]. In addition to these findings arguing against the
correlation between increased brain cholesterol and AD, there is evidence that both cholesterol
and Aβ reciprocally regulate each other and that Aβ impacts negatively in cholesterol
synthesis, in part, by inhibiting stero-regulated element binding proteins-2 (SREBP-2) cleavage
[82, 83]. Interestingly, the consequent decrease in protein prenylation contributes to Aβ-
induced neuronal death, which is reversed by exogenous supply of isoprenoids. Further work
is needed to ascertain whether the intracelular distribution rather than the levels of brain
cholesterol levels may correlate with disease severity.

3. Regulation of cholesterol metabolism in the brain

3.1. De novo cholesterol synthesis

Compared with other organs, the brain is the highest cholesterol-containing organ, which is
present mainly in unsterified form. Most of the free cholesterol pool is localized predominantly
in specialized membranes (myelin) and to a lesser extent in neurons and glial cells. Experi‐
mental evidence indicates that brain cholesterol is independent of serum cholesterol levels, as
the BBB is impermeable to circulating cholesterol, which determines that both neurons and
glial cells synthesize cholesterol de novo. Oligodendrocytes control the synthesis of myelin and
therefore have the highest capacity to synthesize cholesterol, followed by astrocytes [84, 85].
Cholesterol is synthesized from acetate in a multistep cascade that requires oxygen and energy.
The precursor acetyl-CoA is first converted to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
and then to mevalonate (Fig. 2). The phosphorylation of mevalonate yields 5-pyrophospho‐
mevalonate, which is converted to isopentenyl pyrophosphate (IPP). IPP can be reversibly
transformed to dimethylallyl pyrophosphate (DMAPP), and the combination of both IPP and
DMAPP yields the 10-carbon isoprenoid geranyl pyrophosphate (GPP). The sequential
addition of 1 or 2 more IPP units to GPP generates the 15-carbon and the 20-carbon isoprenoids
farnesyl pyrophosphate (FPP) and the geranylgeranyl pyrophosphate (GGPP), respectively.
FPP branches into the non-sterol pathways, which contributes to the generation of other
derivatives such as ubiquinol, dolichol, and the sterol pathway via conversion into squalene
by squalene synthase, which catalyzes the first committed step in cholesterol synthesis. The
rate-limiting step of cholesterol biosynthesis is the conversion of HMG-CoA to mevalonate
catalyzed by the HMG-CoA reductase (HMGCR), which is bound to endoplasmic reticulum
(ER). Cholesterol levels control HMGCR through several mechanisms. First, high cholesterol
exerts a feedback inhibition by activating HMGCR ubiquitination and subsequent proteasomal
degradation. Moreover, HMGCR expression is regulated by ER-bound transcription factor
SREBP-2, which in turn is controlled by a sterol-sensitive SREBP cleavage-activating protein
(SCAP) [86]. In the presence of sterols, full-length SREBP-2 is restricted to the ER. Upon sterol
depletion, SREBP-2 interacts with SCAP and is transported from the ER to the Golgi apparatus,
where SREBP-2 is cleaved by two proteases and the released N terminus domain acts as a
transcription factor to subsequently enhance the levels of HMGCR [86, 87]. Thus, ER plays a
key role in the supply of endogenous cholesterol synthesis, which operates to meet demand
for cell cholesterol.
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Figure 2. Cholesterol synthesis in the mevalonate pathway. Cholesterol is synthesized from acetate in a multistep cas‐
cade that requires oxygen and energy. The precursor acetyl-CoA is first converted to 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) and then to mevalonate. This pathway also generates isoprenoids. Farnesyl pyrophosphate (FPP) branches
into the non-sterol pathways, which contributes to the generation of other derivatives such as ubiquinol, dolichol, and the
sterol pathway via conversion into squalene by squalene synthase, which catalyzes the first committed step in cholester‐
ol synthesis. The rate-limiting step of cholesterol biosynthesis is the conversion of HMG-CoA to mevalonate catalyzed by
the HMG-CoA reductase (HMGCR), which is the target of statins. Statins hence will not only block cholesterol synthesis
but also isoprenoids and other non-sterols, which may account for the pleiotropic effects of statins.

3.2. Cholesterol storage and transport

In contrast to developing neurons, which synthesize most of the cholesterol required for
growth and synaptogenesis, mature neurons depend on the availability of exogenous choles‐
terol derived from astrocytes (Figure 3). This process not only ensures steady supply of
cholesterol to neurons but also spares energy, as ATP hydrolysis is required to synthesize
cholesterol de novo [88]. Besides de novo synthesis, astrocytes can also internalize and recycle
the cholesterol released from degenerating nerve terminals and deliver it back to neurons [89].
The transport of cholesterol from astrocytes to neurons requires binding to one of the variants
of ApoE, the most prevalent lipoprotein in the central nervous system. In this process,
cholesterol first forms a complex with ApoE, which is then secreted in a process involving
ABCA1 and ABCG1 transporters [90, 91]. Using cultured cerebellar murine astroglia cells, it
has been shown that partially lipidated apoE, secreted directly by glia, is likely to be the major
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extracellular acceptor of cholesterol released from glia in a process mediated by ABCG1 rather
than ABCA1 [91]. The secreted ApoE–cholesterol complex is then internalized into neurons
predominantly via the LDL receptor (LDLR) as well as LRP, and to a minor extent by very-
low-density lipoprotein receptor (VLDL), ApoE receptor 2, and megalin [92]. The specific
contribution of these receptors in the uptake of ApoE-cholesterol complex and hence in the
maintenance of neuronal cholesterol homeostasis remains to be established. Once internalized
the receptor-bound ApoE–cholesterol complex is delivered to the late endosomes/lysosomes
where acid lipase hydrolyses the cholesterol esters within the lipoprotein complex, resulting
in the release of intracellular free cholesterol. This unesterified cholesterol subsequently exits
the late endosomes/lysosomes via Niemann–Pick type C (NPC) 1 and 2 protein-dependent
mechanism and is distributed primarily to the plasma membrane as well as to the ER, which
serves as a negative feedback sensor for the cholesterol homeostasis genes such as HMGCR
and LDLR. Excess cholesterol, on the other hand, is esterified in the ER by ACAT and stored
in cytoplasmic lipid droplets, which serves as reserve source of cholesterol needed for synaptic
and dendritic formation and remodeling [93, 94].

Figure 3. Cross talk between astrocytes and neurons in cholesterol homeostasis. Although neurons can synthesize cho‐
lesterol de novo in the adult state neurons rely on the delivery of cholesterol from astrocytes, which exhibit a signifi‐
cantly higher rate of de novo cholesterol activity than neurons. Cholesterol packed in ApoE particles assembled in
astrocytes are delivered via ABCA1 carrier to neurons. Excess neuronal cholesterol is transformed into the oxysterol
24S-hydroxysterol (24S-OH) by the CYP46A1 which represents the major mechanism for the elimination of brain cho‐
lesterol, as it crosses the BBB to the periphery for disposal. Oxysterols activate transcription factor LXRβ isoform,
which in turn induces the activation of carriers such as ABCA1 to stimulate trafficking of cholesterol in the form of
ApoE to neurons. 24S-OH inhibits the novo cholesterol synthesis in astrocytes.
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3.3. Cholesterol efflux from the brain

Unlike other organs and epithelial cells, neurons and glial cells do not degrade cholesterol,
therefore in order to maintain homeostasis they export cholesterol to the circulation for its
disposal by peripheral organs. Two different mechanisms are involved in the elimination of
cholesterol from the brain. The major mechanism by which cholesterol is excreted from the
brain is by its conversion to 24S-hydroxylcholesterol—an oxidized lipophilic metabolite that
can freely cross the BBB [95]. The conversion of free cholesterol to 24S-hydroxycholesterol is
mediated by the cytochrome P450-containing enzyme cholesterol 24-hydroxylase, encoded by
the Cyp46A1 gene, which is expressed selectively in the brain [96]. High levels of this enzyme
are found in certain neuronal cells such as pyramidal neurons of the hippocampus and cortex,
Purkinje cells of the cerebellum, thalamic neurons, and in hippocampal and cerebellar
interneurons. Interestingly, a minor fraction of cholesterol 24-hydroxylase immunoreactivity
has also been detected in glial cells from the brains of AD patients [95]. It is estimated that
about 40% of the total cholesterol turnover is mediated by cholesterol 24-hydroxylase [97].
Indeed, deletion of the Cyp46A1 gene encoding cholesterol 24-hydroxylase leads to about 50%
reduction in brain cholesterol excretion. This decrease, however, is compensated by the
reduction in de novo synthesis, thus suggesting a close relationship between synthesis and
metabolism of cholesterol in the brain. The other mechanism of cholesterol elimination, called
reverse cholesterol transport pathway, involves translocation of a fraction of brain cholesterol
to the blood by membrane transport protein such as ABCA1 [98]. The level of ABCA1 is partly
regulated by cholesterol-derived ligand oxysterols (e.g., 24S-hydroxylcholesterol) of the liver
X receptor (LXR), which has been shown to influence the transcription of multiple genes
involved in cholesterol metabolism [99-101]. There are two known LXR isoforms, LXRα and
LHRβ. LXRα expression is mainly limited to the liver, adrenals, intestine and spleen, while
LXRβ is expressed in all tissue types, including the brain. In vivo induction of LXR results in
increased expression of ABCA1 and ABCG1, increased cholesterol efflux and a reduction in
synaptosomal plasma membrane cholesterol [101]. As such, it is expected that LXR agonists
(e.g. T0901317) should lower Aβ levels. However, results with LXR agonists have been
inconsistent. For instance, T0901317 has been shown in some studies to decrease Aβ, while
others reported an increase in Aβ42 without chaning Aβ40 levels [102]. Hence, it is conceivable
that both synthesis and elimination of cholesterol, especially in the adult brain, are not only
tightly regulated but also compartmentalized. Astrocytes are responsible for the majority of
cholesterol synthesis but contribute relatively little to its elimination, whereas neurons with
reduced synthetic ability can eliminate about two thirds of the cholesterol from the brain.

4. Intracellular cholesterol and AD

As a key component of membrane bilayers, intracellular cholesterol traffics to different
compartments to maintain physical and functional membrane properties. Cholesterol that
enters the cell via the endocytic pathway is transported to the ER for processing, while
cholesterol synthesized in the ER de novo it is transported to the plasma membrane within a
short time frame. Of relevance to AD pathogenesis, in the following sections we will focus on
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the endo-lysosomal cholesterol and in the small pool of cholesterol in mitochondria and their
contribution to AD.

4.1. Endo-lysosomal cholesterol

The supply of cholesterol from astrocytes to neurons via receptor-bound ApoE-cholesterol
complex relies on the trafficking and subsequent hydrolysis of these complexes in endo/
lysosomes. The generated free cholesterol exits lysosomes via NPC1/2 proteins to be distrib‐
uted to other membrane bilayers. The impact of NPC proteins in intracelular cholesterol
homeostasis has been best characterized in the NPC disease, a neurological disorders caused
by mutations in NPC1/2 proteins characterized by increased accumulation of cholesterol and
other lipids (e.g. glycosphingolipids) in lysosomes in the affected organs, predominantly brain
and liver. NPC knockout mice, which mimic the pathology of NPC patients, exhibit increased
lysosomal cholesterol in cerebellum, mainly in Purkinje cells, and suffer from progressive
motor deterioration and a short life span (typically 8-10 weeks). NPC disease and AD share
many parallels including endo/lysosomal abnormalities and APP processing and Aβ accu‐
mulation. Previous findings have shown that mutated NPC1 in mice causes the accumulation
of Aβ40 and Aβ42, which coincided with accumulation of presenilins in early endocytic
compartment [103]. Similar findings have been reported in human NPC1 brain, with accumu‐
lation of Aβ ocurring in early endosomes [104]. In CHO cells deficient in NPC1 protein and in
cells treated with U18666A, which inhibits NPC1/2, Aβ and presenilin accumulation were
found in late endosomes [105]. However, the expression of NPC1 in AD has been poorly
characterized. Quite intriguingly, recent findings have reported increased expression of the
lysosomal cholesterol transporter NPC1 in AD [106]. NPC1 expression was described to be
upregulated at both mRNA and protein levels in the hippocampus and frontal cortex of AD
patients compared to controls subjects. However, no difference in NPC1 expression was
detected in the cerebellum, a brain region that is relatively spared in AD. Moreover, murine
NPC1 mRNA levels increased in the hippocampus of 12-month-old APP/PS1 mice compared
to wild type mice. While these findings strongly suggest the lack of lysosomal cholesterol
accumulation in AD, endosomal abnormalities have been found in AD that precede amyloid
and tau pathology in the neocortex. In addition to the proteolytic processing by secretases,
APP and its corresponding C-terminal fragments are also metabolized by lysosomal proteases.
SORLA/SORL1 is a unique neuronal sorting receptor for APP that has been causally implicated
in sporadic and autosomal dominant familial AD. Brain concentrations of SORLA are inversely
correlated with Aβ in mouse models and AD patients. Indeed, transgenic mice overexpressing
SORLA exhibit decreased Aβ concentrations in brain [107]. Mechanistically, Aβ binds to the
amino-terminal VP10P domain of SORLA and this binding is impaired by a familial AD
mutation in SORL1. Although previous studies have shown that lysosomal cholesterol
accumulation impairs autophagy by disrupting lysosomal function [108], the lysosomal
impairment and subsequent contribution to decreased Aβ degradation in AD may occur
through mechanisms independent of cholesterol accumulation in lysosomes. Moreover,
sphingosine-1-phosphate (S1P) accumulation by S1P lyase deficiency has recently been shown
to impair lysosomal APP metabolism, resulting in increased Aβ accumulation [109]. The
intracellular accumulation of S1P interferes with the maturation of cathepsin D and degrada‐
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tion of Lamp2, suggesting a general impairment of lysosomal function and autophagy.
Sphingolipids have strong affinity to bind cholesterol and play a role in Alzheimer disease
[110]. However, it remains to be established whether increased lysosomal cholesterol may
contribute to impaired lysosomal Aβ degradation and if sphingolipids accumulate in lyso‐
somes in AD.

4.2. Mitochondrial cholesterol

Unlike plasma membrane, mitochondria are cholesterol-poor organelles. The limited pool of
mitochondrial cholesterol plays important physiological roles, such as in the synthesis of
steroids in specialized tissues and bile acids in the liver. However, under pathological
conditions the unphysiological accumulation of cholesterol in mitochondrial membranes have
profound effects in mitochondrial function and antioxidant defense and has emerged as an
important factor in liver diseases and neurodegeneration [111-114]. In particular, the transport
of cholesterol from the outer to the inner mitochondria is essential for the generation of steroid
precursor pregnenolone upon metabolism of cholesterol by the P540 side-chain cleavage
enzyme CYP11A1. Availability of cholesterol in mitochondria inner membrane is rate-limiting
step in steroidogenesis and is a highly regulated process.

StARD1 is the founding member of a family of lipid transporting proteins that contain StAR-
related lipid transfer (START) domains. StARD1 is an outer mitochondrial membrane protein
which was first described and best characterized in steroidogenic cells where it plays an
essential role in cholesterol transfer to the mitochondrial inner membrane for metabolism by
CYP11A1 to generate pregnenolone. Despite similar features with StARD1, other START
members cannot replace StARD1 deficiency as global StARD1 knockout mice dye within 10
days due to adrenocortical lipoid hyperplasia [115]. These findings imply that other members
of the family cannot functionally replace StARD1, indicating the key role of this member in
the regulation of cholesterol trafficking to the mitochondrial inner membrane. Recent findings
in APP/PS1 models of AD have indicated the expression of StARD1 in neurons, which correlate
with the age-dependent increase in mitochondrial cholesterol [114, 116]. Consistent with these
findings in experimental models, enhanced immunocytochemical localization of StARD1 has
been described in the pyramidal hippocampal neurons of AD-affected patients [117]. Given
the role of StARD1 in the mitochondrial transport of cholesterol and hence in the modulation
of mitochondrial cholesterol levels, the increased expression of StARD1 in AD patients, would
strongly suggest that mitochondrial cholesterol accumulation may actually occur in patients
with AD. Furthermore, the increase in mitochondrial cholesterol in brain mitochondria of
Alzheimer’s disease was not accompanied by a selective increase in mitochondrial-associated
membranes (MAM), a specific membrane domain made of ER and mitochondria bilayers
thought to be of relevance in the traffic of lipids, suggesting that StARD1-mediated cholesterol
trafficking to mitochondria is independent of MAM. TSPO, a protein particularly abundant in
steroidogenic tissues and primarily localized in the mitochondrial outer membrane, has been
suggested to play an important role in steroidogenesis via the transport of cholesterol to the
mitochondrial inner membrane (IMM) [118, 119]. However, quite interestingly, recent studies
using tissue-specific genetic deletion of TSPO demonstrated that TSPO is dispensable for
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steroidogenesis in Leydig cells [120], questioning the relevance of previous findings on TSPO
using pharmacological ligands and inhibitors. These data underscore that TSPO does not play
a significant role in the trafficking of cholesterol to IMM, and highlights the relevance of
StARD1 in this process. Overall, these findings underscore the accumulation of cholesterol in
mitochondrial membranes in patients and models of AD, and quite interestingly, paralell the
increase in mitochondrial cholesterol observed in brain and liver mitochondria in NPC,
arguing that this pool of cholesterol may be a common nexus in both AD and NPC.

5. Mitochondrial cholesterol promotes AD by depleting GSH

In addition to the amyloidogenic effect of cholesterol by fostering Aβ generation from APP,
recent data has provided evidence that mitochondrial cholesterol accumulation sensitizes
neurons to Aβ-induced neuroinflammation and neurotoxicity by depleting mGSH, effects that
are prevented by mGSH replenishment [114, 116]. The mechanism of mitochondrial cholesterol
accumulation involves the upregulation of StARD1 induced by Aβ via ER stress, confirming
previous findings in hepatocytes [121]. Consistent wiht the reported increased expression of
StARD1 in pyramidal hippocampal neurons of AD-affected patients, it is likely that this
outcome may be accompanied by increased accumulation of cholesterol in mitochondria and
subsequent depeltion of mGSH levels [117]. Moreover, a novel mouse model engineered to
have enhanced cholesterol synthesis by SREBP-2 overexpression superimposed to APP/PS1
mutations triggered Aβ accumulation and tau pathology [122]. This triple transgenic model
exhibited increased mitochondrial cholesterol loading and mGSH depletion and accelerated
Aβ generation by β-secretase activation compared to APP/PS1 mice. Moreover, SREBP-2/APP/
PS1 mice displayed synaptotoxicity, cognitive decline, tau hyperphosphorylation and neuro‐
fibrillary tangle formation in the absence of mutated tau, indicating that cholesterol, particu‐
larly mitochondrial cholesterol, can precipitate Aβ accumulation and tau pathology.
Importantly, in vivo replenishment of mGSH with cell-permeable GSH monoethyl ester (GSH-
EE) attenuated neuropathological features of AD in SREBP-2/APP/PS1 mice. These findings
established that mitochondrial cholesterol promotes AD by selective depletion of mGSH
stores. Therefore, understanding the molecular mechanisms on this cause-and-effect relation‐
ship may be of interest in AD.

The properties of GSH transport in isolated rat brain mitochondria appear to differ from those
reported previously other tissues such as liver and kidney, as they were influenced most by
inhibitors of the tricarboxylate carrier, citrate, isocitrate, and benzenyl-1,2,3-tricarboxylate
[123] Moreover, in mouse brain mitochondria it has been shown that 2-oxoglutarate (OGC)
and dicarboxylate (DIC) are both expressed in cortical neurons and astrocytes [124]. In
addition, butylmalonate, an inhibitor of DIC, significantly decreased mGSH, suggesting DIC
as an important GSH transporter in mouse cerebral cortical mitochondria. Interestingly, a role
for UCP2 in the transport of mGSH has been described in neurons, suggesting that the
transport of protons back into the matrix by UCP2 may favor the movement of GSH [125].
These studies suggest that multiple IMM anion transporters might be involved in mGSH
transport and that they might differ in different cell populations within the brain. However,
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inhibitors of the tricarboxylate carrier, citrate, isocitrate, and benzenyl-1,2,3-tricarboxylate
[123] Moreover, in mouse brain mitochondria it has been shown that 2-oxoglutarate (OGC)
and dicarboxylate (DIC) are both expressed in cortical neurons and astrocytes [124]. In
addition, butylmalonate, an inhibitor of DIC, significantly decreased mGSH, suggesting DIC
as an important GSH transporter in mouse cerebral cortical mitochondria. Interestingly, a role
for UCP2 in the transport of mGSH has been described in neurons, suggesting that the
transport of protons back into the matrix by UCP2 may favor the movement of GSH [125].
These studies suggest that multiple IMM anion transporters might be involved in mGSH
transport and that they might differ in different cell populations within the brain. However,

Alzheimer's Disease - Challenges for the Future152

the fact that mitochondrial cholesterol loading selectively depleted mGSH indicated that this
transport function is sensitive to cholesterol-mediated changes in membrane dynamics, similar
to what has been reported in liver mitochondria. Indeed, the effect of cholesterol in the
regulation of mGSH is mediated by the susceptibility of the OGC to perturbations in membrane
dynamics. Functional expression analyses in Xenopus laevis oocytes microinjected with OGC
cRNA showed enhanced transport of GSH in isolated mitochondria [126]. Moreover, choles‐
terol enrichment impairs the transport kinetics of 2-oxoglutarate via the OGC by decreasing
mitochondrial membrane fluidity. Restoration of membrane dynamics by the fatty acid analog
A2C improves the activity of OGC and mGSH transport despite cholesterol enrichment.
Therefore, strategies aimed to replenish mitochondrial membrane physical properties may be
of relevance to AD by replenishing mGSH.

6. Regulation of mitochondrial cholesterol

The ER plays an essential role in the integration of multiple metabolic signals and the main‐
tenance of cell homeostasis, particularly protein synthesis and folding. Under stress conditions
induced by protein misfolding, the ER triggers an adaptive response called uncoupled protein
response (UPR). To resolve ER stress, UPR promotes a decrease in protein synthesis, and an
increase in protein degradation and chaperone production for protein folding. Aβ is well
known to induce ER stress, which is believed to mediate in part the pathogenesis of AD [127].
Moreover, tauroursodeoxycholic acid (TUDCA), a chemical chaperone that prevents ER stress,
has been shown to restore the mGSH pool in alcohol fed rats [128] and ameliorates alcohol-
induced ER stress [121]. In line with these findings in liver, we have recently reported that
TUDCA and PBA abolish Aβ-induced hepatic ER stress, mitochondrial cholesterol loading
and subsequent mGSH depletion [116]. Emerging evidence has demonstrated that StARD1 is
a previously unrecognized target of the UPR and ER stress signaling. Indeed, tunicamycin, an
ER stress trigger, induces the expression of StARD1 in isolated hepatocytes and this effect is
prevented by TUDCA treatment [121]. Moreover, mice fed a high cholesterol diet (HC)
exhibited increased expression of StARD1. However, HC feeding downregulates the expres‐
sion of SREBP-2-regulated target genes, including hydroxymethylglutaryl Co-A reductase,
demonstrating that StARD1 is and an ER stress but not SREBP-2 regulated gene. In contrast to
StARD1, the role of ER stress in the regulation of StART family members has been limited to
StARD5 [129, 130], with conflicting results reported for StARD4 [130, 131]. As the UPR
comprises three transducers, namely inositol requiring (IRE) 1α, PKR-like ER kinase (PERK),
and activating transcription factor (ATF) 6α, which are controlled by the master regulator
glucose-regulated protein 78 (GRP78 also known as BiP), further work is needed to examine
the relative contribution of the involved arms of the UPR in the regulation of StARD1 by Aβ.
Besides ER stress, StARD1 activation is regulated at the transcriptional and post-translational
levels. In murine steroidogenic cells StARD1 activity and subsequent steroidogenesis increases
upon StARD1 phosphorylation at serine residues [132, 133]. Whether or not StARD1 phos‐
phorylation by Aβ regulates mitochondrial cholesterol homeostasis remains to be explored. If
so, then the identification of putative kinases that phosphorylate and activate StARD1 may be
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of potential relevance in AD. The other unresolved question relates as to the mechanism
whereby Aβ induces ER stress. As ER Ca2+ homeostasis is a key housekeeping mechanism to
maintain ER function, it is conceivable that Aβ may disrupt ER Ca2+, thereby causing ER stress.
Whether Aβ modulates the activity of the ER Ca2+ pump SERCA, whose disruption is known
to trigger ER stress remains to be investigated.

7. Concluding remarks

With an expected increase in cases, AD may represent one of the most important health
burdens in the near future worlwide. Therefore the identification of effective therapeutic
treatments for AD is of priority for health authorities around the world. Unfortunately our
limited understanding of the molecular pathways underlying AD has curved the possibilities
to have effective treatments at hand. While cholesterol and in particular hypercholesterolemia
has been identified as a risk factor for AD development, the causal effect of cholesterol and the
impact of cholesterol-lowering approach in AD still remains controversial. Unexpectedly,
evidence in the last five years has indicated that the small pool of cholesterol in mitochondria
plays an important role in AD, as its accumulation in mitochondria causes mGSH depletion
amplifying the neurotoxic effects of Aβ peptides. Therefore, targeting mGSH may be of
therapeutic relevance in AD. However, mGSH is regulated by its transport through mito‐
chondrial inner membrane via specific carriers that are sensitive to changes in mitochondrial
membrane properties. Hence the mere increase in cytosolic GSH by GSH prodrugs, such as
N-acetylcysteine, may not be effective in restoring mGSH as cytosolic GSH would not be
transported into mitochndrial matrix due to cholesterol-mediated disruption in mitochondrial
membrane dynamics. Thus, more specific approaches would imply the use of membrane-
permeable GSH prodrugs such as GSH ethyl ester, which has been shown to protect against
AD in experimental models and is known to cross the BBB. Alternatively, targeting the increase
in mitochondrial cholesterol by antagonizing StARD1 may arise as another attractive possiblity
in the future. This approach requires a better understanding of the cell biology of StARD1 and
in the identification of BBB permeable specific StARD1inhibitors. We are looking forward to
these and other more exciting discoveries to start controlling the onset and progression of this
devastating disease.
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1. Introduction

The brain is a lipid-rich organ, with approximately 50% of its dry mass constituted by lipids
[1]. The main lipid in the brain is cholesterol. The human brain represents only 2% of the total
body mass but contains 25% of the total body cholesterol [2, 3]. Therefore, it is not surprising
that lipids have important functions in the brain and that dysregulation of brain lipid metab‐
olism has been linked to brain diseases, in particular Alzheimer’s disease (AD). The interest
in understanding the link between lipids and AD pathology has increased dramatically since
the 1990s, when it was discovered that the isoform 4 (ε4) of the cholesterol transport protein
apolipoprotein E, is a major risk factor for AD development [4]. Since then an important body
of evidence derived from genetic, epidemiological, and biochemical studies has identified the
role of cholesterol in many critical aspects of AD neuropathology. The finding that a number
of genes involved in cholesterol homeostasis represent susceptibility loci for sporadic or late-
onset AD (reviewed in [5-9]), and the evidence that alterations in cholesterol homeostasis are
significant in regulation of Aβ production, formation of amyloid plaques, tau hyperphos‐
phorylation, Aβ toxicity, and other mechanisms (reviewed in [5, 10-12]) highlight the impor‐
tance of the dysregulation of cholesterol homeostasis in AD. [7, 9, 13-20]. Cholesterol
homeostasis disturbances in AD may be both consequences of the neurodegenerative process
and contributors to the pathogenesis.

2. Cholesterol homeostasis in the brain

Cholesterol homeostasis is the balance between synthesis and uptake, and efflux and metab‐
olism. In the brain, this process acquires peculiar characteristics because of differences in the
ability of neurons and glia to perform each of these processes (Figure 1).

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



Figure 1. Cholesterol homeostasis in the brain. Cellular cholesterol is synthesized from acetyl-CoA in a multistep me‐
valonate pathway. Cholesterol and Apo-E synthesized in astrocytes are secreted in an ABCA1-dependent process,
forming discoidal lipoprotein particles, which can be further lipidated. Brain lipoproteins are delivered to the CSF.
Apo-E is a ligand for LDLR family members, which mediate neuronal lipoprotein uptake, thereby providing a supply
of cholesterol to neurons. Excess cholesterol is metabolized to 24-hydroxycholesterol, which crosses the BBB and pass‐
es into the circulation. A small part of cholesterol (~1%) is esterified by ACAT. Only insignificant amounts of plasma
HDL or LDL cross the BBB under normal conditions.

Cholesterol synthesis is crucial in the brain because the brain is separated from the peripheral
pool of cholesterol by the blood brain barrier (BBB), which, under normal conditions, is
impermeable to plasma lipoproteins [2, 3]. Thus, brain cholesterol originates almost exclu‐
sively from de novo biosynthesis through the mevalonate pathway. Cholesterol synthesis in
situ in the brain is very active in order to meet the brain demands. Cholesterol is essential for
normal synaptogenesis and plays important roles in axonal development, neurotransmitter
release and neurosteroid production [2, 21]. Brain cholesterol synthesis is sufficient to meet
the demands during development and in adult life, although this local synthesis decreases
with age [22]. Genetic defects in enzymes involved in cholesterol synthesis cause severe
neurological abnormalities underscoring the importance of endogenous cholesterol synthesis
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for normal brain function [23, 24]. The identity of the cells responsible for cholesterol synthesis
in the adult brain is still a matter of debate. Neurons have a lower rate of cholesterol synthesis
than astrocytes [25] and outsource cholesterol from astrocytes to form and maintain axons,
dendrites and synapses [21, 26, 27]. In fact, based on the discovery that suppression of
cholesterol synthesis in vivo in adult cerebellar neurons did not affect the viability of the
neurons or the shape and density of synapses [28], it was suggested that neurons do not require
autonomous cholesterol synthesis and are minor contributors to adult brain cholesterol
synthesis [28]. However, in situ hybridization demonstrated that transcripts of several
enzymes involved in cholesterol synthesis localize specifically to neurons in pyramidal and
granular layers of mouse hippocampus [29], indicating that some adult neurons maintain the
ability to synthesize cholesterol. Yet, there is ample evidence that brain neurons utilize
cholesterol derived from astrocytes. Astrocytes provide cholesterol to neurons via apolipo‐
protein-mediated efflux and formation of HDL-like particles containing apoE [27]. Adenosine
triphosphate-binding cassette (ABC) transporters, mainly ABCA1, mediate lipidation of
nascent lipoproteins [30]. Neurons import cholesterol via lipoprotein receptor-mediated
endocytosis [31]. Astrocyte-secreted lipoproteins are delivered to the CSF but they don’t cross
the BBB [32, 33].

Neurons convert excess cholesterol into a more polar metabolite that crosses the BBB, 24 (S)
hydroxycholesterol (24-HC) by the enzyme cholesterol 24-hydroxylase (CYP46A1) [34, 35].
CYP46A1 is selectively expressed in the brain [36], in particular in pyramidal neurons of the
hippocampus and cortex and in Purkinje cells in cerebellum, but not in astrocytes [25, 37]. 24-
HC is a very important regulator of the mevalonate pathway (Section 3). In addition, 24-HC
regulates cholesterol efflux in astrocytes [38]. Cholesterol also undergoes esterification
catalyzed by the enzyme acyl CoA-cholesterol acyltransferase (ACAT) [39]. Although choles‐
terol esterification is not a major metabolic process in the brain, and cholesterol esters represent
only 1% of the total cholesterol content in brains of human [40] and mice [41], ACAT has been
identified as a crucial enzyme in AD [42].

Cholesterol-related genes that have been associated with AD encode primarily, components
of the glia/neuron cholesterol shuttle processes, including apoE [4, 43], the apolipoprotein
clusterin [44], ABCA1 [45-48], CYP46A1 [49-52], several members of the LDL receptor family
[53-55], and ACAT [56]. Much less information is available with respect to the genetic associ‐
ation of AD with genes of enzymes of the mevalonate pathway. The few studies available did
not provide strong associations. Thus, it is likely that changes in the mevalonate pathway
identified in AD are a consequence of the disease. Here we focus on the evidence that indicate
that the mevalonate pathway “per se” is affected in AD.

3. The mevalonate pathway in the brain and in AD

The brain produces cholesterol and a number of non-sterol isoprenoids such as farnesylpyr‐
ophosphate (FPP), geranylgeranylpyrophosphate (GGPP), ubiquinone and dolichol, exclu‐
sively through the mevalonate pathway. The mevalonate pathway comprises successive
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enzymatic reactions that convert acetyl-CoA into the different final sterol and non-sterol
products [57, 58]. For the purposes of the discussion we have separated the mevalonate
pathway in components: pre-squalene pathway, post-squalene pathway, shunt pathway and
non-sterols isoprenoids pathway (Figure 2). The kinetics of the enzymes involved in the
mevalonate pathway have been thoroughly studied [58, 59]. Enzymes of the mevalonate
pathway are expressed in the brain of rodents and humans [29, 60] and the expression of many
of them is developmentally regulated in the brain [61, 62]. Inborn defects in enzymes of the
mevalonate pathway result in structural abnormalities of the brain and may be accompanied
by neurodevelopmental/behavioral defects [63].

Figure 2. The mevalonate pathway. The mevalonate pathway has been divided in different components to facilitate the
understanding of its regulation.

There is only limited information of changes in the mevalonate pathway enzymes and lipid
intermediates in AD brains, although certain exceptions exist. The lipid products of the
mevalonate pathway seem to be regulated highly individually in AD, likely through post-
translational modifications of the enzymes and/or changes in levels of substrates. Most of the
studies on the mevalonate pathway in AD have focused on cholesterol, although more recent
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work has also paid attention to the non-sterol isoprenoid branch of the pathway. In this chapter
we focused on studies performed in brains and brain cells although there is important evidence
that changes in plasma cholesterol levels may be relevant to AD development and/or pro‐
gression [64]. The interest in understanding the role of the mevalonate pathway in AD
increased with the reports that patients taking statins had lower incidence of AD than the
general population [13-17, 65]. More recent prospective studies have produced conflicting
results on the matter [15-19]. This is still an area of intense research and debate.

The mevalonate pathway is tightly regulated at the transcriptional and post-transcriptional
levels to avoid accumulation of cholesterol while maintaining proper supply of non-sterol
isoprenoids.

3.1. Regulation of the mevalonate pathway by SREBP-2 and LXR

Transcriptional regulation of the mevalonate pathway is mediated by two main transcription
factors namely sterol-regulatory element binding protein type-2 (SREBP-2) and liver X
receptors (LXR). SREBP-2 belongs to a family of membrane-bound transcription factors that
regulate cholesterol and fatty acid homeostasis. Studies in knockout and transgenic mice
demonstrated that cholesterol synthesis is preferentially regulated by SREBP-2 [66, 67].
SREBP-2 is synthesized and inserted in the endoplasmic reticulum (ER) as an inactive precur‐
sor (P)SREBP-2 [68]. (P)SREBP-2 has two transmembrane helices with the N- and C- terminals
projecting into the cytosol [68]. The C-terminus of (P)SREBP-2 interacts with C-terminus of
SREBP cleavage-activating protein (SCAP), a sterol-regulated escort protein. SCAP has eight
transmembrane helices, of which transmembrane helices 2-6 are defined as a sterol sensing
domain [68, 69]. (P)SREBP-2-SCAP complex has to be transported into coat protein complex
II (COPII) vesicles that bud from the ER and travel to the Golgi complex [70]. Mice with
haploinsufficiency of SCAP in the brain had reduced SREBP-2 processing and reduced
SREBP-2 expression. Consequently, reduced SCAP level resulted in decreased expression of
many enzymes in the mevalonate pathway and 30% reduction in cholesterol synthesis leading
to impaired synaptic transmission and cognitive deficits [71]. At the Golgi, sequential proteo‐
lytic cleavage of (P)SREBP-2 by Site-1-protease (S1P) [72] and Site-2-protease (S2P) [73] releases
the N-terminal /mature/nuclear SREBP-2 ((M)SREBP-2) that enters the nucleus to regulate gene
transcription [66, 68, 74]. In the nucleus, (M)SREBP-2 binds to sterol regulatory elements (SREs)
in the promoter of target genes in order to regulate gene expression [68]. SREBPs alone are
relatively weak activators of gene expression. Transcriptional activities of SREBPs are highly
enhanced by other cofactors such as nuclear factor Y(NF-Y) [75] and specificity protein-1 (sp-1)
[76] or by the presence of two SRE motifs as in genes encoding enzymes such as 3-hydroxy-3-
methylglutarylCoA reductase (HMGCR), squalene synthase [75] and 24-dihydrocholesterol
reductase (DHCR24) [77]. (M)SREBP-2 increases the expression of most enzymes involved in
the mevalonate pathway and the expression of LDLR involved in exogenous cholesterol
uptake [66, 67]. In addition, SREBP-2 increases the expression of miR33a (encoded by an intron
of SREBP-2) and miR128-2. miR33a and miR128-2 block ABCA1 and ABCG1 expression
reducing cholesterol efflux [78-84]. High level of (M)SREBP-2 were detected in pyramidal
neurons in hippocampus and cerebral neocotex of normal rat brain [85]. The main regulator
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of SREBP-2 proteolytic processing is cholesterol. When ER cholesterol falls below 5% of total
ER lipids (molar basis), SREBP-2 cleavage is activated [86]. On the other hand, when cholesterol
accumulates at the ER, it binds to SCAP inducing a conformational change that promotes SCAP
binding to ER integral membrane proteins Insulin-Induced gene-1 or 2 (Insig-1 and Insig- 2)
[87, 88]. Once bound to Insigs, SCAP is unable to bind to COPII and the SCAP-(P)SREBP-2
complex is not transported to the Golgi leading to reduced SREBP-2 processing [89]. In vitro
experiments revealed that cholesterol, and the cholesterol precursors desmosterol and 7-DHC,
but not lanosterol or oxysterols are able to change SCAP conformation [87]. Desmosterol and
cholesterol bind to SCAP in a similar manner [88, 90, 91]. Oxysterols also reduce SREBP-2
processing but they do so by binding directly to Insigs and not to SCAP [92]. SREBP-2 positively
regulates its own expression via binding to SRE in the promoter of its own gene [93]. It also
increases expression of specific miRNAs for negative SREBP-2 regulators such as miR-182,
which reduce expression of Fbxw7, an E3 ubiquitin ligase involved in nuclear SREBP-2
degradation and miR-96, which targets Insig-2 [94]. Therefore, miR-182 and miR-96 increase
SREBP-2 processing, reduce its degradation and consequently enhance its transcriptional
activity.

LXRs (LXRα and LXRβ) also play a role in the regulation of the mevalonate pathway by
activating or  inhibiting expression of  enzymes of  the mevalonate  pathway (reviewed in
[95]).  LXR  are  ligand-activated  transcription  factors  belonging  to  the  nuclear  hormone
receptor superfamily [96, 97]. Expression level of LXRα in the brain is much lower than in
the liver, however, LXRβ is highly expressed in the brain compared to the liver [98]. SREBP-2
and LXR work in harmony in order to regulate the mevalonate pathway. SREBP-2 activation
will enhance cholesterol production and consequently oxysterol production, leading to LXR
activation and LXR targets expression [99]. On the other hand, LXRs activation enhances
cholesterol  efflux,  reduces  cellular  cholesterol  uptake  [100,  101]  and  suppresses  the
expression of some enzymes in the post-squalene mevalonate pathway [102]. Consequent‐
ly, LXR activation will reduce cellular cholesterol level leading to SREBP-2 processing and
activation.  In  accordance,  synthetic  LXR  agonist  GW683965A  significantly  increased
SREBP-2,  LDLR,  and  HMGCR  expression  in  astrocytes  by  indirect  mechanims  [38].
Moreover, significantly reduced number of SREBP-2 and HMGCR transcripts were detected
in brains of LXRα and β null mice [103].

3.1.1. Transcriptional regulation of the mevalonate pathway by SREBP-2 in AD

Transcription factor profiling showed no difference in SREBPs between non-demented and
AD brain cortical samples [104], however it was not discriminated if the probe was for SREBP-2
or SREBP-1. In autopsied hippocampus of patients with incipient AD, SREBF-1 was found to
be elevated [105]. Haploinsufficiency of Scap, a key regulator of SREBP-2, in mice brain
resulted in impaired synaptic transmission, as measured by decreased paired pulse facilitation
and long-term potentiation; and was associated with behavioral and cognitive changes [71],
suggesting that down-regulation of the mevalonate pathway may play an important role in
the increased rates of cognitive decline in AD. Studies at the subcellular level suggest that
SREBP-2 may be posttranslationally regulated in AD. We demonstrated that oAβ42 inhibit
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SREBP-2 maturation in cultured neurons [106]. We also discovered that the levels of
(M)SREBP-2 are reduced in the frontal cortex of the AD CRND8 mouse [107], suggesting that
the negative regulation of SREBP-2 may also occur in vivo in AD. Recently, it was reported that
APP also controls neuronal cholesterol synthesis through the SREBP pathway [108]. These
studies showed that APP levels inversely correlate with SREBP in mice and man, and dem‐
onstrated that inhibition of the mevalonate pathway by APP impairs neuronal activity. The
interaction of APP and SREBP-1 in the Golgi prevented the release of mature SREBP-1 and the
translocation of SREBP-1 to the nucleus. Our data, on the other hand, indicated that Aβ42 did
not affect the enzymatic cleavage of SREBP-2 “per se” nor did it block mature SREBP-2
translocation to the nucleus, but impaired the delivery of SREBP-2 to the Golgi preventing
cleavage of (P)SREBP-2 [107]. Interestingly, the regulation of SREBP by APP takes place
preferentially in neurons. In astrocytes, APP and SREBP1 did not interact nor did APP affect
cholesterol biosynthesis, but neuronal expression of APP decreased both HMGCR and
cholesterol 24-hydroxylase mRNA levels leading to inhibition of neuronal activity [108].

3.2. Pre-squalene pathway

The pre-squalene mevalonate pathway is depicted in Figure 3. Acetoacetyl Co-A is formed
from two moles of acetyl Co-A in the presence of acetoacetyl Co-A thiolase. 3-hydroxy-3-
methylglutaryl (HMG) Co-A is formed from one mole of acetyl Co-A and acetoacetyl Co-A in
the presence of HMG Co-A synthase (HMGS). HMGCR converts HMG Co-A to mevalonic
acid [109]. The rate-limiting enzyme of the pathway is HMGCR [110], one of the most highly
regulated enzymes in nature [111]. In human brains HMGCR expression was demonstrated
in both neurons and glia [112]. Studies in adult mouse brain tissue showed HMGCR expression
within cortical, hippocampal, and basal forebrain cholinergic neurons [29, 60]. HMGCR
protein and activity are localized in the ER and peroxisomes in the CNS [113] and in other
organs. Due to the critical function of this enzyme early in the mevalonate pathway, there are
no human syndromes known to be associated with HMGCR loss of function, and mouse
embryos homozygous for the Hmgcr knockout allele do not progress beyond the blastocyst
stage. On the other hand mice heterozygous for the Hmgcr mutation showed normal devel‐
opment, gross anatomy, and fertility (reviewed in [114]). HMGCR is the target of statins.

The product of HMGCR, mevalonic acid, is phosphorylated sequentially to 5-phosphomeval‐
onate by the enzyme mevalonate kinase (MK) and to 5-pyrophosphomevalonate by phospho‐
mevalonate kinase (PMK). MK is the second essential enzyme of the isoprenoid/cholesterol
biosynthetic pathway [115]. Inherited mutations in human MK are correlated with two
diseases characterized by neurological dysfunction namely mevalonic aciduria and Hyper-
IgD syndrome (reviewed in [114, 116]).

5-Pyrophosphomevalonate is converted to isopentenylpyrophosphate (IPP) by mevalonate
diphosphate decarboxylase. IPP is required for synthesis of all further products of the
mevalonate pathway [117]. IPP is isomerized to dimethylallyl pyrophosphate (DMPP) in the
presence of IPP isomerase (IPPI) [58, 118].

IPP and/or DMPP are required for isopentenylation, which is an essential modification of
specialized tRNA that transfers the amino acid selenocysteine (tRNASec) [119, 120]. Selenopro‐
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teins have been implicated in protein folding, degradation of misfolded membrane proteins,
and control of cellular calcium homeostasis, all processes known to be dysfunctional in
neurodegenerative diseases [121, 122]. Moreover, neuron-specific ablation of selenoprotein
expression causes a neurodevelopmental and neurodegenerative phenotype affecting the
cerebral cortex and hippocampus [123]; and impaired expression of selenoproteins in the brain
triggers striatal neuronal loss leading to coordination defects in mice [124]. Statins, by reducing
production of IPP, interfere with the enzymatic isopentenylation of tRNASec and prevent its
maturation to a functional tRNA molecule, resulting in the reduction of the expression of
selenoproteins [125]. Other functions of IPP include its antinociceptive effect, mediated by
inhibition of transient receptor potential (TRP)-channels, TRPV3 and TRPA1 [126]. Interest‐
ingly, DMPP has effects on TRP- channels opposites to those of IPP, inducing enhanced acute
pain behavior [127].

IPP combines with DMPP to form geranyl pyrophosphate (GPP); and GPP is condensed with
another molecule of IPP to yield farnesylpyrophosphate (FPP). GPP and FPP syntheses are
catalyzed by farnesylpyrophosphate synthase (FPPS), a prenyltranferase [128-130]. FPP
initiates the branches of the pathway that generate cholesterol and non-sterol isoprenoids.

Figure 3. The pre-squalene pathway. Schematic representation of the pre-squalene mevalonate pathway and key en‐
zymes regulating FPP synthesis. The rate-limiting enzyme of the pathway is HMGCR. Several regulatory feedback
mechanisms exist at the level of many enzymes of the pathway.
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3.2.1. Regulation of enzymes of the pre-squalene pathway

HMGCR is the rate-limiting enzyme of the mevalonate pathway. HMGCR is transcriptionally
activated by SREBP-2 [131]. The presence of two SRE motifs in HMGCR promoter leads to a
higher level sterol-dependent regulation [75]. Gene regulation by the SREBP pathway is slow
and its down-regulation requires several hours to effectively decrease mRNA of target genes
[132]. In order to accomplish a rapid (within 1 h) switch off of cholesterol synthesis HMGCR
is extensively regulated at the translational and posttranslational levels (Figure 3). HMGCR is
post-transcriptionally regulated by alternative splicing/skipping of exon 13 leading to pro‐
duction of a shorter unproductive transcript that encodes an inactive enzyme. In the liver,
HMGCR alternative splicing is regulated by sterols (cholesterol and 25-hydroxycholesterol),
so sterol accumulation increases the proportion of shorter transcript and vice versa. Interest‐
ingly, sterol-mediated alternative splicing of HMGCR occurs faster than sterol-mediated
transcriptional inhibition of HMGCR [133]. Mevalonate and certain downstream derivatives
such as dioxidolanosterol (a shunt pathway intermediate) and GOH regulate HMGCR mRNA
translation reducing its rate of synthesis [134-137]. Mevalonate has been shown to change
polysome distribution of HMGCR mRNA leading to inhibition of HMGCR translation at the
initiation step [138]. HMGCR is post-translationally regulated via phosphorylation and
ubiquitin/proteasomal degradation. Short-term regulation of HMGCR is mediated via
phosphorylation by AMPK and dephosphorylation by PP2A (protein phosphatase 2A).
HMGCR exists in the cell in both unphosphorylated (active) and phosphorylated (inactive)
states [139-141]. As a master regulator of cellular energy homeostasis, AMPK phosphorylates
HMGCR to inhibit cholesterol synthesis, an energy intensive process. The implications of
AMPK-mediated regulation of HMGCR are controversial. In mutant Drosophila lacking
functional AMPK, higher activity of HMGCR and consequent higher rate of the mevalonate
pathway were associated with progressive neurodegeneration [142]. On the other hand,
activation of AMPK by quercetin reduced HMGCR activity, cholesterol synthesis and en‐
hanced cognitive functions in high cholesterol fed old mice [143]. The best understood
mechanism of HMGCR post transcriptional regulation is the sterol-mediated ubiquitination
and proteasomal degradation. This mechanism requires binding of HMGCR to Insig-1 or
Insig-2 and recruitment of Ring-finger ubiquitin ligases, Gp78, Trc8, and MARCH6 [144-146].
Insig binds to the sterol-sensing domain in HMGCR [147]. HMGCR share many sequence
similarities in the sterol-sensing domain with SCAP, thus Insigs can bind with both HMGCR
and SCAP [148]. The binding of Insigs has radically different consequences for SCAP and
HMGCR. Upon binding Insig, HMGCR is ubiquitinated and degraded [147, 149], whereas, as
indicated above SCAP is retained in the ER [89]. Both processes inhibit the mevalonate
pathway. The oxysterols 25-EC (synthesized by the shunt pathway, Section 3.3.1.) and 24-HC;
and the post-squalene intermediate 24, 25-dihydrolanosterol (Section 3.3.0), but not cholester‐
ol, bind to Insigs and induce HMGCR degradation [91, 150-152]. Indeed, it is the accumulation
of 24, 25-dihydrolanosterol the mechanism by which LXRα enhances HMGCR [102]. Adding
an additional level of regulation, the non-sterol isoprenoid GGPP antagonizes LXR, blocking
HMGCR degradation [153, 154]. Studies in vitro suggested that two metabolites of the non-
sterol isoprenoids pathway namely farnesol (FOH) and geranylgeranyol (GGOH) enhance
HMGCR degradation beyond the effect elicited by sterols. FOH and GGOH do not target the

The Mevalonate Pathway in Alzheimer’s Disease — Cholesterol and Non-Sterol Isoprenoids
http://dx.doi.org/10.5772/59904

175



interaction between Insigs and HMGCR but seem to rely on protein prenylation [147, 155-158].
Consequently, a GGPP synthase (GGPPS) inhibitor, and a geranylgeranyl transferase I
(GGTaseI) inhibitor prevented the enhancement of HMGCR degradation [155].

MK is regulated transcriptionally by SREBP-2 through an SRE in its promoter (Horton 2002).
MK activity is post-translationally reduced by GGPP, FPP, GPP and dolichol phosphate via
competitive inhibition at ATP binding site [159, 160]. GGPP is the strongest inhibitor of MK
activity.

3.2.2. Pre-squalene mevalonate pathway in AD

Information on the status and regulation of HMGCR in AD is very limited. HMGCR is the
most important enzyme of the pre-squalene mevalonate pathway. No changes in gene
expression of HMGCR were found in AD brain in humans and in a mouse model of AD [161].
Genetic association of HMGCR was found in patients under the age of 75 [162], and HMGCR
promoter polymorphisms alone or with polymorphisms in other proteins of cholesterol
homeostasis were associated with AD risk and cognitive deterioration in some studies [163,
164], but not in all populations [165]. The AlzGene meta-analysis for HMGCR is negative [7].
Poirier’s group identified HMGCR as a genetic modifier for risk, age of onset and mild
cognitive impairment (MCI) conversion to AD. In their recent study they found that carriers
of a specific variant of HMGCR display a protective effect that resembled in size and gender
to what has been reported for APOE2 in humans [166]. Information on protein HMGCR levels
and activity in the carriers’ brains is expected to be available soon. Age- and sex-dependent
dysregulation of HMGCR occurs in the liver [167], but to our knowledge similar mechanisms
have not been reported in the brain. Studies showed high levels of the HMGCR mRNA in all
areas of the brain but no obvious differences were found between AD and controls [168];
similarly levels and gene expression of HMGCR were comparable in AD and control samples
in another study [169].

FPPS is the last enzyme of the pre-squalene pathway. In two small samples, polymorphisms of
FPPS or their haplotypes were associated with AD [8]. But in other samples FPPS variants were
not related to AD risk. The AlzGene meta- analysis for FPPS polymorphisms is negative [7].

3.3. Post-squalene pathway

The post-squalene mevalonate pathway is depicted in Figure 4. FPP is converted to squalene
by the action of squalene synthase (farnesyl diphosphate farnesyl transferase 1) [170]. Squalene
synthase is the first enzyme in the mevalonate pathway whose product, squalene, is committed
to cholesterol synthesis. The lack of reports indicating genetic disorders linked to mutations
in squalene synthase suggest that this enzyme may be essential in embryonic development
(discussed in [114]). In fact, deletion of squalene synthase is embryonic lethal in mice [171].
Squalene synthase is inhibited by zaragozic acid.

Squalene is converted to monooxidosqualene (MOS), which can be further converted to
lanosterol and dioxidosqualene (DOS). Formation of both MOS and DOS requires the action
of the enzyme squalene monooxygenase (SM) (also called squalene epoxidase). Lanosterol is
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the first sterol intermediate in cholesterol synthesis. Lanosterol is metabolized to cholesterol
by 19 enzymatic steps. In the brain, as in the liver, there are two major pathways for the
conversion of lanosterol to cholesterol. The Kandutsch–Russell pathway includes lathosterol
and 7-dehydrocholesterol (7-DHC) as intermediates; while the Bloch pathway, uses desmos‐
terol as an intermediate (reviewed in [172]. Post lanosterol precursors are present in all cells
that synthesize cholesterol, although they might represent a minor sterol component due to
their rapid conversion to downstream metabolites, or to their release from cells [173, 174]. A
special scenario is present in embryonic mouse astrocytes, which, freshly dissociated from the
striatum or after being cultured for several days, contain desmosterol as a major membrane
sterol, accounting for roughly 50% of total sterols [175]. In young rodents, brain cholesterol is
mainly synthesized via the desmosterol pathway, while the Kandutsch–Russell pathway is
predominant in older rodents [176, 177]. Desmosterol transiently accumulates up to 30% of
total sterols in the mammalian brain during development and in the perinatal period indicating
the activity of the Bloch pathway [178-183]. In humans the Bloch-pathway plays a minor role
in the formation of CNS cholesterol during aging [22]. Neurons and glia seem to use different
pathways downstream of lanosterol. Neurons contain precursors for the Kandutsch-Russel
pathway (e.g., 7-DHC) whereas astrocytes contain precursors for the Bloch pathway (e.g.,

Figure 4. The post-squalene pathway. The final product of the post squalene pathway is cholesterol. Most enzymes of
the post-squalene pathway are targets of SREBP-2. Other posttrancriptional regulatory mechanisms also exist.
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desmosterol) [25]. Disturbances in either of these two pathways may result in replacement of
cholesterol with its precursors in the brain, which causes serious disorders of the nervous
system [184, 185]. Serum lathosterol is considered an indicator of whole body cholesterol
synthesis in humans [22, 186, 187]. Lanosterol and desmosterol together with lathosterol are
regarded as tissue markers of local cholesterol synthesis [22].

7-DHC and desmosterol are the immediate cholesterol precursors of the Kandutsch-Russel
and the Bloch pathways respectively. 7-DHC is converted to cholesterol by 7-DHC reductase
(DHCR7). Mutations in the DHCR7 gene cause the human genetic disease Smith-Lemli-Opitz
syndrome, characterized by a wide spectrum of developmental anomalies that may result from
decreased cholesterol, increased 7-DHC, or a combination of both [184, 188, 189]. Desmosterol
is reduced to cholesterol by the enzyme DHCR24, also known as seladin-1 [190]. DHCR24
catalyzes the 24,25-reduction reactions in the cholesterol biosynthesis pathway and may act
on most intermediates of the Bloch pathway [23, 114, 191, 192]. Disruption of the DHCR24 gene
results in accumulation of desmosterol and is characterized by multiple congenital anomalies
in humans and mice [190, 193, 194]. Desmosterol is an abundant structural membrane
component in astrocytes [175]. In the brain, high desmosterol levels are present during
development [181, 182]. During aging, hippocampal levels of desmosterol decrease signifi‐
cantly in the rat [176]. Desmosterol is a natural ligand of LXR [195].

From the two reductases that participate in the later steps of cholesterol synthesis production,
DHCR24 is important in AD and therefore is discussed here in more detail. DHCR24 is encoded
by a single gene (Dhcr24) on chromosome 1, an evolutionarily conserved gene with homologies
to a family of flavin adenine dinucleotide-dependent oxidoreductases [196]. DHCR24 is
detected in many tissues, including brain, adrenal glands, pituitary, thyroid gland, ovary,
testis, and prostate [197-199]. Dhcr24 was initially identified as a gene down-regulated in
affected brain regions in AD [196] and consequently its product has also been called Seladin-1
from Selective Alzheimer’s disease indicator 1. However, current evidence indicates that
DHCR24 has functions that go beyond those expected from its enzymatic activity in the
mevalonate pathway. The roles of DHCR24 in oxidative stress, hepatitis C virus infection,
cardiovascular disease, prostate cancer and other conditions have been recently discussed in
detail [200]. The role of DHCR24 in AD is discussed in Section 3.3.3.

3.3.1. Shunt in the post-squalene pathway

Conversion of MOS to DOS establishes an alternate pathway leading to the production of (24S,
25)-epoxycholesterol (25-EC) [201] (Figure 2). This shunt in the mevalonate pathway functions
in parallel to the conversion of lanosterol to cholesterol [202]. 25-EC is the only oxysterol that
does not derive from cholesterol. It is present in rodent brain [203], where it is proportionally
more important than 24-HC during development and the perinatal period, but not in the adult
[204]. Production of 25-EC represents a cellular defense mechanism against accumulation of
cholesterol that derives from the mevalonate pathway (as opposed to exogenously-derived
cholesterol) [202]. 25-EC is responsible of the fine-tuning of cholesterol synthesis, and without
it, acute cholesterol synthesis is exaggerated [205]. 25-EC is synthesized in both human neurons
and astrocytes, and the proportion synthesized by astrocytes is an order of magnitude higher
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than that of neurons [206]. Astrocytes but not neurons secrete 25-EC and neurons internalize
this oxysterol. Interestingly, 25-EC reduced the expression of SREBP-2 target genes and
increased expression of LXR target genes in both astrocytes and neurons [205-208]. 25-EC may
represent an additional regulatory signal between astrocytes and neurons in cholesterol
homeostasis [206]. 25-EC is an important negative regulator of the mevalonate pathway
(Section 3.2.1).

3.3.2. Regulation of enzymes of post-squalene pathway

All the enzymes of the post-squalene pathway are transcriptionally activated by SREBP-2 [67,
132, 209]. In addition, LXRα represses transcription of squalene synthase and lanosterol-14α
demethylase directly [102].

Posttranslationally, cholesterol and desmosterol but none of the oxysterols enhance SM
degradation [210]. MARCH6, also known as Teb4, functions as a selective ubiquitin ligase for
SM ubiquitination and consequent proteasomal degradation [146, 211]. Cholesterol-induced
degradation of SM is a novel feedback mechanism regulating the mevalonate pathway to
prevent cholesterol accumulation without affecting isoprenoid supply.

DHCR24 is regulated by diverse mechanisms at the transcriptional and posttranslational
levels. Several studies have identified the Dhcr24 gene as a target of SREBPs [67, 212-214]. In
brains of statin-treated mice, there is activation of SREBP-2 and significant up-regulation of
DHCR24 in cortex and hippocampus [215]. SREBP-2 binds to two (SREs) present within the
Dhcr24 promoter, inducing a novel mode of transcriptional regulation for SREBP-2, charac‐
terized by homotypic cooperativity [77]. This type of regulation may warrant that a threshold
of active SREBP-2 is reached before committing to the energetically expensive process of
cholesterol synthesis [77, 200]. A novel mechanism of DHCR24 transcriptional activation by
the transcription factor RE1-silencing transcription factor (REST), which is normally a repress‐
or, has been recently reported [183]. Although this may be a secondary mechanism of DHCR24,
the reduced levels of REST present in the brain during development may explain, at least in
part, the reduced activity of DHCR24 and the consequent elevation of desmosterol [183].
Interestingly LXR has also been implicated in the regulation of DHCR24 as data from a whole
genome screen for LXR binding sites showed that the Dhcr24 gene contained a functional LXR
response element [216]. LXR regulation of DHCR24 seems to be tissue specific. LXR did not
influence DHCR24 expression in some studies [77], and at least in studies using mice deficient
in LXRβ, this regulation does not seem to take place in brain [216]. DHCR24 displays epigenetic
regulation by methylation and histone acetylation due to the presence of GC rich regions
within the DHCR24 promoter [217]. At the post-translational level DHCR24 activity is
inhibited by certain oxysterols (25EC) [218] and by progesterone possibly by direct enzyme
inhibition [182]. In addition, a novel mode of DHCR24 inhibition through phosphorylation has
been demonstrated, which may allow a rapid inhibition of cholesterol synthesis [219].

3.3.3. Post-squalene pathway in AD

From the enzymes involved in the post-squalene section of the mevalonate pathway, DHCR24
is the most important in AD. A study comparing gene expression by using mRNA differential
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display identified the down-regulation of DHCR24 in large pyramidal neurons in vulnerable
regions in AD but not in healthy brains [196]. This finding was confirmed by others [220],
although this may not apply to all AD patients [221]. The down-regulation in DHCR24
transcription was associated with hyperphosphorylated tau but not with β-amyloid deposition
[220]. Single nucleotide polymorphisms of DHCR24 have been associated with AD risk [222].
However, these associations have not been confirmed, and other polymorphisms of DHCR24
only associated with AD in men but not in women [223]. Based on the evidence that DHCR24
expression is higher in neural stem cells than in differentiated neurons [224] it was hypothe‐
sized that reduced DHCR24 expression might be due to the existence of an impaired neuronal
stem cell compartment [225]. Alternatively, transcriptional regulation of DHCR24 may be
altered in AD. Indeed, recent studies indicated that the transcription factor REST, identified
as a DHCR24 transcriptional activator [183] is lost in mild cognitive impairment and AD [226].
In addition, we have demonstrated that Aβ causes a significant decrease of SREBP-2 activation
in neurons [106]; and we found reduced SREBP-2 activation in brain cortex of the AD mouse
model CRND8 [107]. These observations suggest that, as the disease progresses reduced
DHCR24 levels would not be unique, and that other enzymes of the mevalonate pathway
would also be affected in brain cells that accumulate Aβ. However, taking in consideration the
cooperative transcriptional mechanism of regulation exerted by SREBP-2 on DHCR24 [77], it
is expected that DHCR24 would be particularly sensitive to reduced SREBP-2 activation. A
general reduction of the mevalonate pathway could also explain why the levels of desmosterol
are decreased in AD brains [227], contrary to what would be predicted if only DHCR24 were
down-regulated. If these mechanisms exist in vivo in the brain, then the decrease of DHCR24
would be a consequence, rather than a cause of AD. Contrary to the findings in humans, the
levels of desmosterol were elevated in the APPSLxPS1mut mouse model of AD, which also
showed a significant decrease in DHCR24 in those brain areas [161]. DHCR24 has neuropro‐
tective effects against Aβ toxicity, ER stress and oxidative stress-induced apoptosis, inhibiting
caspase 3 activity and directly scavenging reactive oxygen species [196, 228, 229]. Many other
studies have reported the antioxidant properties of DHCR24 in a variety of tissues and in the
context of different diseases (reviewed in [200]). Importantly, DHCR24 mediates the protective
effects of estrogens in cultured human neuroblasts since estrogen and selective estrogen
receptor modulators (SERMs) stimulate the expression of DHCR24 in human neuroblast long-
term cell cultures [230, 231]. The neuroprotective action of DHCR24 against Aβ may be due to
its ability to maintain plasma membrane cholesterol at levels that prevent the rise of intracel‐
lular calcium and the production of ROS and lipoperoxidation that contributes to Aβ toxicity
[232-234]. The relevance of these mechanisms in vivo in the brain requires confirmation,
especially because there is ample evidence suggesting that high plasma membrane cholesterol
may be detrimental in Aβ-induced toxicity (reviewed in [11]). The reduction of cholesterol in
cell membranes due to DHCR24 may impair lipid raft functions and favor Aβ accumulation
by a combination of inefficient Aβ degradation (due to low plasmin activity) and increased
APP amyloidogenic cleavage [235]. Thus, all these mechanisms suggest the existence of vicious
feedback cycles involving Aβ and DHCR24.

The post-squalene pathway results in production of cholesterol. There is little consensus about
total brain cholesterol alterations in patients with AD [236-238]. Using different methods for
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In addition, we have demonstrated that Aβ causes a significant decrease of SREBP-2 activation
in neurons [106]; and we found reduced SREBP-2 activation in brain cortex of the AD mouse
model CRND8 [107]. These observations suggest that, as the disease progresses reduced
DHCR24 levels would not be unique, and that other enzymes of the mevalonate pathway
would also be affected in brain cells that accumulate Aβ. However, taking in consideration the
cooperative transcriptional mechanism of regulation exerted by SREBP-2 on DHCR24 [77], it
is expected that DHCR24 would be particularly sensitive to reduced SREBP-2 activation. A
general reduction of the mevalonate pathway could also explain why the levels of desmosterol
are decreased in AD brains [227], contrary to what would be predicted if only DHCR24 were
down-regulated. If these mechanisms exist in vivo in the brain, then the decrease of DHCR24
would be a consequence, rather than a cause of AD. Contrary to the findings in humans, the
levels of desmosterol were elevated in the APPSLxPS1mut mouse model of AD, which also
showed a significant decrease in DHCR24 in those brain areas [161]. DHCR24 has neuropro‐
tective effects against Aβ toxicity, ER stress and oxidative stress-induced apoptosis, inhibiting
caspase 3 activity and directly scavenging reactive oxygen species [196, 228, 229]. Many other
studies have reported the antioxidant properties of DHCR24 in a variety of tissues and in the
context of different diseases (reviewed in [200]). Importantly, DHCR24 mediates the protective
effects of estrogens in cultured human neuroblasts since estrogen and selective estrogen
receptor modulators (SERMs) stimulate the expression of DHCR24 in human neuroblast long-
term cell cultures [230, 231]. The neuroprotective action of DHCR24 against Aβ may be due to
its ability to maintain plasma membrane cholesterol at levels that prevent the rise of intracel‐
lular calcium and the production of ROS and lipoperoxidation that contributes to Aβ toxicity
[232-234]. The relevance of these mechanisms in vivo in the brain requires confirmation,
especially because there is ample evidence suggesting that high plasma membrane cholesterol
may be detrimental in Aβ-induced toxicity (reviewed in [11]). The reduction of cholesterol in
cell membranes due to DHCR24 may impair lipid raft functions and favor Aβ accumulation
by a combination of inefficient Aβ degradation (due to low plasmin activity) and increased
APP amyloidogenic cleavage [235]. Thus, all these mechanisms suggest the existence of vicious
feedback cycles involving Aβ and DHCR24.

The post-squalene pathway results in production of cholesterol. There is little consensus about
total brain cholesterol alterations in patients with AD [236-238]. Using different methods for
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measuring cholesterol (discussed in [237]), some studies found no change in cholesterol
content in any portion of the brain [239, 240] or the hippocampus [241] in AD brains, while
other studies reported changes in cholesterol levels in specific brain areas, particularly in
regions with extensive Aβ deposits and neurofibrillary tangles (NFTs). Xiong and collaborators
found an increase in cholesterol in the cortex of AD brains [104], Heverin et al. described a
significant increase of cholesterol concentration in the basal ganglia but not in other brain areas
in a small group of AD brains [242] and Cutler at al. reported accumulation of free cholesterol
in the middle frontal gyrus and frontal cortex but not the unaffected cerebellum in AD brains
from individuals expressing apoE4 [243]. It was also indicated that, as the severity of the
disease progressed, there was an increase in membrane- and amyloid plaque-associated
cholesterol [243-245]. Cholesterol levels were lower in the temporal gyrus of autopsied brains
of AD patients compared to control subjects [246].

Analysis of post squalene cholesterol precursors also provided conflicting results. Lathosterol
was reported to be elevated in the basal ganglia and the pons in AD but the ratio of lathosterol
to cholesterol, used as a marker for cholesterol synthesis, was not significantly different
between controls and AD patients suggesting that cholesterol synthesis is normal [242]. More
recently a model for cholesterol homeostasis deregulation was proposed based on the
measurement of post-squalene cholesterol precursors, cholesterol and oxysterol in brains of
individuals with no-cognitive impairment, MCI and AD [247]. In ‘compensated’ MCI and
initial AD there would be a heme oxygenase-1-mediated stimulation of cholesterol synthesis
and cholesterol efflux in the astroglial compartment to allow cholesterol delivery for neuronal
repair. As the disease progresses, massive uptake of cholesterol derived from widespread
neuronal degeneration would overwhelm glial efflux pathways resulting in increased brain
cholesterol levels and feed-back suppression of de novo cholesterol synthesis. This model
could explain the findings in CSF. In CSF, cholesterol levels were significantly lower in AD
patients as compared to controls [248, 249], and absolute levels of lanosterol, lathosterol and
desmosterol and ratios of cholesterol precursors/cholesterol were also significantly reduced
strongly indicating that de novo cholesterol synthesis within the CNS of AD patients might be
impaired [248]. In the latter study, only the ratio of desmosterol/cholesterol was not signifi‐
cantly different in AD patients as compared to controls, but the increased CSF ratios of
desmosterol/lathosterol suggests that the activity of the Kandutsch–Russell pathway might be
reduced more than the Bloch pathway. The authors proposed that reduced expression of
DHCR24 also contributes to decreased levels of cholesterol in AD patients and may explain
the high levels of desmosterol found in AD in some studies [220, 250]. However, in other cases
brain levels of desmosterol were reduced in AD [227]. This last finding agrees with the
possibility that mevalonate pathway enzymes other than DHCR24 may also be down-
regulated in AD, perhaps by a mechanism that involves SREBP-2 inhibititon. A further
indication that cholesterol synthesis might be inhibited in AD is the finding that neurosteroids,
which result from cholesterol metabolism, are reduced in AD temporal cortex as compared to
control subjects [251]. It is important to highlight that changes in levels of cholesterol inter‐
mediates in brains of mouse AD models do not parallel changes in human patients. In the APP
transgenic mice carrying the Swedish mutation (APP23), no differences in the levels of
lathosterol, desmosterol or cholesterol and were found when compared with wild-type
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animals [177]. These differences must be considered when using animal models to study the
mevalonate pathway.

It is possible that a change in the distribution of cholesterol inside brain cells rather than a
change in total cholesterol content may influence AD pathology [252]. We have shown that
Aβ induces cholesterol sequestration within the neuronal endosomal/lysosomal system, and
impairs intracellular trafficking [106]. Our findings provide an explanation to the cellular
cholesterol overload reported in brains of AD patients [253]. They also agree with previous
work that showed cholesterol sequestration specifically in Aβ-immunopositive neurons [104,
254, 255], and with studies in transgenic mouse models of AD where cholesterol sequestration
in the brain was preceded by Aβ accumulation and/or coincided with areas of Aβ accumulation
[244, 256, 257]. These studies underscored the relevance of cholesterol sequestration in AD.
This is important because a causal relationship between cellular cholesterol sequestration and
cell death has been found in Niemann-Pick Type C (NPC) pathology [258]. NPC is a disorder
characterized by impairment of intracellular cholesterol trafficking and cholesterol sequestra‐
tion in the endosomal compartment [259]. Accumulation of cholesterol within the endosomal-
lysosomal system in NPC not only triggers degeneration of neurons in selected brain regions
but also leads to abnormal processing of APP and Aβ generation as observed in AD pathology.
The similarities between AD and NPC include the presence of immunologically similar tau-
positive NFTs [254, 260], the influence of ε4 isoform of apoE in promoting disease pathology
[261], and endosomal abnormalities associated with the accumulation of cleaved APP deriv‐
atives and/or Aβ peptides in vulnerable neurons [262, 263]. Importantly, strategies previously
used to reduce cholesterol sequestration in NPC and strategies that reduce cholesterol levels
by increasing cholesterol metabolism improved pathological symptoms in mouse models of
AD [264, 265].

Preclinical and clinical studies have indicated the critical role of cholesterol in AD. This topic
has been reviewed extensively and thoroughly in the past years [11, 12, 18, 236, 238, 266-268],
thus it is not discussed in this chapter. The best-studied role of cholesterol is in the production
of Aβ from amyloid precursor protein (APP). Overall, the evidence indicates that increase in
cellular cholesterol causes an increase in Aβ production, although some studies showed the
opposite [11, 12, 269]. Cholesterol regulates Aβ uptake and toxicity, but the evidence on
whether cholesterol reduces or favors Aβ toxicity is controversial [11, 12]. Brain cholesterol is
important in synapse development and maintenance [27, 270, 271]. Synaptic dysfunction is
one of the earliest significant events in AD and synapse loss is the strongest anatomical
correlate of the degree of clinical impairment [272, 273]. Significant decrease in dendritic spine
density is present in the hippocampus of patients with AD and in transgenic mouse models
of AD [274-278]. Alterations in cholesterol levels, even locally at synapses, may play a role in
synapse dysfunction in AD [279].

3.4. Non-sterol isoprenoids pathway

The branch of the mevalonate pathway that leads to the production of non-sterol isopre‐
noids is depicted in Figure 5. The enzymes involved in these steps have been extensively
reviewed [59]. The importance of this pathway is emphasized by the number of diseases
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that  are  associated with  its  dysfunction,  including AD,  Parkinson’s  disease,  cancer,  and
tuberculosis [129, 280-282].

Figure 5. The non-sterol isoprenoid pathway.

FPP is the common substrate for synthesis of several end products and for the lipid modifica‐
tion of proteins. The enzymes responsible for synthesis of FPP and its non-sterol derivatives
are prenyl-transferases that catalyze consecutive condensations of IPPs with primer substrates
to form linear backbones for all isoprenoid compounds [130]. The enzyme GGPPS catalyzes
the conversion of FPP into GGPP [283]. The main role of FPP and GGPP is in the posttransla‐
tional isoprenylation (i.e. farnesylation and geranylgeranylation) of proteins (Section 3.4.1.).
Two different GGPPS activities have been described: a membrane-associated protein that
produces GGPP for dolichol biosynthesis and a cytosolic protein that produces GGPP for
protein prenylation [284]. In mouse brain cytosol, FPPS and GGPPS activities were higher than
those in the corresponding fractions from the liver, perhaps reflecting a higher demand for
protein prenylation in the brain [284]. FPPS and GGPPS activities were differentially distrib‐
uted across various subregions of the brain. FPPS activity was present in all brain regions as
expected by the several products that derive from FPP [285]. GGPPS activity was ~100 fold
lower than FPPS activity, which agrees with the more limited use of GGPP, mostly for protein
prenylation and as a precursor of a limited number of metabolites. GGPPS activity was lowest
in the cerebellum [285].There have not been any reported cases of FPPS or GGPPS deficiency
in humans [128]. FPPS is the target of nitrogen-containing bisphosphonate (N-BP) inhibitors,
drugs used extensively to treat bone diseases [286]. A few bisphosphonate selective inhibitors
for GGPPS have been reported but a clinically proven inhibitor of GGPPS has not yet been
identified, limiting the validation of this enzyme as a therapeutic target [287].

Cis-prenyltransferases enzymes use FPP and GGPP for synthesis of dolichols [288, 289].
Dolichol phosphate is a lipid carrier embedded in the ER membrane, essential for the synthesis
of N-glycans, GPI-anchors and protein C- and O-mannosylation [290, 291]. Dolichol is present,
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as a family with different chain lengths, in the hippocampus and spinal cord in a relatively
low concentration compared to other areas of the brain [285]. Dolichol increases in brain and
in peripheral organs during aging [292] and is associated with increased HMGCR activity
[293]. The use of dolichol level as a marker for aging has been proposed [294].

Trans-prenyltransferases convert FPP to GGPP and further polyprenyl-PP in the synthesis of
Coenzyme Q (CoQ), also known as ubiquinone. In humans, the main ubiquinone is ubiquinone
10, or CoQ10, with 10 isoprene units. Ubiquinone performs major functions as an electron
carrier in the electron transfers of the respiratory chain, and as an antioxidant component in
cell membranes and as a key component in the maintenance of the redox homeostasis of the
cell [295-298]. The CNS has a very limited ability to incorporate ubiquinone from the diet and
relies mainly on synthesis “in situ” [299].

FPP and GGPP can be converted to their correspondent alcohols farnesol (FOH) and geranyl‐
geranyol (GGOH) by farnesyl and geranylgeranyl pyrophosphatases [300, 301]. Salvage
pathways for the conversion of FOH and GGOH back to their pyrophosphate counterpart seem
to exist in mammalian cells [302]. FOH and GGOH can also be formed by degradation of
isoprenylated proteins in reactions catalyzed by prenylcysteine lyases, enzymes highly
expressed in the brain [303]. FOH and GGOH may down-regulate HMGCR (Section 3.2.1 and
Figure 3) (reviewed in [128]). The role of FOH and GGOH in protein prenylation is unclear.
Some studies showed that mammalian cells utilize exogenously supplied FOH and GGOH for
protein isoprenylation and, when mevalonate biosynthesis is blocked by statins, free FOH and
GGOH can restore the pools of FPP and GGPP, although FOH may not be converted to GGPP
[302, 304, 305]. The use of FOH and/or GGOH for protein prenylation might occur preferen‐
tially under conditions of reduced FPP and GGPP production from mevalonate [306]. Contrary
to the existence of a salvage pathway that uses FOH and GGOH for protein prenylation, it was
demonstrated that overexpressing phosphatases that convert FPP and GGPP to FOH and
GGOH in mammalian cells, decreases rather than increases protein isoprenylation (as
evaluated by a decreased of Rho protein level in cell membranes) and results in defects in cell
growth and cytoskeletal organization that are associated with dysregulation of Rho family
GTPases [301]. Moreover, work in cancer cells proposed that GGOH would reduce protein
prenylation by down-regulating HMGCR leading to a shortage of FPP and GGPP [307].
Whether any of these mechanisms take place in the brain is uncertain. FOH is present at
physiologically relevant concentrations in the brain of rodents and humans, where it may act
in the regulation of brain Ca2+ homeostasis and neurotransmitter release by inhibiting N-type
Ca2+ channels [308]. FOH has been shown to modulate the activity of the farnesoid X receptor
(FXR), a member of the nuclear hormone receptor superfamily [309].

3.4.1. Non-sterol isoprenoids and protein prenylation

FPP and GGPP are substrates for protein farnesylation and geranylgeranylation (collectively
called isoprenylation). In the human genome, there are approximately 300 hypothetical
prenylated proteins [310]. Among them heterotrimeric G protein subunits, nuclear lamins and
small GTPases have been confirmed to be prenylated [311]. Small GTPases represent the largest
group of prenylated proteins. All small GTPases are able to specifically bind GDP and GTP,
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being inactive when bound to GDP (cytosolic location) and active when bound to GTP
(membrane location). They also have an intrinsic GTPase activity to hydrolyze bound GTP to
GDP and phosphate (Pi) [312]. FPP and GGPP are covalently attached via thioester linkage to
C-terminal cysteine residues in the context of a prenylation motif. Farnesylation is catalyzed
by farnesyl protein transferase (FTase), whereas GGTase-I and geranylgeranyl transferase type
II (GGTase II) or RabGGTase catalyze the addition of GGPP to specific subsets of proteins
[313-315] (Figure 5). FTase and GGTase I are responsible for posttranslational lipidation of
proteins with C- terminal "CAAX" motifs, where C is cysteine, A is often an aliphatic amino
acid, and X at the C-terminus determines the specificity of protein prenylation. When X is a
methionine or serine, as in Ras proteins, then the protein is farnesylated by FTase. However,
when X is a leucine residue, as in Rho proteins (e.g. Rac1, Cdc42, RhoA), or a phenylalanine
residue, then the protein is geranylgeranylated by GGTase I [316, 317]. GGTase II catalyzes
prenylation of Rab proteins, which contain at their C-termini either one or, more frequently,
two cysteine residues, both of which are modified by geranylgeranyl groups [318, 319]. Protein
prenyltransferase inhibitors, namely FTase inhibitors (FTIs) and GGTase inhibitors (GGTIs)
have been developed and evaluated as anticancer agents.

The covalent attachment of the lipophilic isoprenyl group(s) enables prenylated proteins to
anchor to cell membranes, which is an essential requirement for biological function [311]. The
localization of small GTPases in distinct subcellular sites defines which signaling pathways
they activate, thus defining their participation in disease. As an example, some singly preny‐
lated Rabs are mistargeted and dysfunctional [320]. Inhibiting the membrane localization of
small GTPases is a therapeutic strategy in cancer [321]. In addition, isoprenoid moieties are
essential in the protein-protein interaction functions of prenylated proteins since they work as
molecular handles that bind to hydrophobic grooves on the surface of soluble protein factors;
these factors remove the prenylated protein from membranes in a regulated manner [322].
There is evidence that unprenylated versions of some proteins may also have physiological
functional effects [323, 324] or may interfere with the activity of the isoprenylated proteins
during disease [325, 326]. The requirement of prenylation for membrane association has also
been recently challenged [327]. Prenylated proteins may undergo other posttranslational
modifications such as palmitoylation, miristoylation and/or carboxymethylation [328].

The interest in understanding the regulation of isoprenoid production and protein prenylation
in the brain has increased considerably in the past few years due to the importance of protein
prenylation in several cellular processes such as cell growth, cytoskeletal organization and
remodeling, and vesicle trafficking; and to the fact that some of the beneficial effects of statins
in neurodegenerative diseases have been attributed to changes of protein prenylation [129,
329-334]. Non-sterol isoprenoids and protein prenyltransferases have emerged as attractive
therapeutic targets for several diseases [321, 329] but we still need a deeper understanding of
their roles in the brain in order to determine their value for treating neurodegeneration in
general, and AD in particular.

Until recently, protein prenylation was considered to function constitutively. However, there
is evidence that signaling cascades activated by druggable surface receptors affect prenylation
of specific small GTPases by posttranslational modifications (e.g. phosphorylation) of unpre‐
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nylated versions of the protein [326], or by regulating protein prenyltransferases directly [335].
Prenyltransferases are expressed in the brain, which contains the highest activity of GGTase I
[336]. GGTase I plays important roles in synapse formation, where it is activated through
acetylcholine receptor clustering at the postsynaptic membrane [335]. The effects of GGTase I
at the synapse were suggested to be due to geranylgeranylation of Rho GTPases, although
prenylation was not directly examined. Neuronal depolarization and BDNF activated GGTase
I and this activity was required for dendritic arborization in hippocampal neurons and
Purkinje cells [337-339].

There is a growing body of evidence indicating that inhibition of protein prenyltransferases
and inhibition of the mevalonate pathway to an extent that reduces the levels of FPP and GGPP,
alter many mechanisms critical for normal brain function. When analyzing studies in which
statins are used it is important to consider that different statins differ in terms of their potency,
stability and ability to cross the BBB [329, 331, 340]. Studies on the effect of statins or protein
prenyl transferase inhibitors on neurite (dendrites or axons) extension and branching provided
conflicting results depending on the type of neurons, the class of statin used and the duration
of the treatments. Some studies showed that statins or inhibitors of protein prenyltransferases
enhanced neurite outgrowth, number, length and/or branching [341-344] while we and others,
discovered inhibition of neurite outgrowth, extension or branching [345-347]. Statins de‐
creased neurite initiation but increased neurite branching in neuroblastoma cells [348]. The
field of AD research will benefit from a deeper understanding of the roles of non-sterol
isoprenoids and protein prenylation in axon regrowth.

Under certain experimental conditions statins affect survival of neurons and neuron-like cells,
acting through the decrease of non-sterol isoprenoids and protein prenylation. Lovastatin but
not pravastatin induced apoptosis of rat brain neuroblasts and caused a significant reduction
of the membrane pool of Ras and RhoA proteins, suggesting an impairment of protein
prenylation as the result of reduced isoprenoid production [349]. Similarly, we found no effect
of pravastatin on survival of sympathetic and cortical neurons at concentrations that signifi‐
cantly reduced cholesterol synthesis [106, 347, 350]. Under these conditions, however, pravas‐
tatin did not affect protein prenylation [106]. Statins induced stellation, followed by apoptosis
in cerebellar astrocytes and cell death of cerebellar neurons [351]. These latter effects were
independent of reduced cholesterol synthesis but were prevented by GGPP. A very interesting
discovery from the work of Marz and colleagues [351] was that neuronal cell death was
significantly reduced in astrocyte/neuron co-cultures treated with statins. The authors
speculated that astroglia cells might provide neuroprotective signals, perhaps GGPP, against
the damaging effects that result from downregulation the mevalonate pathway. This idea of
communication between glia and neurons through intermediates of the mevalonate pathway
is further discussed in Section 4.

Non-sterol isoprenoids and protein prenylation may play a role in inflammatory events in the
brain since statins were able to activate microglia in cultured rat hippocampal slices [352], and
inhibitors of protein prenyltransferases and statins caused a reduction of apoE secretion by
cultured microglia and organotypic hippocampal cultures [353]. Contradictory evidence was
reported on the role of non-sterol isoprenoids and protein prenylation in long-term potentia‐
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tion (LTP), an experimental model to study the synaptic basis of learning and memory [354].
While inhibitors of FTase and GGTase I had no effects on LTP in one study [355], FPP depletion
and farnesylation inhibition were implicated in the enhancement of the LTP magnitude in
hippocampal slices [356].
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that vary between 4hs and 24hs and will be differentially affected. The time required for
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[335, 337, 338, 341, 346, 352, 358]. This family represents a major branch of the Ras superfamily,
and like Ras and Rabs, Rho proteins (e.g., RhoA, Rac1, Cdc42) function as GTP/GDP switches
and alternate between an active GTP-bound state and an inactive GDP-bound state. Members
of the Rho family are farnersylated and/or geranylgeranylated through the action of GGTase
I [359]. Rho GTPases are pivotal in the integration of extracellular and intracellular signals.
They are key regulators of the actin cytoskeleton which plays essential roles in orchestrating
the development and remodeling of spines and synapses [360, 361]. Precise spatio-temporal
regulation of Rho GTPase activity is critical for their function. Aberrant Rho GTPase signaling
due to mutations or other causes can cause spine and synapse defects resulting in abnormal
neuronal connectivity and deficient cognitive functioning in humans [360, 361]. Recent
findings indicate that Rho GTPases are key components of neuronal cell degeneration
pathways [362]. A number of studies examined the localization of Rho proteins to the mem‐
branes as an indication of their prenylation status. A caveat of this approach is that some
prenylated Rho proteins interact with the guanidine dissociation inhibitor RhoGDI, which
keep prenylated Rho proteins in the cytosol in an inactive state [363]. RhoGDI expression is
affected during disease [363]. A decreased in RhoA or Rac association with membranes has
been observed upon treatment with statins or protein prenyltransferase inhibitors [337, 338,
341, 346, 352]. A decrease in GTP-bound forms of Rho family proteins was also detected upon
statin or protein prenyltransferase inhibitor treatments [338, 343] Moreover, RhoA was
identified as a modulator of statins effects by using an unbiased genome-wide filter approach
that examine more than 10,000 genes to identify gene expression changes that correlated with
altered expression of HMGCR [364].

Non-sterol isoprenoids and protein prenylation not only determine the targeting of prenylated
proteins to membranes, but also regulate the expression of a subset of prenylated proteins in
a protein-specific manner [365, 366]. Depletion of mevalonate or treatment with protein
prenyltransferase inhibitors resulted in up-regulation of Ras, Rac1, RhoB, Rab5 and Rab7 [365,
367-369]. The increase occurs at the levels of mRNA and protein in most cases, and both
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unprenylated and isoprenylated forms of the proteins accumulate [365]. Reduction of non-
sterol isoprenoids decreases protein degradation, including that of already isoprenylated
proteins, which suggests the existence of regulatory mechanisms to sustain levels of isopre‐
nylated proteins under conditions that would otherwise limit protein isoprenylation [370]. FPP
or GGPP prevented protein up-regulation [367, 370] by transcriptional and posttranscriptional
mechanisms still unidentified but independent of protein prenylation [370]. In the case of Rab
proteins it has been proposed that the membrane pool of Rabs, which decreases upon depletion
of GGPP, may serve as an intracellular signal for Rab expression regulation [369].

3.4.2. Regulation of enzymes of non-sterol isoprenoids pathway

FPPS is transcriptionally regulated by SREBP-2 [66, 371] and LXR [372]. A LXR response
element sequence exists in the FPPS promoter overlapping with the SREBP-2 response element
[372]. LXR activation of FPPS occurs under high cholesterol levels, thus SREBP-2 processing
is inhibited. In this way LXR could drive the expression of FPPS in order to maintain isoprenoid
supply exclusively [372]. FPPS is post-translationally regulated by a product-feedback
competitive inhibition as FPP (product) competes with GPP (substrate) for the active site [373,
374].

GGPPS does not seem to be transcriptionally regulated by SREBP-2 [66, 284, 375, 376]. GGPPS
activity is inhibited by GGPP [373]. The crystal structure of human GGPPS demonstrated
GGPP binding to a pocket/cavity away from the chain elongation site (active site) of GGPPS,
suggesting a product-feedback allosteric inhibition [377, 378]. Mammalian GGPPS can catalyze
the formation of FPP as well as GGPP [379].

3.4.3. Coordination of the post-squalene and non-sterol isoprenoids branches of the mevalonate pathway

Since cells have two alternative sources of cholesterol namely intracellular synthesis and
uptake but only the intracellular synthesis provides non-sterol isoprenoids, the mevalonate
pathway has to maintain the minimum requirement of isoprenoids at all times irrespective of
cholesterol levels. Analysis of the affinity of the enzymes in the different branches of the
pathway uncovers the mechanisms that mediate such regulation. The affinity of GGPPS for
FPP (Km value of 0.6 µM) [284] is much higher than the affinity of squalene synthase for FPP
(Km value of ~15 µM) [380]. Moreover, both coenzyme Q and dolichol synthesis are saturated
at a much lower concentration of isoprene intermediates than the concentration required to
saturate cholesterol synthesis [381, 382]. Thus, under limited concentrations of mevalonate and
FPP, the non-sterol isoprenoid branch will be favored. Furthermore, inhibition of the meval‐
onate production by statins will reduce FPP supply for the production of cholesterol first.
Because of the very high affinity of protein farnesyl transferase for FPP (Km below 0.1 µM)
[383], farnesylation is preserved under many statin treatments [297, 384] and would be favored
over geranylgeranylation.

3.4.4. Non-sterol isoprenoid pathway in AD

Up-regulation of 6 out of 10 genes of isoprenoid metabolism was found in autopsied hippo‐
campus of patients with incipient AD [105], which may represent an attempt to compensate
the posttranslational inhibition of the mevalonate pathway during disease.
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Dolichol is decreased in all areas of the AD brain, especially those regions affected by the
disease, and dolichol-P increases in brain regions that showed morphological changes [239,
385].  In  the  frontal  cortex  and  in  the  hippocampus  the  concentration  of  dolichol  de‐
creased by as  much as 45%. The increase in dolichol-P may reflect  an increased rate of
glycosylation  in  AD brain,  which  may be  related  to  the  formation  of  amyloid  plaques.
Changes in  dolichol  and dolichol-P in  AD are  opposite  to  those present  during normal
aging. The amount of dolichol in different regions of the human brain, but especially in
the hippocampus, increases several folds with age in humans [239, 292, 386] and rats [387,
388]. An upper limit for dolichol accumulation in tissues seems to exist since after 70 years
of age there is no further increase in dolichol concentration in human brains [239]. Dolichol
is present in the brain as a family with 17-21 isoprene units. This pattern of dolichol lengths
is  unchanged during aging;  however,  there are regional  differences [239,  386].  Levels  of
dolichyl-P are already high at the time of birth and only show a moderate increase, although
it varies between different brain regions [292, 386].

With respect to ubiquinone, there is a significant elevation in most regions of AD brain [239],
which may reflect a futile attempt to protect the brain from oxidative stress [385]. Interestingly,
the pattern of ubiquinone is also reversed in AD when compared with normal aging. Brain
ubiquinone is unchanged up to the age of 55 but decreases significantly in older age groups
in areas where it concentrates in human brains, mainly the nucleus caudatus, gray matter, and
hippocampus [239, 386]. This decrease may indicate a reduced anti-oxidative capacity in the
aging brain. Thus, when considering dolichol, dolichol-P and ubiquinone, AD cannot be
regarded as a result of premature aging.

3.4.5. FPP, GGPP and protein prenylation in AD

There is limited information with respect to levels and regulation of FPP and GGPP in normal
and AD brains. Recent studies showed that GGPP, FPP, and the mRNA of their respective
synthases, FPPS and GGPPS, were elevated in brains of 13 male patients with AD [169], in
brains of aged mice [129, 287] and in neuroblastoma SH-SY5Y cells expressing APP695 [389].
The significance of this elevation is still unknown because protein prenylation was not
examined in these studies, and elevation of isoprenoids does not warrant an increase in protein
prenylation. Indeed, even when GGPP levels were elevated in the aging mouse brain, the pools
of Rac1, RhoA and Cdc42, associated to membranes were decreased, while Rab proteins had
a mixed behavior [287]. The reduction of the subunit β of GGTase I in the aging brain may be
responsible for the decreased prenylation.

The roles of non-sterol isoprenoids and protein prenylation in AD have been identified mainly
by using statins and inhibitors of protein prenyltransferases. FPP, GGPP and prenylated
proteins are involved in diverse processes important in AD pathology including APP metab‐
olism, LTP and synaptic plasticity, Aβ toxicity, and oxidative stress.

The effects of statin-induced non-sterol isoprenoids depletion or inhibition of protein prenyl‐
transferases on APP/Aβ metabolism are complex. In some cases treatment with statins or a
FTase inhibitor stimulated the shedding of APP and the production of sAPPα in neuroblas‐
toma cells overexpressing APPswe [390], while in other cases statins reduced the release of
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Aβ from cells but increased the intracellular accumulation of APP and Aβ, in a process
prevented by GGPP [391, 392]. The proteins affected by shortage of non-sterol isoprenoids,
and responsible for the regulation APP/Aβ metabolism have been identified or proposed. The
increase in APP shedding was mediated by RHO proteins [390]. Rho was also suggested to be
responsible for the reduction of brain Aβ levels in the AD CRND8 mouse treated with statins,
although there was no direct evidence that isoprenylation was affected [393]. The accumulation
of APP and Aβ within neurons that received statins was due to decreased delivery of Rab
proteins to cell membranes [392]. It is known that Rabs participate in intracellular APP
trafficking and processing [394]. A study of mice treated with statins has shown significant
reduction of brain levels of Aβ and the C-terminal fragments (CTFs) due to enhanced traffick‐
ing of APP-CTFs to the lysosomes for degradation [395]. The authors suggested that the process
may involve a decrease in isoprenoids, and would be mediated by Rabs. However, Rab
prenylation was not measured in this study and the conclusion of the involvement of isopre‐
noids resulted from experiments in cultured neurons in which mevalonate prevented the
changes in trafficking. Unless the concentration of mevalonate is titrated to recover specifically
the non-sterol isoprenoid pathway, mevalonate would also affect cholesterol levels. The
regulation of APP cleavage and Aβ production by non-sterol isoprenoids and protein preny‐
lation also involved APP secretases, although it is unclear if the decrease or the increase in
isoprenoids and protein prenylation favors amyloidogenic processing of APP. Inhibition of
farnesylation reduced the association of the β-secretase enzyme BACE1 with APP (although
BACE itself is not farnesylated) and resulted in a dose-dependent decrease in Aβ release and
production within the cell [396]. Moreover, statins caused inhibition of β-secretase dimeriza‐
tion into its more active form, which may be a mechanism of the reduction in Aβ production
[397]. Statins also significantly decreased the association of the γ-secretase complex with lipid
rafts and GGOH prevented this [398]. Contrary to this notion, in a separate study statins
induced an increase of BACE levels in neurons, which was linked to the increase in Aβ
production [391]. GGOH, GGPP and FPP increased Aβ production by targeting γ-secretase
[399-401] but there is no consensus if this effect is dependent [401] or independent [400] of
protein prenylation.

Aβ production is not significantly altered in sporadic forms of AD, which represent approxi‐
mately 95% of cases [402-404]. Instead, defects in Aβ removal may be key in the development
of sporadic AD [405, 406]. Statins and an FTase inhibitor promoted degradation of extracellular
Aβ by microglia by stimulating the secretion of IDE (insulin degrading enzyme), an enzyme
that degrades Aβ in the brain [407]. The secretion of IDE from peripheral organs into the
circulation was also increased in mice treated with statins [407]. Moreover FTase but not
GGTase I haplodeficiency in the APPPS1 mice increased steady-state levels of IDE [408]. The
mechanisms by which farnesylation may regulate IDE secretion, are still unclear.

We have discovered that in neurons challenged with oligomeric Aβ42, and in the cortex of the
AD mouse CRND8, prenylation of Rabs and Ras proteins were reduced [106]. Since the deficit
in protein prenylation induced by Aβ was prevented by GGPP we concluded that protein
prenylation inhibition was due to a shortage of GGPP. More importantly GGPP was able to
prevent Aβ-induced neuronal death.
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Non-sterol isoprenoids have been associated with the regulation of neuroinflammation in AD.
The role of inflammation in the AD brain is well known. The pro-inflammatory response
mediated mainly by microglial may exacerbate and drive the pathogenic processes leading to
neuronal loss. Microglia activation may occur as a response to Aβ accumulation in the brain.
Statins inhibited the production of IL-1β by monocytes after stimulation with Aβ, in a process
that is independent of cholesterol but prevented by GGPP [409]. The effect was mimicked by
a GGTase I inhibitor and by inactivation of Rho proteins. Statins also induced cholesterol-
independent inhibition of ROS production after stimulation with Aβ [409]. Statin treatment of
microglia resulted in perturbation of the cytoskeleton and morphological changes due to
alteration in Rho family function [410].

During the course of AD, tau is hyper-phosphorylated, detaches from the microtubules, and
aggregates in the somatodendritic compartment in NFTs [411, 412]. There is very limited
information about the existence of any relationship between tau pathology and isoprenoids
and/or protein prenylation. Statins caused changes in tau phosphorylation that were charac‐
teristic of those observed in preclinical stages of AD [413]. These changes were mimicked by
GGTase I inhibitors and compensated by GGPP suggesting that decreased prenylation of a
Rho family member may be involved. The dose of statins seems to be critical in the effects on
tau. In a cellular model of tauopathy, and in primary neurons, low-to-moderate doses of statins,
reduced total and phosphorylated tau levels but high doses activated caspase 3 and increased
levels of caspase-cleaved tau, which may facilitate tau Aβ toxicity/apoptosis [414]. A decrease
in membrane localization of several small GTPases occurred concomitantly with tau reduction
and GGPP reversed statin-induced decreases in tau levels. The authors focused their attention
on RhoA, speculating that the statin-induced decrease in phosphorylated tau was caused by
glycogen synthase kinase 3β (GSK3β) inactivation through RhoA [414].

Some recent work in genetically modified mice supported the concept that non-sterol isopre‐
noids and protein prenylation may have a detrimental role in AD and suggested that inhibition
of protein prenylation could be a potential strategy for effectively treating AD. The increase
of isoprenoids and protein prenylation has been suggested (although not tested) to contribute
to tau pathology in a transgenic APP/PS1 mouse that constitutively overexpresses (P)SREBP-2
[415]. In a different mouse model the expression of protein prenyltransferases was genetically
modified in order to reduce protein prenylation independent of non-sterol isoprenoids.
Heterozygous deletion of FTase reduced Aβ deposition and neuroinflammation and rescued
spatial learning and memory function in APPPS1 mice. Heterozygous deletion of GGTase I
reduced the levels of Aβ and neuroinflammation but had no impact on learning and memory
[408]. These studies in vivo are exciting but will benefit from direct measurement of brain levels
of isoprenoids or protein prenylation. Based on the complex regulation of isoprenoid produc‐
tion, it will be important to determine if brain isoprenoid levels change in these mice since the
existence of negative-feedback regulatory mechanisms downstream SREBP-2, argue that
increased levels of active SREBP-2 does not warrant an increase in non-sterol isoprenoids.

A few prenylated proteins have been linked to AD. The contributions of Rho GTPases to AD
are of particular interest. Rho-family GTPases are key proteins that integrate extracellular and
intracellular signals. They are important regulators of the actin cytoskeleton that play essential
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roles in orchestrating the development and remodeling of spines and synapses [360, 361].
Precise spatio-temporal regulation of Rho GTPase activity is critical for their function. Aberrant
Rho GTPase signaling due to mutations or other causes can cause spine and synapse defects
resulting in abnormal neuronal connectivity and deficient cognitive functioning in humans
[360, 361]. Deregulation of RhoGTPases may contribute to dendritic spine loss during AD and
might be a key pathogenic event contributing to synaptic deficits in AD (reviewed in [362,
416]). RhoA protein was lower in the AD brain hippocampus, reflecting the loss of the
membrane bound, presumably active, GTPase [417]. Rab proteins regulate intracellular
membrane trafficking, motility and fusion [418]. In the nervous system Rabs participate in
important processes such as axonal endocytosis, retrograde transport of growth signals,
synaptic function, and polarized neurite growth [419]. Rab5 and Rab7 protein levels were
upregulated within basal forebrain, frontal cortex, and hippocampus but not in the less
vulnerable cerebellum and striatum in MCI and AD [420, 421]. Importantly, this upregulation
correlated with cognitive decline and neuropathological criteria for AD. The increase of Rab7
and Rab5 in AD brains has been interpreted as overactivation of the endosomal pathway. In
addition increased levels of Rab7 have been found in cerebrospinal fluid (CSF) from AD
patients and may represent a novel AD CSF biomarker [422]. Evidence from our laboratory
demonstrated increased levels of Rab7 in Aβ-treated neurons and in the cortex of CRND8 mice
[107]. Rab-6 was increased in AD brain, and correlated with ER stress [423]. The increased level
of Rab6 in AD was unable to protect against ER stress, suggesting that Rab6 is non-functional.
Based on our discoveries, we anticipate that Rab6 prenylation may be decreased. Since the
number of proteins that are prenylated is high and considering that a reduction of non-sterol
isoprenoids or the inhibition of protein prenyltransferases will affect several prenylated
proteins, the challenge in the next years will be to identify which prenylated proteins are
affected in AD.

4. Conclusions

The analysis of the mevalonate pathway in AD reveals dysregulation. The abnormalities not
only affect cholesterol but also non-sterol isoprenoids. There is a reciprocal regulation between
Aβ and cholesterol at the subcellular level [11]. The evidence discussed here suggest that
similar reciprocity may exist between Aβ and non-sterol isoprenoids such that isoprenylation
determines the levels of intracellular Aβ [391, 392] and Aβ inhibits the mevalonate pathway
causing reduction of non-sterol isoprenoid levels and protein prenylation [106]. The dysregu‐
lation of the mevalonate pathway in AD may affect neurons and glia in different ways. Our
findings suggest that inhibition of the mevalonate pathway will take place specifically in cells
that accumulate Aβ, most likely neurons. Depending on the size of the cell population that
contains intracellular Aβ, this might or might not impact the overall content of cholesterol and
isoprenoids in the brain. The decreased synthesis of cholesterol in neurons may be compen‐
sated by synthesis in astrocytes [21]. In addition, an interesting model has been proposed in
which SREBPs in astrocytes would be involved in synthesis of fatty acids and perhaps other
lipids for neuronal supply [424]. According to this model, glia SREBPs may work as control
points of neuronal function, providing neurons with appropriate lipids when neurons cannot
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make their own. The shuttle of non-sterol isoprenoids and 25-EC from astrocytes to neurons
has been suggested [206, 351]. These possible homeostatic mechanisms should be taken in
consideration when brain levels of lipids are analyzed. The increase of non-sterol isoprenoids
in AD brains, if confirmed in a larger cohort, may represent an astrocytic attempt to compen‐
sate for the decrease in SREBP-dependent metabolic pathways in neurons. Compensatory
attempt mechanisms in brain cholesterol homeostasis in AD have been described before. The
amount of CYP46, the enzyme that converts cholesterol into 24-HC decreases in neuronal cells
in AD brains, but this decrease is at least in part compensated for by an induction of the enzyme
in glial cells [425]. In conclusion, our knowledge on the impairment of the mevalonate pathway
in AD is still very limited. The extremely complex regulation of this pathway represents a
challenge for the complete understanding of the defects present during AD. Defects at the
cellular level are important but ultimately we need to comprehend how the interaction neuron-
glia regulates the mevalonate pathway in the brain.

5. Abreviations

24-HC: 24(S)-hydroxycholesterol; 25-HC: 24(S),25-epoxycholesterol; 7-DHC: 7-dehydrocho‐
lesterol; ABC: adenosine triphosphate-binding cassette transporter; ACAT: acyl coA-choles‐
terol acyltransferase; AD: Alzheimer's disease; AMPK: adenosine monophosphate-activated
protein kinase; apoE4: apolipoprotein E ε4; Aβ: amyloid-beta peptide; BACE-1: beta-site APP
cleaving enzyme 1; BBB: blood-brain-barrier; CNS: central nervous system; CoA: coenzyme
A; CSF: cerebrospinal fluid; CYP46A1: 24-hydroxylase; DHCR24: 24-dehydrocholesterol
reductase; DMPP: dimethylallyl pyrophosphate; DOS: dioxidosqualene; FOH: farnesol; FPP:
farnesyl pyrophosphate; FPPS: FPP synthase; FTase: farnesyl protein transferase; GDP:
guanosine diphosphate; GGOH: geranylgeraniol; GGPP: geranylgeranyl pyrophosphate;
GGPPS: GGPP synthase; GGTase-I: geranylgeranyl transferase type I; GPP: geranyl pyro‐
phosphate; HMG: 3-hydroxy-3-methylglutaryl-CoA; IDE: insulin degrading enzyme; Insig:
insulin-induced gene; IPP: isopentenylpyrophosphate; LTP: long-term potentiation; LXR:
liver-X-receptor; MCI: mild cognitive impairment; MK: mevalonate kinase; MOS: monooxi‐
dosqualene; NFT: neurofibrillary tangle; NPC: Niemann-Pick type C; REST: RE1-silencing
transcription factor; SCAP: SREBP-cleavage activating protein; SREBP: sterol-regulatory
element binding protein; TRP: transient receptor potential
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder that manifests itself by progressive
dementia accompanied by memory deterioration usually in elderlies and is becoming the
public health crisis of the 21st century. Currently, there are an estimated 35 Million patients
affected by the disease, and this number is expected to burgeon to 115 million by the year 2050
(WHO, 2012). In the United States alone, one patient is diagnosed with AD every 67 seconds
according to the Alzheimer’s Association website.

This situation is very alarming since Alzheimer’s disease has been a graveyard for drug
developers with an astonishing 99.6% of trials of potential Alzheimer’s treatments aimed at
preventing, curing or improving the symptoms of the disease failing or being discontinued
from 2002 to 2014 [1]. Although there are FDA approved drugs available including acetylcho‐
line esterase inhibitors (donepezil, rivastigmine, galantamine) and the NMDA receptor
antagonist memantine that have been useful in temporarily alleviating short-term memory
problems or improving daily functions, they are ineffective in stopping disease progression.

AD is characterized by the presence of amyloid plaques in brain and it is hypothesized that
the increase levels of toxic Amyloid beta oligomers and protofibrils leads to Tau neurofibrillary
tangles formation, loss of synaptic connections and selective neuronal cell death in the brain
(Figure 1) and this sequence of events is referred as the amyloid cascade hypothesis [2]. The
amyloid plaques are mostly composed of amyloid-beta peptides (Abeta 40-42) thought to be

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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toxic once they self-aggregate and subsequently bind to a cell surface to disrupt neuronal
signaling and cell viability [3]. It is initially thought that downstream to this event is the
formation of neurofibrillary tangles composed of hyperphosphorylated Tau protein. Such
hyperphosphorylation is an indicator of neuronal cell death in numerous neurodegenerative
disorders or brain injuries [4, 5] indicating that both abnormal processes can take place
independently [6]. Two key enzymes necessary for the cleavage of the Amyloid Precursor
Protein (APP) to generate Amyloid-beta peptides are the gamma and beta-secretase. Accord‐
ing to the amyloid cascade, it is thought that developing Inhibitors of those enzymes would
prevent amyloid formation and stop disease progression. Several companies have therefore
been testing such inhibitors in human trials. Unfortunately, this has proven to be harder than
anticipated. While Bace1 inhibitors trials outcomes are not yet known at the time of this writing,
gamma-secretase inhibitors had disappointing results in late-stage trials where worsening of
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Other clinical approaches around the amyloid cascade are focusing on passive immunization
using administered human monoclonal antibodies against the amyloid-beta peptides, oligom‐
ers, protofibrils or plaques [8-10]. Several advanced phase 2 and 3 trials are still ongoing (Table
1) but at least one phase 3 trial outcome, although it did not meet its endpoints has revealed
that patients with the mild form of the disease seemed to respond better to treatment [11, 12].

Based on this data, it appears that it might be too late to stop disease progression in patient
with mild-to-moderate to severe AD patients with anti-amyloid therapies, so companies are
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now focusing their efforts on testing those drugs, including beta-secretase inhibitors, in early
Mild Cognitive Impairment patients (MCI) which are known to convert to AD more rapidly,
especially if patients test positive for amyloid deposition using Positron Emission Tomography
scans (PET) [13, 14]. It also comes as no surprise that companies developing these new therapies
are now adding being positive on amyloid PET scan as entry criteria in recent clinical trials [15]
(table1). Unfortunately, the cost of amyloid PET imaging is very expensive, and PET centers
are not currently available worldwide [16-18]. Even if Amyloid-PET is proven to be useful to
identify a target patient population, it is important to also develop a non-invasive biomarker
that could either be singly used to identify amyloid positive patients or used as a first-line test
before Amyloid PET imaging confirmation.

Table 1
Drug Trial phase Patient population Enriched Study population Amyloid PET CSF Abeta CSF Tau FDG-PET VMRI

Solanezumab Phase 3 mild AD yes (Amyloid PET) yes yes yes no yes
Gantenerumab Phase 2/3 autosomal-dominant AD yes (Amyloid PET) yes yes yes yes yes

Phase 2 mild-moderate AD no yes yes yes yes no
autosomal-dominant AD yes (genetics) yes no no yes yes

Ban2401 Phase 2 early AD yes (Amyloid PET) yes yes yes no yes
BIIB037 Phase 1 prodromal/mild AD yes (Amyloid PET) yes no no no no
LY3002813 Phase 1 mild-moderate AD yes (Amyloid PET) no no no no no
MEDI1814 Phase 1 mild-moderate AD no no yes no no no

Bace inhibitors
MK-8931 Phase 2/3 mild-moderate AD no yes no no no yes

Phase 3 prodromal AD yes (Amyloid PET) yes no no no yes
E2609 Phase 2 prodromal AD/mild AD yes (Amyloid PET) yes yes yes no no
JNJ-54861911 Phase 1 prodromal AD yes (Amyloid PET) yes yes no no no
AZD3293 Phase 1 mild/moderate AD no no yes no no no

Anti-amyloid passive immunotherapies

Crenezumab

Source: Clinicaltrial.Gov and various press releases.

Table 1. Please add caption

In this book chapter, we will review the recent progress in the development of non-invasive
AD biomarkers that could be used for such purpose by various research groups with a focus
on AD biomarkers our group recently identified in patients’ plasma.

2. The diagnosis of Alzheimer’ Disease and the need for non-invasive
markers

The disease is difficult to diagnose correctly even with the availability of cognitive tests and
sophisticated Imaging technologies that include MRI, FDG-PET and Amyloid PET imaging.
Currently, a diagnosis of probable AD is made using NINCDS-ADRDA criteria but this is
usually possible when the condition has developed and progressed to a point where neuronal
cell death and/or irreparable damages have already occurred [19]. While the accuracy of this
test was thought to be around 80-90% when it was developed in the early 80’s, it’s accuracy,
especially to diagnose patients at the early stage of the disease, is much lower which further
complicates AD biomarker discovery.
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The inability to correctly diagnose AD has also probably negatively affected the development
of novel therapies aiming at stopping the amyloid cascade via gamma-secretase inhibitors as
well passive immunization therapies using antibodies against abeta peptides or abeta plaques
[7, 11]. The possible inclusion of patients suffering from non-AD dementia in those trials may
have been a contributing factor to those failures.

As a result, research efforts have intensified exponentially in the recent years to identify and
develop biomarkers that could be used for diagnosing AD early to support clinical practice
and clinical drug development [20].

Much of these efforts have initially focus on looking at pathological changes of amyloid beta
peptides, Abeta 40/42 in CSF as well as P-Tau and T-Tau and has eventually led to the
development of a model that define Alzheimer’s disease progression [6, 21, 22]. In that original
model, gradual reduction in Abeta 42 is observed in CSF, presumably due to the aggregation
of the peptide in brain and formation of plaques which is followed by gradual elevation of P-
TAU and TAU in CSF, indicators of neuronal cell death or injury[23, 24]. The model was
initially received with great interest because it described the temporal evolution of AD
biomarkers in relation to each other and the onset and progression of clinical symptoms.
However, emerging evidence appeared that challenges this model’s assumptions. Refinements
to the model now include indexing of individuals by the time rather than clinical symptom
severity.; incorporation of inter-individual cognitive impairment variability in relation to AD
pathophysiology progression; modifications to when some biomarkers changes sequentially
appear; and acknowledgement that the two major proteinopathies in AD, amyloid beta (Abeta)
and tau, might be initiated separately from one another in sporadic AD[6].

Although useful to assist clinical diagnosis of AD with enough sensitivity and specificity [23,
25], stiff barriers exist that prevent the comprehensive utilization of those markers by physi‐
cians and especially primary care doctors. Lumbar puncture, for example, that is required to
collect CSF is still a delicate medical intervention in several developed countries and is also
accompanied by increased frequency of headaches [26].The nature of the Amyloid peptides
itself is also complicating the picture. Recent data have indeed shown that the Abeta 42
peptides are prone to stick to collection tubes and their detected concentration is affected by
various parameters such as storage temperature, volume and thawing [27-29], probably
explaining the frequent lack of correlation between labs using the same immunoassay kits.

Separately to CSF analysis, the research field has also developed a series of imaging approaches
to assist clinical diagnosis such as Volumetric Magnetic Resonance Imaging (MRI) (to measure
brain areas volume), FDG-PET and Amyloid PET imaging. Those are useful but currently
provide only prognostic value to predict the likelihood to convert from MCI to AD [30, 31].
Amyloid PET tracers such as Pittsburgh Compound B and two new tracers, florbetapir-18 and
flutemetamol-18, are approved as an in vitro diagnostic (IVD) but only to rule out possible AD
pathology since a significant % of patients that test positive might never develop the disease
[32]. Moreover, Positron Emission Tomography (PET) is very costly, and the scarcity of centers
capable to handle this technology is still an issue in many countries. In UK, for example, only
~30 centers can perform this test, and the numbers are even lower in countries such as China
[33]. These agents, although not reimbursed in US and other countries, are now proving useful
to assist the development of novel drugs aiming to test the amyloid cascade hypothesis and
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are being used as enrollment criteria by several companies developing beta-secretase inhibitors
as well as passive immunotherapies using anti-amyloid antibodies (Table 1). If these new
therapies succeed, the availability of Amyloid-PET imaging as Companion Diagnostic (CDx)
will still present the issues mentioned here as well as create additional economic burden on
many healthcare systems. It is therefore accepted that having a first-line non-invasive diag‐
nostic blood test comparable to Amyloid PET imaging would be precious in the clinical setting
and could be used in tandem to diagnose patients correctly.

3. Recent progress in AD biomarker discoveries

3.1. Amyloid beta peptides and TAU in blood

Given the apparent association between Abeta accumulation and increase of P-TAU and Tau
in brain and CSF of AD patients, several studies have looked at the change of Abeta 40/42 ratio
in serum and plasma as non-invasive AD marker. At least 14 studies including our own that
examined the change in such ratio in AD have been conducted [34] but have produced mixed
results. It is not clear why such discrepancy is observed, but several factors not only related to
patient's selection but also to assays themselves and how samples were stored and handled
are possible explanations. It should be noted that even the Alzheimer’s Disease Neuroimaging
Initiative study (ADNI) data could not link Abeta40/42 plasma ratios to clinical state [35].What
further complicate the use of plasma Abeta as an AD marker is the fact that it is produced not
only centrally but also in the periphery and the nature itself of the peptide which tend to stick
to walls and aggregate on itself affect the epitopes available during ELISA assays [34, 36].

Recently, researchers have also looked at Abeta 1-17 as a possible diagnostic marker of AD.
One report showed that free-to-cell bound ratio of Abeta 1-17 could discriminate Control, MCI
and AD patients with high sensitivity and specificity [37]. Additionally, plasma BACE1
enzyme, one key enzyme essential for the generation of Abeta peptides as well as soluble APP
beta (sAPPbeta) have been found to be elevated in one study in AD patients plasma [38].
Despite the challenge of reliably measure Abeta 1-42 in plasma, a group demonstrated that
APP669-711 appeared to be an indicator of pathological change of Abeta1-42. Ratio of
APP669-711 to Abeta1-42 (APP669-711/Abeta1-42) measured by MALDI-TOF mass spectra
showed a very good correlation with PIB+ signal in brain, suggesting that this plasma
biomarker could be developed as a surrogate marker of cerebral amyloid deposition[39].

As for Tau and P-Tau detection in blood, demonstrating association with AD has been very
challenging [40], especially for P-TAU due to the presence of circulating phosphatases in blood
[24, 41] and the fact that TAU/P-TAU is elevated in multiple types of dementia including brain
injuries [42]. A recent paper reporting the increase of an enzyme-generated fragment of TAU
in serum that is inversely associated with cognitive function [43] seems promising. Another
recently developed assay using antibodies reacting to all TAU isoforms could show with
greater sensitivity than usual EIA methods the elevation of total Tau in serum of patients
suffering from severe brain ischemia [44].Another group described the finding of oligomeric
form of TAU in AD patients platelets [45] providing 76% sensitivity and 80% specificity. Time
will tell if these TAU assays will be useful as a screening tool to support AD diagnosis.
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3.2. Amyloid beta oligomers in blood

Amyloid beta (Aβ), especially Aβ42 oligomers play a significant role in early Alzheimer’s
disease (AD) pathogenesis [46, 47].In fact, AD-associated inflammation has been thought to
be a secondary response to the pathological lesions triggered by Aβ oligomers in the early
stage of pathogenesis. Although several studies, including our own (unpublished) have shown
an elevation of such oligomers in CSF [48-52], few studies have looked at the correlation
between blood oligomers concentration. In one study, levels of plasma Aβ monomers, Aβ
oligomers, and soluble tumor necrosis factor α receptors (sTNFRs) were evaluated by ELISA
in 120 controls, 32 amnestic mild cognitive impairment (aMCI) patients, and 90 mild AD
patients [53]. The study found that levels of Aβ oligomers were significantly increased by ~two
fold in mild AD patients compared to levels in aMCI and healthy controls. Interestingly,
plasma levels of sTNFR in aMCI and mild AD patients was elevated significantly compared
to controls, and both sTNFR1 and sTNFR2 levels were associated with levels of Aβ oligomers
in both aMCI and mild AD individuals. Interestingly, changes in Aβ oligomer concentrations
and sTNFR levels correctly differentiated mild ADfrom healthy control subjects.

In a separate study [50], another group have demonstrated that their ELISA system using
BAN50 can detect signals in 60% of serum samples and 80% of CSF samples obtained from
non-demented subjects.

Table 2: summary of non-invasive AD biomarker candidates 
individual peptide/  protein (plasma,serum) comments reference
Abeta 40/42 ratio mixed results by various group (34)

Abeta 1-17 free to bound cell ratio discriminate Control, MCI and AD (37)

BACE1 enzyme, sAPPbeta elevated in plasma (38)

APP669-711/Abeta1-42 significant correlation with brain amyloid deposition (PIB+) (39)

TAU fragment level in serum inversely correlates with cognition deline (42)

multiple TAU isoforms combination elevated in patients suffering from brain ischemia (43)

Oligomeric TAU increase levels identified in platelets (44)

Abeta oligomers (serum) higher in MCI and AD subjects, not detected in all samples (49, 52)

sTNFr higher in MCI and AD subjects (52)

proteins panels (plasma)
30 serum proteins combination set of several inflammatory and vascular related markers (54, 55)

combined with clinical data

18 signalling plasma proteins combination can differentiate AD and C, predict MCI conversion to AD (56,57)

(1 study could not reproduce this finding)

Cortisol/VWF/oxidized LDL antibodies can distinguish AD and C with 80% accuracy (58)
Lipids (plasma)

10 lipids combination predicted phenoconversion from MCI to AD within 2-3 y (61)
Ceramide/sphygomyelin elevation correlates with MMSE score (62)
Desmosterol/Cholesterol decreased in MCI and AD, decrease % change in longitudinal cohorts (66,73)

correlates with rate of cognitive decline
Genes, mRNAs. miRNAs
96 genes signature (blood) algorythm correctly predicts AD and discriminate Parkinson's Disease (CE mark test)) (75)

136 genes signature (blood) algorythm identify AD patients over Controls (CE mark test) (76)

48 genes signature (blood) identify AD patients over Controls with even more accuracy when combined with MRI (77)
TOMM40 expression in blood potentially useful to monitor AD progression/severity (79)
98-5p,885-5p,483-3p,343-3p,191-5p,7d-5p Asian population (Serum) (131)
Let-7g-5p,142-3p,15b-5p,301s-3p,545-3p,191-5p,7d-5p Caucasian population (Plasma) (120)
7f,1285,107,103a-3p,26b-5p,26a-5p,532-5p,151a-3p,161,7d,112,5010-3p Caucasian population (Whole blood cells) (135)
miR-132,128,874,134,323-3p,382 Caucasian population (Plasma) (MCI correlation) (109)
9,29a,29b,34a,125b,146a Asian population (Plasma,CSF) (158)
Others
Two retinal amyloid depositions scans detected after oral ingestion of curcumin tracer prior to eye scan using laser AAIC 2014

found good correlation with PIB amyloid positivity and/AV-45 O2-05-05
ointment containing tracer applied to eye before laser scan O3-12-01

Impairment of smell detection ability association with brain region atrophy and prediction of conversion from MCI to AD AAIC 2014

Table 2. Summary of non-invasive AD biomarker candidates
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Although the levels of serum Abeta oligomers were reported to be unexpectedly high, the
authors made the suggestion that the assay could be detecting non-pathological Abeta
complexes associated with serum carrier proteins. Nonetheless, they did show a significant
positive correlation with the levels obtained from matched CSF samples, suggesting that this
assay system might be useful to support AD diagnosis.

4. Emerging blood-based AD biomarkers: Reproducibility of findings
difficult

Novel non-invasive AD biomarkers found in blood are emerging as being a composition of
different proteins, metabolites or gene transcripts in blood cells or single analytes. In total,
there are as many as 21 literature studies in recent years looking at blood-based proteins
association with AD. While the studies varied in size, they all looked at more than 100 proteins
and the total number of patients examined ranged from 14 to 961, the 2 largest cohorts being
ADNI (566) and AIBL (961). Kiddle et al. have recently published a report where they tried to
replicate the findings of those 21 studies that linked a total of 163 proteins to AD using
Somalogic’s SOMAscan proteomics technology. 94 of those 163 candidate AD biomarkers were
assessed in a relatively large cohorts of 677 subjects [54]. Only 9 candidate protein biomarkers
were actually found to be related to at least 1 AD-related phenotypes: Pancreatic prohormone,
Granulocyte colony-stimulating factor, Clusterin, Complement C3, Complement C6, Insulin-
like growth factor-binding protein 2, Alpha-1-antitrypsin, inter-alpha-trypsin inhibitor heavy
chain H4 and C-C motif chemokine 18. The outcome of this extensive replication study
illustrates well the difficulty the field has been facing when trying to confirm previous findings
in different patient cohorts.

5. Protein panel assays in development

Various protein panel assays have been developed by several groups with the use of algorithms
to predict AD correctly. This approach is based on the assumption that combining markers
together will increase the power of the test to identify patients correctly. One assay, in
particular, is looking at 30 serum proteins and has 80% sensitivity and 91% specificity for
diagnosing AD [55].The set of proteins is composed of several inflammatory and vascular
related markers and the assay, combined with clinical data, showed a correlation with
neuropsychological test performance [56].

Another group identified a panel of 18 signaling plasma proteins that can differentiate AD and
control with ~90% sensitivity and identify MCI patients likely to convert to AD within 2 years
with 81% sensitivity [57]. However, these results could not be reproduced independently
[58].Combination of 3 blood markers (cortisol, von Willebrand factor and oxidized LDL
antibodies) was able to diagnose AD with 80% accuracy [59].Quantitative mass-spectrometry-
based selective reaction monitoring (SRM) is also supporting the development of AD diag‐
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nostic tests [60] by using isotopic tandem mass tag (TMT) technology to evaluate specific
peptides derived from selected AD-related proteins. This approach, although very sound, is
more difficult that one would think. In fact, when we tried in-house a similar technique called
MRM (multiple reaction monitoring), we could not replicate several AD biomarker protein
candidates discovered by other groups. Intriguingly, several peptides from the same protein
showed changes in opposite directions (unpublished).

6. Plasma lipids as non-invasive AD biomarkers

The disturbance of several lipid pathways in the brain, in particular in cholesterol biosynthesis
has been associated with several brain disorders including AD [61].So it comes as a little
surprise that this category of molecule changes in blood to be another rich source of potential
AD biomarkers. In a recent study, 525 community-dwelling healthy participants, aged 70 and
older were enrolled as part of 5 year's observation study. Over the course of the study, 74
patients developed either MCI or mild AD. Using a lipidomic approach, the authors identified
and validated a set of 10 lipids from peripheral blood that predicted phenoconversion to either
MCI or AD within 2-3 year period with over 90% accuracy [62]. To our knowledge, this study
is the first report of blood-based marker panel that can detect preclinical AD with such accuracy
although validation using other cohorts will be required before considering clinical use. As
the authors pointed out, alteration of lipids found in the cell membrane may be sensitive
markers of neurodegeneration in pre-clinical AD. Another study using shotgun lipidomics,
compared AD with controls individuals and found a change of ceramide/sphingomyelin ratio
in AD [63] and its elevation to correlate with Mini-Mental-State-Examination scores (MMSE).
This small study (26 AD and 26 controls) needs to be replicated though. Interestingly, a
separate group found that an increase in this ratio was associated with slower disease
progression [64]. Analysis of a longitudinal cohort of AD and control samples showed that AD
patients had diminished baseline levels of either phospholipids, phosphatidylcholines,
sphingomyelin and sterols as opposed to controls although they could not confirm the lipid
profile to be good prognostic panel for estimating the progression to AD [65].

Our group initially discovered plasma desmosterol, the precursor of cholesterol, a metabolite
that was recently identified as an LXR and RORgamma agonist[66, 67], as a candidate AD
plasma marker [68]. Desmosterol is an essential sterol with hormone-like activity and account
for as much as 30% of all brain sterols during most species brain development [69, 70].Multiple
activities of desmosterol have also been reported, and it is understood that disturbances of the
cholesterol metabolism may contribute to neurodegeneration [71, 72].

In our first study, decreased levels of desmosterol were observed (p value< 0.05, fold change=
0.36) in AD plasma samples versus controls plasma as well as in CSF [68]. Other groups also
reported a decrease of desmosterol in brain as well as CSF [73] in an independent study but
not in plasma. The discrepancy was understood in-house after we determined that this was
due to an incomplete separation of cholesterol-desmosterol peaks during Gas Chromatogra‐
phy (AAIC 2012 abstract). Interestingly, we also observed a decrease of desmosterol also in
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0.36) in AD plasma samples versus controls plasma as well as in CSF [68]. Other groups also
reported a decrease of desmosterol in brain as well as CSF [73] in an independent study but
not in plasma. The discrepancy was understood in-house after we determined that this was
due to an incomplete separation of cholesterol-desmosterol peaks during Gas Chromatogra‐
phy (AAIC 2012 abstract). Interestingly, we also observed a decrease of desmosterol also in

Alzheimer's Disease - Challenges for the Future232

MCI and in particular, more pronounced in plasma of female AD patients plasma. This change
of desmosterol in contrast was not affected by ApoE4 genotype. This finding was further
validated and presented recently (AAIC 2013 abstract) using two large cohorts: a commercially
available Caucasian sample set and a large Asian cohort. The Caucasian sample set consisted
of a total of 109 patients (Control, MCI, and AD) and the large Asian cohort (n=401, 200 C and
201 AD) were both analyzed using LCMS. Our original data showing the association between
decreased desmosterol/cholesterol ratio in AD and MCI was replicated in these cohorts. Data
analysis showed that desmosterol level in plasma was found to be significantly different from
AD and control groups with p-values 2.3E-14 and comparable AUC of ROC curve as initially
found. High correlation between plasma desmosterol level and MMSE score was observed for
these two large cohorts. As for novel AD candidate markers, we believe specificity should be
investigated in other dementia types in order to understand the clinical usefulness of the
marker and this work is currently on-going. In addition, the longitudinal analysis revealed
that plasma Desmosterol/Cholesterol ratio (DES/CHO) in AD patients shows a significant
decrease at follow-up intervals. The decline in plasma DES/CHO is larger in the AD group
with rapid progression than in that with slow progression and the changes in plasma
DES/CHO significantly correlated with changes in MMSE score.

Altogether, this data means that plasma DES/CHO decrease in AD patients may serve as a
longitudinal surrogate marker associated with cognitive decline. This data, as well as an
additional longitudinal cohort data analysis, is now in press at the time of this writing[74].

Very interestingly, a minor allele of an intronic SNP within DHCR24 gene (the gene coding
for the protein responsible to convert desmosterol into cholesterol) was identified in a recent
ADNI study and was associated with a lower average PiB PET uptake, a first generation
imaging amyloid PET agent that is used to understand amyloid deposit load in AD brain
[75].It is tempting to speculate that lower desmosterol levels in the brain (reflected as well in
plasma and CSF) could be directly linked to higher amyloid deposition.

In order to further understand the utility of desmosterol as an AD biomarker, we collected
patients plasma samples obtained through one of our ongoing AD clinical phase 2 trial, that
were either positive or negative on Amyloid Pet scans (Flurbetamol) and data analysis is now
ongoing. Possible outcome of this study could help patient stratification in further trials and
lead to the development of a first line test prior to conducting more expensive PET imaging
scans for patients enrolment in future trials or to the development of a stand-alone in vitro
diagnostics.

7. Genes, mRNA, and miRNAs

Because gene transcription and translation ultimately determine the production of proteins
that regulate cells and tissue functions, several groups have been looking at molecular changes
in AD vs Controls in blood components and circulating peripheral cells to identify biomarkers.
Among these, one group looked at the expression of 96 different genes in blood. A whole
genome analysis was conducted using oligonucleotide microarray and blood from a large

Recent Progress in the Identification of Non-Invasive Biomarkers to Support the Diagnosis of Alzheimer’s Disease…
http://dx.doi.org/10.5772/60008

233



clinical cohort consisting of AD patients and control healthy subjects. a. Gene analysis
comparing the gene expression of 94 AD patients and 94 cognitive healthy controls was
conducted, and a disease classifier algorithm developed [76].

Validation was conducted on an independent cohort consisting of 63 subjects that included
50% AD patients,40% aged-matched controls and 10% young healthy controls. The results
showed the test to have an accuracy of 87% to predict AD pathology. Additionally, the
algorithm also discriminated AD from Parkinson’s disease in 24/27 patients (accuracy 89%).

Another group developed an alternate gene AD signature consisting of 136 different genes
using 177 blood samples (90 AD patients and 87 controls) [77]. Signature validation was then
later performed on a blinded independent cohort of 209 individuals (111 AD and 98 controls).
Many of the genes included in the signature are found to be elevated during inflammation
processes and apoptosis and have been associated with the amyloid cascade and tau pathol‐
ogy. In a follow-up validation study consisting of 164 patients.. This test performed relatively
well and was able to identify AD patients (81.3% sensitivity) correctly and to exclude AD
pathology (67.1% specificity). Both of these tests have won approval in Europe (CE Mark) as
AD biomarker and are available to physicians but they still haven’t been validated in large
clinical cohorts such as the Alzheimer’s Disease Neuroimaging Initiative (ADNI ½).

At least two other studies showed this transcriptome approach potential. In one study [78], a
gene expression signature was discovered in a 156 patients cohorts consisting of AD and
controls. The validation study confirmed the performance of the gene signature in a separate
cohort composed of 26 AD, 26 healthy age-matched control and 118 mild MCI individuals
classified as probable early AD subjects. The 48 genes signature accurately identified 70% of
AD patients and when combined with MRI defined criteria, the accuracy went up to 85%.,.
However, the authors indicated that these results have to be validated in other diseases or
dementias.

The same group also looked at changes in gene expression in leukocytes and found alterations
in blood seen mild cognitive impairment (MCI) and AD subjects indicating a peripheral
response to pathology may occur very early [79].Noticeably, evidences for mitochondrial
dysfunction indicated by a reduce expression of several respiratory complex I-V genes were
observed, confirming changes previously seen in AD brain.

One novel single gene marker identified that is associated with AD is TOMM40 (translocase
of outer mitochondrial membrane 40 homolog). The protein encoded by TOMM40 seems to
transport proteins functionally to mitochondria. Risk Mutation in this gene has been found in
several GWAS studies, and one group showed that its expression in blood may serve as an
AD marker of disease severity and progression [80].

8. miRNAs

Beside the existing proteomic, metabolomics and nucleic acid based markers, small RNAs
(including miRNAs) are an upcoming class of circulating biomarkers that have resulted in
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many new findings. miRNAs belong to the class of non-coding regulatory RNA molecules of
∼22nt length that regulate gene expression post-transcriptionally by binding (in most cases)
to the 3′ un-translated region (UTRs) of their targets [81-83]. It is estimated that ~5% genes in
the human genome encode for miRNAs and a single miRNA can regulate multiple targets
(sometimes in excess of 200) based primarily on the complementarity of the seed region (nt 2-8
of the miRNA) to target mRNA molecules [84]. MicroRNAs play regulatory roles in vital
biological processes, including cell proliferation and growth, tissue differentiation, develop‐
ment, and cell death[85]. Interestingly, it has recently been demonstrated, that not only are
miRNAs active in their cell of origin, but they can be exported/secreted out, and cause down-
regulation of target mRNAs in an alternate target cell [86]. It is this unique property of miRNAs
of being present in intact and functional condition in circulating biofluids including CSF,
plasma, serum, urine, tears and saliva, which makes them promising biomarker candidates.
They are found enclosed in membrane-bound structures (exosomes, microvesicles etc.) [87,
88], and in some cases in “free” form, protected by RNA binding proteins like NPM1, HDL [86,
89] or Argonaute2 [90, 91]. Circulating miRNA signatures have been shown to identify
different tumor types [92, 93] indicate staging and progression of the disease [94] and serve as
prognostic markers [95, 96]. Recently, five miRNA based diagnostic tests have been made
available for clinicians to prescribe (through Rosetta Genomics and Asuragen Inc). Although
the first generation of tests requires tumor biopsies, there is now significant work in progress
to eliminate the need for getting biopsies, and to be able to get answers from blood, urine or
other readily available circulating fluids.

Although the potential of miRNAs as diagnostic markers has been consistently demonstrated
in Oncology; recent publications in other areas like neurodegenerative disorders point to their
expanding role [99]. In AD, for example, miRNA profiling experiments (in brain tissue) have
resulted in the identification of many disease-specific miRNAs that have been confirmed
independently in two or more studies [97]. For example, hsa-miR-106, hsa-miR-153 and hsa-
miR-101 have been shown to modulate APP [98-101], while BACE1 has been shown to be
targeted by hsa-miRNA-29 and hsa-miR-107, linking miRNAs to regulation of amyloid
production in AD brains [102]. Based on similar studies, researchers have focused on these
disease-specific miRNAs to determine if differential levels are found in more-easily accessible
biofluids like blood or CSF. Hsa-miR-29a/b including others was a disease-specific miRNA
whose down-regulated levels in the serum of AD patients mimicked the expected down-
regulation in the brain tissue [103]. This is a more disease-focused approach, where only those
miRNAs that have a known link to the illness is profiled for. However, the nature of circulating
fluids, which allows all organs, tissues to be potential sources of biomarkers makes a simple
correlation with only diseased focus biomarkers (miRNAs, in this case) hard. There is also now
a confirmed presence of a selective gating mechanism that determines a particular profile of
miRNAs to be exported out (in exosomes or protein bound). This was recently demonstrated
in studies that showed that secreted miRNA profiles (from culture) were not in correlation
with intra-cellular profiles. This could explain why higher level of a miRNA in an affected
organ is not automatically associated with an increase in its plasma level [104, 105]. Another
approach, still under the umbrella of disease-relevant miRNAs looks not at the disease
etiology, but broadens the net and looks for all miRNAs known to be expressed in the tissue/
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organ of interest. Hence for AD for examples, miRNAs known to be enriched in neurons and
synapse destruction were focused on [109-111]. As a result, miR-132 and the miR-134 family
of miRNAs were discovered which showed potential for differentiation between MCI and AD,
and, in fact, could also predict 1-5 years in advance of a clinical diagnosis. Potential biomarkers
like these could be instrumental in identifying the population which would respond best to
therapy in the future, or at least identify the correct pool of patients who are MCI for example,
but would advance to AD in the absence of any treatment. On the Neurodegeneration side,
some focused miRNA analysis has uncovered candidates like miR-146a and miR-155 that were
found in higher levels in brain tissue extra-cellular fluid (ECF) in AD patients [112]. Along
with the recent report on let-7b that is being investigated as a TLR-7 ligand [113], these recent
findings point towards the potential role of inflammation, which ultimately could lead to
neurodegenerative disorders.

Without limiting the miRNA profiles to either disease etiology or organ/tissue of focus,
unbiased-global profiling is another approach to biomarker research. This is now especially
more feasible, considering the significant technological advancements that have allowed
researchers to look at thousands of biomarkers using as little as 100 ul of blood, for example.
Another reason, why an unbiased approach might be appealing to certain researchers is the
potential of finding novel pathways that have so far not been implicated in the disease of
interest, and this is especially true for complex, heterogeneous disorders like AD, where there
is still a lot of work on going in trying to understand all the biology of the disease. Of course,
on the flip-side, it is often difficult to explain the biological significance and connection of the
novel biomarker for the illness. The problem is more severe for miRNAs, because it is not a
simple miRNA-mRNA relationship, but rather a single miRNA, and hundreds of potential
mRNA targets [114-116], which makes it even harder to predict connections to disease. To put
this conundrum of multiple miRNA targets into a biological context, this publication proposed
[117] that usually biologically meaningful targets of miRNAs were found to be enriched in
specific pathways, or a network. The first un-biased miRNA study in blood (PBMCs) was done
in 2007 [106] followed by a much-cited study by Cogswell et al.[107] that identified miRNAs
differentially expressed in brain and CFS of AD/matched controls. In addition to some related
pathways being implicated in neuronal differentiation and actin remodeling (through targets
of miR-9 and 132), novel target pathways like brain insulin signaling and oxidative stress were
identified. However, the surprise finding was the lack of correlation between CSF and brain
profiles, which again hinted at a particular secretion mechanism that regulated the transfer of
miRNAs from the cell. In addition, differentially expressed CSF miRNAa like miR-146b
(thought to be involved in immune function) were found to be decreased in AD patients,
suggesting an activated immune status, potentially offering insights into the role of inflam‐
mation in the disease.

Consistent with the global profiling approach, our group had published a novel AD signature
that had >95% accuracy in determining AD status from matched controls [108]. It consisted of
reduced levels of 7 miRNAs (hsa-let-7d-5p, hsa-let-7g-5p, hsa-miR-15b-5p, hsa-miR-142-3p,
hsa-miR-191-5p, hsa-miR-301a-3p and hsa-miR-545-3p) which was further confirmed in an
independent sample-set of 20 AD and 17 NC samples, To put a biological context to the
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hundreds of potential miRNA target molecules, we enriched for mRNA molecules that were
targeted by multiple miRNAs (at least 2) Some neurological canonical pathways identified
included axonal guidance signaling, ephrin receptor signaling [109], actin cytoskeleton
signaling[110], clathrin-mediated endocytosis signaling [111] and RhoA signaling [112]. These
pathways, although diverse, show potential biological relationships with disease etiology
[125]. Using an unbiased analysis approach, we removed the filter of neurological pathways
in IPA, and got a list of pathways enriched for signature miRNA targets., A type II Diabetes
Mellitus signaling canonical pathway was identified. This was interesting because there was
also evidence from multiple GWAS studies indicating that SNPs in ApoE [113] Clu [114] and
ABCA7 genes [115] were linked to AD biology. This was in addition to another report that
linked lipid metabolism to both amyloid and tau pathology [61]. However, due to unclear
outcomes after statin treatment in AD clinical trials, the role of lipid metabolism in AD
pathogenesis remains to be elucidated [116]. In another global-approach driven study in
serum, miRNAs were profiled from 50 AD and 50 matched control samples using next-
generation sequencing [117] This was followed by a validation study using qRT-PCR in an
independent cohort of 158 AD and 155 control populations. Amongst other signature miRNAs
identified, miR-191-5p and let-7d-5p were identified to be down-regulated in AD patients. This
was encouraging because it validated part of our miRNA signature in blood (serum) using a
different profiling technology (NGS) as opposed to a hybridization-based technology (nCount‐
er: Nanostring) used by our group. This suggested that the signature had biological relevance
and was not likely a profiling or normalization artifact, which often results in little validation
rates of miRNA signatures.

Having previously established that the signature miRNAs could reliably differentiate AD from
a matched control population NC, we investigated if lower levels of these miRNAs could be
observed at earlier stages of dementia. To address this, a new set of samples containing 27 AD,
30 MCI, and 59 NC samples was obtained. All 7signature miRNAs were confirmed to be
differentially expressed between the new cohort of 27 AD and 59 NC samples (internal data,
not published). In addition, these miRNAs could reliably differentiate between MCI and NC
samples. Meanwhile, no significant difference was observed between MCI and AD samples.
To eliminate a potential normalization bias because of our choice of normalization strategy
(geometric mean of ath-159a and hsa-miR-106), the data was normalized in two additional
ways. The geometric mean of hsa-miR-16-5p and ath-miR-159a was used for normalization,
given previous use of hsa-miR-16 as the miRNA of choice for normalization for plasma-based
miRNA profiles [118, 119]. In addition, spike-in ath-159a was used in isolation to account for
the possibility that normalization with endogenous control miRNAs might prevent detection
of valid and meaningful biological variation. We observed no significant change in fold-
changes or p –values for AD/NC and MCI/NC confirming that the signature was robust and
not sensitive to different normalization strategies. Inter-site reproducibility was also investi‐
gated and an aliquot of total RNA was tested at another site by a different operator following
the described protocol. Excellent correlations were observed for all 7-miRNA signatures,
demonstrating the robustness of the entire assay workflow.
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It was encouraging, that the same signature set of miRNAs that could differentiate AD from
NC individuals was also downregulated in MCI patients. This suggested that these signature
miRNAs were potentially related to early events in the disease and could be valuable for the
early identification of AD/MCI patients for potential stratification in clinical studies. However,
care should be exercised in how one interpret these findings. Patients that have been diagnosed
as MCI are a heterogeneous population, which can have very diverse outcomes as a result of
their MCI diagnosis. Some patients continue in the MCI phase or advance to more severe MCI
states while, for others, conditions might deteriorate towards dementia. While some MCI
patients go on to develop dementia linked to Frontal Temporal Lobe Dementia (FTLD) or
Dementia with Lewy Bodies (DLB), a majority of patients develop dementia driven by
pathophysiological processes attributed to Alzheimer’s with a conversion rate of ~15-20% per
year [120] So it is important to follow up with more studies to understand the course of
progression for the MCI population tested, and evaluate if we can predict conversion of MCI
to AD (for example) using this signature set of miRNAs. In addition to the specificity of any
diagnostic signature for Alzheimer’s disease, determining how early in disease etiology the
biomarker in question changes is also critical. Archived samples are going back years before
the actual diagnosis of MCI or AD would need to be accessed and processed to understand
the timing of the biomarker aberration. For a biomarker signature to be valuable for a longi‐
tudinal evaluation, it is helpful to comprehend the variation and stability of the proposed
biomarker across time. We observed an average coefficient of variation between 15 and 25%
for 6 out of 7 miRNAs for eight healthy individuals across samples taken from multiple 6-
month visits spread over 3-4 years (unpublished). This set of data indicates that the signature
miRNAs are indeed stable across time in individuals, and are therefore promising candidates
to evaluate in longitudinal samples from individual patients to understand at what point, these
biomarkers start to change (in Alzheimer’s progression, for example).

In another global, unbiased study, researchers looked at whole blood cells from Alzheimer’s
and age-matched control samples to discover diagnostic miRNA signatures. They utilized a
next-generation-sequencing platform for profiling the miRNAs in a discovery cohort of 48 AD
and 22 unaffected control samples, while the validation was done using qRT-PCR in a larger
cohort of over 200 patients comprising not only of AD patients but also patients suffering from
other CNS illnesses. They achieved a 12-miRNA signature, which had an accuracy of 93% to
differentiate AD from matched control samples [121] The accuracy was significantly lower
(74-78%) to distinguish AD from other CNS disorders. In another study, researchers looked at
profiling serum samples from 22 AD and control samples, which comprised of 18 non-
inflammatory neurological disease controls (NINDCs) and eight inflammatory neurological
disease controls (INDCs). Although they used an unbiased approach and did not restrict the
number of miRNAs to disease-associated candidates, they only profiled the most abundantly
expressed miRNAs (a panel of 192 miRNAs), and then followed up with qRT-PCR validation.
MicroRNA-125b and miR-26b were found to be down-regulated in AD, and confirmed in CSF
from the same patient population [122] Accuracy was determined to be 82% for differentiating
between AD and NINDC cohorts. Although they had an FTD cohort (Frontotemporal Lobe
Dementia), the number of patients was too small [10] to make significant conclusions about
the specificity of the signature.
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While there is a lot of activities, excitement, and hope for a non-invasive, specific, cost effective
and quantitative biomarker for early detection of Alzheimer’s, there has also been a concerning
lack of concordance reported amongst individual studies trying to reproduce previous
signatures for Alzheimer’s (Fig. 2). This is true for miRNA signatures for other diseases as well.
A number of unique, independent signatures, especially for Oncology have been reported
previously [123] but most of them remained un-validated or never progressed to the clinic
stage. There are several reasons for this. Throughout the process of miRNA profiling and
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secondary structure at the ligation site [130] of individual miRNAs and adapters, affecting
ligase enzyme efficiency during the library construction step. What further compounds the
issue is that typically after discovery using a high-throughput platform, miRNA signatures
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sequence, followed by RT-qPCR detection. Due to substrate preferences and secondary
structures at the 3’ end of the miRNA, certain miRNAs are better substrates than others for
this first step, causing a bias. A recent analysis published in Nature captured the variability in
miRNA profiling platforms [131]. They evaluated up to 12 profiling platforms using standar‐
dized sample sets. The platforms were PCR, hybridization or sequencing based. As expected,
the PCR-based platforms resulted in higher sensitivity, although sometimes at a cost of
accuracy and specificity. Metrics tested included reproducibility, dynamic range performance,
accuracy, accuracy at lower RNA input, sensitivity, sensitivity at a lower RNA input specificity
and cross assay reactivity. The lower volume metrics were designed to address applications
like detection of circulating miRNAs from body fluids, where the concentrations of miRNAs
are typically very small. Although differences were expected between platforms, what was
surprising was the extent of discordance observed between platforms. The average validation
rate between any two platforms was as low as 54%. This labors the point, that it is paramount
to profile and validate using two different platforms to confirm potential signature miRNAs
in order to eliminate platform artifacts. Moreover, lastly, the multiple normalization strategies
that are used for circulating miRNA analysis further reduce concordance between independent
studies. Because of a lack of a well-established and accepted normalization miRNA candidate
(a GAPDH equivalent for miRNAs), there have been a variety of strategies utilized and have
been previously reviewed [132, 133]. Each approach makes certain assumptions, and it is
important to consider those when comparing different miRNA profiling studies. Given these
above mentioned sources of variation, it is not surprising that multiple studies which started
in 2007, where miRNAs were profiled using microarray technologies (that modified mRNA
based strategies to work with the much shorter miRNAs) to today, where you have the next
generation of technologies that have been built keeping miRNAs in mind, the miRNA profiles
are significantly different. Furthermore, there have been constant additions/subtractions and
even sequence edits to the miRBASE registry over the years, which have an impact on profiling
platforms, since they have to modify probes in order to accommodate these changes. With the
recent discovery and advancement in technologies to look at exosomes, another dimension of
complexity has been added, where one can distinguish exosome encapsulated fractions and
truly cell-free fractions, further reducing concordance between studies. Hence it is important
to maintain very standard protocols, and then follow through with them till the end of the
study, including multiple validations with many independent cohorts of samples taken from
different centers, ethnicities and ages.

The last 3-4 years have seen the beginning of the utilization of circulating miRNAs in the
neurodegenerative disorders domain, and it is still a maturing field. The potential of miRNAs
to provide a cost effective, non-invasive, accurate and sensitive diagnostic assay resulting in
a positive impact on patient health is undeniable, but care needs to be exercised in interpre‐
tation of these signatures in the absence of thorough validation. Furthermore, significant work
detailing how these novel biomarkers tie into disease etiology is a must to increase confidence
and understand the reason behind biomarker modulation due to illness or subsequent
treatment.
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Figure 2. Snapshot of current circulating miRNA signatures# for Alzheimer’s Disease

9. New non-invasive biomarkers on the horizon

Despite the promising collection of novel blood-based biomarkers as we just described, there
is still a possibility to unravel additional novel non-invasive biomarkers for AD and MCI in
other accessible body matrices. The human retina shares many features with the brain,
including embryological origin, anatomical (ex. Microvasculature bed) and important
physiological characteristics such as blood-tissue barrier [134] So researchers have looked at
the possibility that the retina may offer an easily accessible and non-invasive way of examining
human brain pathology. As it turned out, it is becoming evident that amyloid is also accumu‐
lating in the eyes and that this landmark event could be detected by relatively straightforward
eye examinations according to data derived from multiple research trials data presented
during the summer of 2014 at the Alzheimer's Association International Conference held in
Copenhagen.. Data from independent studies showed that the level of beta-amyloid detected
in the eye was significantly correlated with the level of beta-amyloid deposition in the brain
and allowed researchers to accurately identify patients with Alzheimer's in the studies.

In the first study looking at healthy patients from the Australian Imaging, Biomarker and
Lifestyle Flagship Stud Preliminary data from the first 40 participants showed that amyloid
levels detected in the retina using an orally administered curcumin supplement were signifi‐
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cantly correlated with brain amyloid levels, as shown by PiB PET imaging. In addition, Retinal
Amyloid Imaging (RAI) differentiated participants with AD from those without AD with 100%
sensitivity and 80.6% specificity. Furthermore, longitudinal data showed a 3.5% elevation on
average in retinal amyloid signal during a 3.5-month period, suggesting that the technique
may be used as a means of monitoring response to therapy.

The second separate phase 2 studies included 20 individuals with probable mild to moderate
AD and 20 healthy, age-matched control participants. In this study, participants had a small
proprietary molecule applied to the eye in the form of a sterile ophthalmic ointment. The
compound was left to diffuse into the eye overnight and the next day the eye was scanned
with the laser and results computed. As in the first study, all 40 participants also underwent
PET amyloid brain imaging but this time with Amyvid PET agent. The test was capable to
distinguish individuals with Alzheimer's from healthy control participants with 85% sensi‐
tivity and 95% specificity significantly and as in the first study, amyloid levels in the lens
significantly correlated with PET imaging results.

Given the rapidity and simplicity of the diagnostic test (5 minutes) it is easy to understand
how revolutionary this would be for the medical field as it could be used by general practi‐
tioners and specialists at point-of-care in hospitals and offices. Time will tell if it could also be
used to monitor disease progression and monitor efficacy of new anti-Alzheimer’s drug in
development (Alzheimer's Association International Conference (AAIC) 2014. Abstracts
O2-05-05 and O3-13-01).

10. Impairment of odor detection as early AD diagnostic

It is becoming evident that as AD sets in, impairment of the olfaction system in its ability to
correctly distinguish odors appears to be an early phenomenon that could predict cognitive
impairment at an early stage (AAIC 2014, in Copenhagen). In two studies, the decreased ability
to identify various defined odors was significantly associated with loss of neuronal cells
function and progression to Alzheimer's disease as measured by a variety of cognitive tests.

Imaging data from one study revealed that a smaller hippocampus and a thinner entorhinal
cortex accompanied by higher levels of brain amyloid were linked to worsening of smell
identification abilities and memory after adjusting for parameters that includes age, gender,
and an estimate of cognitive reserve(AAIC 2014).

A separate study conducted at Columbia University Medical Center looked at odor Identifi‐
cation deficits association with Transition from Mild Cognitive Impairment to Alzheimer's.
Researchers investigated a multi-ethnic sample of 1037 non-demented elderly people in New
York City, (average age of 80.7) and assessed their olfaction abilities in a variety of ways at
three time periods. 109 people developed dementia (101=Alzheimer's and eight non-AD
dementia) a significant incapacity to correctly identify odors was found to be associated with
the early development of dementia in those patients.
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Although further large-scale studies will be required to confirm these results it is encouraging
for the medical practice field that such relatively inexpensive test may be used one day to detect
early stage of AD and those at risk of cognitive decline.

11. Urine

There are very few reports describing the discovery of any AD-related urine biomarker, and
the few that are reported and published have met the AD research field with controversy. One
of them is called NTP (Neural Thread Protein), a membrane-associated phosphoprotein that
made the headlines in 2007 when a company called Nymox Corporation got an EIA kit CE
approved in Europe for the diagnosis of AD using urine samples. Although Nymox claimed
the utility of the test, one blinded study conducted in the Czech Republic by a reference lab
using the Nymox test found that when compared to the diagnosis established by NINCDS-
ADRDA for AD, the test appeared to have low sensitivity and specificity. Very recently, two
studies evaluating the levels of NTP in urine were published [135, 136]. In the first study, levels
of NTP in AD, PD, and Healthy participants were evaluated (AD (49, PD (20), HC (22) using
Nymox AlzhemAlert test. AD patients had significantly higher levels of NTP than HC and
that those of PD. Although the authors concluded that urine NTP could be used as a promising
biomarker of AD, it should be noted that there was an age difference among participants that
could potentially affect this interpretation. Average age for each group was as follows: AD
(72.2+/-7.5), PD (66.4 +/- 8.8), Control (64.1+/-6.8).

In a second separate recent study [137], NTP levels were compared in relation to age in HC
volunteers divided into 5 groups (20-29, 30-39,40-49,50-59 and >=60) using a different test called
7c Gold..It is not clear as to why the levels detected in this study are in ng/ml range as opposed
to the ug/ml range for the Nymox Kit since both studies were conducted on Asian patients.
The authors concluded though that urine levels of NTP increase with age significantly which
might explain the controversy around NTP as an AD biomarker.

12. Conclusion

12.1. Hurdles to blood-based AD biomarker development

Replicating candidate blood biomarker findings has been the biggest challenge of the research
field [138]. Several pre-analytical components factors are likely to make discoveries very
challenging: choice of anticoagulant (EDTA, Heparin), addition of protease inhibitors, needle
size, order of blood draw, processing time, storage condition, freeze/thaw cycles and centri‐
fugation procedures are just a few parameters that can affect drastically the detection of several
analytes [128, 138]. Longitudinal analysis from the same patient is essential to find early
markers, but the success of this approach highly depends on analyte stability during >10 years
storage. Blood is also a constantly changing matrix where components levels are affected by
multiple factors such as diet, lifestyle, circadian changes and other co-morbidities, especially
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in an elderly population such as Alzheimer’s Disease patients which quite frequently suffers
from other diseases where inflammation is implicated such as diabetes, rheumatoid arthritis
and cardiovascular diseases [139].Further complicating discoveries is the fact that several
patients have mixed dementias such as Vascular Dementia, Fronto Temporal Lobe Dementia
(FTLD) and Dementia with Lewy-body (DLB) making it difficult to identify a particular
marker. Importantly, the integrity of the blood-brain barrier and its impact on AD-related
biomarkers might differ from patient to patient based on genetics and other factors
[140].Another less discussed parameter that we found that is crucial for the discovery of true
AD blood biomarkers is the definition of healthy controls. We realized talking to clinical
physicians in Japan, US, and EU that in many instances, healthy elderly control samples are
obtained from caregivers or spouses living with the patients. This is a particular concern since
epidemiological studies have demonstrated that living with an AD patient increases the risk
to develop the disease by six-fold [141]. The reason is not exactly known but contributing
factors such as exposure to pollutants (air, water, contaminants in food, etc) and pathogens
[142, 143] by the patient and the spouse for several years living in the same environment may
play a role. We also heard through interviews with clinicians that several healthy control
samples are obtained from patients who went to a clinic after complaining of some abnormal‐
ities that were later ruled out as not being related to dementia. The inclusion of such patient
samples in the control group category may also contribute to the difficulty of identifying a true
AD biomarker.

While co-morbidities cannot be avoided when comparing AD and control groups, it is
important to the research field to agree on standard practices to ensure reproducibility of data
and that careful selection of healthy controls be conducted before doing any comparisons. At
least, initiatives like the Blood-Based Biomarker Interest Group and the release of FDA
guidelines for the analytical validation of assays that meet GCP/GLP will hopefully lead to the
adoption of robust standards for the research field that applies to the analysis of proteins,
metabolites, lipids and miRNAs in serum and plasma to control for precision, analytical
accuracy and dilution linearity.

One more important point for the successful development and adoption of blood-based AD
biomarkers is to understand the relationship with the disease as AD is essentially a brain
disorder with little manifestation of illness in the peripheral system. Such understanding of
the biomarker, its function, and its contribution to the illness state is essential to promote the
confirmation by peers. Moreover, such clarification could lead to the discovery of even better
biomarkers that could be used to detect the disease at an even earlier state or lead to the
identification of novel drug targets. Such functional identification as much as the validation is
critical to promote the verification of novel candidate biomarker in exploratory studies that
are part of sponsored clinical trials.

In conclusion, blood tests or other non-invasive tests as biomarkers for AD are appealing as
they could be applied to many uses such as patient screening, disease prognosis, diagnosis
and aid to support clinical trial development. The development of such markers will be greatly
facilitated once we fully understand what is causing sporadic AD in the first place and after
more comprehensive studies will be able to look at correlation between endophenotypic
changes in the brain using imaging technologies and the candidate biomarkers.
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1. Introduction

Alzheimer´s  disease (AD) is  the most  prevalent  form of  dementia accounting for  60-70%
of  all  cases  worldwide.  As the world's  population ages  the  incidence of  AD is  expected
to  increase  rapidly  turning  into  a  global  epidemic  disease  with  incalculable  sociologi‐
cal and economic consequences. In 2006, the prevalence of AD worldwide was calculated
in  26.6  million  and  it  is  estimated  that  by  2050  current  prevalence  will  be  triplicated
or quadruplicated,  affecting 1 out of  85 persons worldwide [1,  2].  An accurate diagnosis
and  a  timely  detection  are  critical  for  improving  the  physical,  clinical,  emotional  and
financial  impacts  of  the  disease.  However,  this  aim  is  far  to  be  achieved  and  several
studies  indicate  that  less  than  35  percentage  of  people  living  with  AD  or  related
dementias  are  correctly  diagnosed  [3,  4].  As  a  consequence,  between  18%  and  67%  of
the  dementia  patients  are  treated  with  a  potentially  inappropriate  medication  [5].

In this dramatic scenario, new technical, methodological and notional approaches are explored
in order to overcome the inherent limitations in AD clinical diagnosis. Indeed, the identifica‐
tion of reliable diagnostic tools in AD remains impeded by the clinical, neuropathological and
molecular overlap existing between AD and other types of dementia such as Mild Cognitive
Impairment (MCI), or mixed forms of dementia, such as Vascular Dementia (VaD), Fronto‐
temporal Lobar Degeneration (FTLD) or Lewy Body Dementia (LBD), and by the high AD
heterogeneity according to disease onset, progression and duration [6-8].

Since the complexity of this scenario impairs the use of current diagnostic tools for a correct
data interpretation, in the recent years, new strategies such as the integrated and combined
use of neuropsychological profiles, imaging and biological fluids biomarkers have been
developed, improving current diagnosis classification [9-11] and predicting the conversion
from MCI to AD [12, 13].

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



Despite recent solid advances in the topic, up to date, no single diagnostic tool or combination
of diagnostic tools can unequivocally confirm AD diagnosis. Indeed absolute confirmation and
definite AD diagnostic still requires histopathologic analysis on the post-mortem brain
certifying the presence of the pathologic disease hallmarks such as β-amyloid plaques and
neurofibrillary tangles.

Since AD is a progressive disease and no treatment is available to recover neuronal integrity,
the inaccuracy of AD early diagnosis and prognosis makes early therapeutic intervention
difficult and impedes the prevention of neurodegeneration and cognitive dysfunction.

Identification of disease specific clinical, imaging and biochemical-based tools at early stages
will help to greater extent to an early treatment which may restrain the disease progression.
Additionally, a thorough understanding of the role of biomarkers in AD disease and their
modulated levels in AD patients will facilitate the comprehension of their role in AD etiopa‐
thology and would help to establish a link between diagnostic and therapeutic fields. There‐
fore, the ultimate goal is to develop early and reliable diagnosis methods to establish an
appropriate and prompt treatment. Indeed this aspect is imperative to maximize the efficiency
of potential therapies and decrease symptomatology before pathological changes spread
throughout the brain and massive death of neurons has already occurred. Finally, it should
also be taken into consideration that the development of successful epidemiological risk
assessment and diagnosis programs, including a routinely monitoring of disease progression,
will need to be established through the development of new methodologies and protocols at
low cost and with non-invasive approaches.

The present chapter summarizes the most recent findings in the field of AD, including
neuropsychological profiles and brain and biological fluids biomarkers, which are currently
paving the way for new focused approaches in AD diagnosis and prognosis.

2. Diagnostic criteria/Clinical and research criteria

According to the International Classification of Diseases (ICD-10) and the Diagnostic and
Statistical Manual of Mental Disorders of the American Psychiatric Association (DSM IV)
dementia is defined as a a worsening of cognitive function from a preexisting individual level.
The major symptom is decline in memory and should be followed by at least one dysfunction
in another major cognitive core skill, severe enough to impair a person's ability to perform
everyday activities. The cognitive impairments should be irreversible and not be attributable
to e.g. a delirium or another psychiatric disorder and must be present for at least 6 month.

Moreover, the German Society of Psychiatry, Psychotherapy and Neurology (DGPPN) as well
as the German Neurological Society (DGN) refer to a subtle change in personality and behavior
in the process of dementia [14]. The criteria of the American National Institute of Neurological
and Communicative Disorders and Stroke/Alzheimer’s disease and Related Disorders
Association (NINCDS/ADRDA) are more often referred to in the literature, which differentiate
the degree of diagnostic accuracy in “possible” or “probable dementia” [15, 16].
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Based on the latter, commonly accepted dementia criteria, a “probable Alzheimer’s dementia”
(AD dementia) is diagnosed by signs of dementia on clinical examination and neuropsycho‐
logical tests whereby the memory impairment should be followed by another deficit in an
additional cognitive skill. In alternative there is impairment in two cognitive skills with a
recognized progression and without evidence of a reduced consciousness.

The age at onset should range between 40 and 90 years and other reasons for the cognitive
decline, e.g. treatable causes, should have been carefully ruled out in the diagnostic work up.

The clinical criteria of a “possible Alzheimer’s dementia” comprise a dementia syndrome of
untypical clinical presentation or duration in absence of other recognizable factors causative
of dementia, or if there is a progressive cognitive deficit without a recognized underlying
cause.

Exclusion criteria are referred to as sudden onset, focal neurological signs (hemiparesis,
hemianopsia) at onset as well as early appearance of gait disorders or epileptic fits.

This categorization is kept according to different revisions of the NINCDS/ADRDA-criteria
[16, 17]. Additionally, next to deficits in episodic memory, detection of specific biomarkers in
the cerebrospinal fluid (CSF) and imaging (Magnetic Resonance Imaging (MRI) and/or
Emission Computed Tomography (PET) is suggested which can increase sensitivity of AD
diagnosis.

Further supporting results are, e.g., a progressive worsening of specific cognitive function,
disabling in all-day activities, and occurrence of behavioral changes, a positive family history
of AD (especially if neuropathologically confirmed), a normal CSF result (basic analysis) and
unspecific electroencephalogram (EEG) changes.

A diagnosis of AD is compatible with plateaus during disease course, side symptoms as
depression, aggressive behavior, paranoia etc., neurological symptoms in progressed disease
state (myoclonus, gait problems, epileptic fits) and a normal Computerized Tomography (CT)-
scan [14].

While both terminologies: “probable AD”, “possible AD” are proposed for the clinical setting,
a third category of “probable and possible AD” was suggested for research purposes. Recent
research criteria for clinical AD diagnosis include next to mnestic deficits an occurrence of
deficits in non-mnestic function, e.g., language, visual-spatial orientation, executive function.
Furthermore, an early diagnosis of AD is proposed already during prodromal stages of
dementia, which refer to the clinical picture of a mild cognitive impairment (MCI) [18].

A MCI is a recognized risk factor for AD. Yet, there are presently no commonly agreed criteria
[14]. According to international consensus criteria, MCI is considered a condition between
normal and demented, a worsening of cognitive function (on self-observation or observation
by others) that can be demonstrated on neuropsychological tests, a worsening of cognitive
function during an observational time period during disease as well as conserved or only
minimally impaired dysfunction in complex all-day activities [19]. The difference between
MCI and dementia is based mostly on well-functioning in all-day activities. Standard meas‐
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urements for cognitive function comprise 1-1.5 standard deviation below the age- and
education-matched age group and a mini-mental status test of 24 or above points [18, 20].

The prevalence and conversion rates are variable according to the distinct examination setting.
In the clinical setting the annual conversion rate from MCI to AD has been calculated at around
10 percent [14, 21].

At present 4 different MCI subtypes are characterized: amnestic single domain, amnestic
multiple domains, non-amnestic single domain and non-amnestic multiple domains [20],
whereas the probability to develop AD is highest in MCI with memory deficits [14, 21].

3. Neuropsychological profiles

3.1. The neuropsychological profile of AD

AD is generally characterized by a slowly progressive preclinical (pre-symptomatical) state
over several years, an approximately 1-2 years lasting pre-dementia phase until development
of dementia, which can be categorized into 3 states (mild, medium, severe) [22, 23].

The progressive cognitive deficits hereby parallel neuropathological changes in the brain,
whereby cognitive deficits vary individually. The degree of disease severeness refers to
cognition and life skills, whereby transition of states can merge. A mild dementia is considered
when complex tasks cannot be performed anymore, but an independent life organisation is
still possible. A medium-state dementia is referred to if an independent life organisation is
impaired but possible with help and observation of family and care-givers. In severe dementia
constant guidance and help is required, an independent life organisation is not possible
anymore.

At early stages of AD deficits are predominantly characterized by impairment of declarative
memory, visual-spatial orientation and lexical-semantic language. Emotionally, in social
contacts as well as in personality, patients with AD appear normal for a long period of time
(“facade”). They tend to trivialize their deficits. When they recognize cognitive dysfunction,
AD patients often describe themselves to be more forgetful without further specification.

Memory impairment (representative brain areas: hippocampus, gyrus parahippocampalis and
adjusted temporomedial areas) affects the ability to encode and recapitulate novel memory
contents for a longer period of time, whereas the short time memory and the working memory
are mostly unaffected in early stages. The procedural memory often keeps unaffected. In the
clinical setting progressive memory deficits often appear in forgetfulness of novel information,
in repetitive phrases, difficulties in maintaining complex tasks (strands), e.g. forgetting where
the keys/money have been stored, which can lead to paranoid reactions. Neuropsychological
characterisations are a slow learning curve, rapid forgetfulness, recency-effects due to deficits
in encoding, impaired and prolonged memorising, intrusions and a reduced discrimination-
ability, non-profit of context cues as well as deficits in orientation in time [22].
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constant guidance and help is required, an independent life organisation is not possible
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contacts as well as in personality, patients with AD appear normal for a long period of time
(“facade”). They tend to trivialize their deficits. When they recognize cognitive dysfunction,
AD patients often describe themselves to be more forgetful without further specification.

Memory impairment (representative brain areas: hippocampus, gyrus parahippocampalis and
adjusted temporomedial areas) affects the ability to encode and recapitulate novel memory
contents for a longer period of time, whereas the short time memory and the working memory
are mostly unaffected in early stages. The procedural memory often keeps unaffected. In the
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In further disease progression according to a time-associated gradient (first in- last out) also
long term memories (semantic and biographical memory) are impaired, with affection of
identity and personality in medium and severe AD stages [23].

Deficits of the visual-spatial orientation (representative brain areas: parietal lobes) are often
associates with important all-day activities: writing, calculating, reading the clock, getting
dressed or basic orientation in space. This can overlap with memory deficits and deficits in
planning skills. Firstly affected are untrained complex skills, e.g., drawing, clock drawing
(mispositioning of the minute hand, confusion of hour/minute hand), reading street maps,
orientation in unknown buildings, filling in documents. Drawings can show simplifications,
repetitions, altered angles, “closing-in” and loss of perspective. Well established and trained
skills, e.g., reading, signing a paper, getting dressed, are mainly affected in medium disease
stage. A sensitive parameter that can be valuable in early AD diagnosis but also as a parameter
of disease progression is clock reading as a trained skill [24, 25].

Deficits in visual-spatial orientation with massive impairment in complex visual awareness
are the main characteristic  and leading symptom of  the posterior  cortical  atrophy  (affected
brain  region:  atrophy  of  the  parietal  and  occipital  lobe).  The  posterior  cortical  atro‐
phy is  a  recognised variant  of  AD with early  onset,  early  visual  agnosia  and prosopag‐
nosia, whereas memory is less impaired in the beginning [23].  Depending on the affected
projection  system (occipital-parietal  or  occipital-temporal)  problems  of  analysing  visual-
spatial  information:  e.g.,  space,  depth,  movement,  position and orientation (dorsal  visual
route/“where-system”)  or  problems  in  analysing  of  shapes/structures,  colours,  objects,
faces  and  complex  space-topographical  scenes  (ventral  visual  route/“what  system”)  can
occur.  Both  systems  are  tightly  connected  [26,  27].

Affection of language (affected brain region: Wernicke area) is characterized by initial difficul‐
ties in finding the right words, which is compensated by strategies of avoidance and para‐
phrases as well as by difficulties in naming of less frequently used objects. The patients tend
to make semantic-superior and semantic-associative mistakes (dog=animal, pyramid=Egypt
or also volcano=vesuvius). Syntax, articulation and prosody are unaffected.

Material that they read is less often understood, the understanding of complex facts or contents
in the figurative sense (collocations) is declining. Verbal fluency is reduced, whereas the
semantic is more affected than the phonematic [28]. During disease, language becomes
progressively poor of content, stays however relatively fluent with difficulties in word finding
as well as with imprecise, diffuse and less informative comments, drifting from topic, talking
cross purposes and setting phrases. This results in abrupt sentences, mistakes of syntax,
phonematic paraphrases and in problems of speech comprehension for simple comments. In
the final stages a total loss of speech occurs [23].

Next to the 3 main symptoms, disturbances in executive function (affected brain region:
prefrontal cortex) appear. Executive functions comprise: problem solving thinking, monitor‐
ing, planning and conducting of complex tasks, working memory, cognitive fluidity and
flexibility. Besides a reduced word fluidity and flexibility also abilities in planning can be
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impaired early. Especially the so-called set-shifting abilities, that require a permanent shift in
alertness, are affected at early stages [29].

Attention is tightly associated with executive function. This is especially required in complex
tasks. Deficits in attention initially present very discretely, e.g. in dual task-questions (pre‐
frontal cortex, anterior cingulum).

During disease progression, also alertness is impaired which presence of a more rapid
exhaustion.

During medium stages all components of attention are majorly affected [22]. Last but not least,
apraxia (affected brain region: parietal lobe) and agnosia (affected brain region: occipital lobe
and both basal temporal neocortex) can occur already during early and middle stages of
dementia. Simple movements are not possible any longer, inaccurate moves cannot be
corrected, this can present as, e.g., body-part-as object-mistakes (ideomotoric apraxia),
impairment of planning and conducting of sequential tasks (ideatoric apraxia), recognition of
line drawing is inhibited.

Cognitive-related impairment of all-day activities affects complex instrumental skills in early
stages of dementia, e.g. using new instruments, filling in written documents, later on using
familiar devices and basal all-day abilities deteriorate progressively.

Psychiatric side symptoms such as anxiety, agitation, excitability, aggressive behaviour or
paranoia are not frequently present in early stages, but appear more often in middle and late
stages of disease. There is a higher vulnerability for states of disorientation already in the
preclinical stage, e.g. after hospital admissions, drug intolerance, malnutrition. Also depres‐
sive mood changes as well as reduction of daily activities are considered early signs [23].

Depression is the most frequent psychiatric side symptom and accounts for about 30% of the
patients, especially during early disease stage and here from the degree of presentation rather
mild. However, depression is considered a main psychiatric disease in the elderly. In general,
depressed patients can articulate their symptoms more precisely; they can manage their all-
day activities in a better way and demonstrate during neuropsychological testing self-doubts
and complain about deficits in concentration. The mood is continuously suppressed and a lack
of motivation is more exhibited.

The onset of cognitive deterioration is more distinct in patients with depression, whereas in
patients with AD this occurs more gradually. The deficits can affect the whole spectrum of
cognition, whereby executive dysfunction (predominantly flexibility) and problems with
attention dominate. However, also memory deficits are described [30]. In detailed observation
of single tasks aspects, e.g. in recalls of wordlists, primacy more than recency effects are shown,
and recall is generally better.

While demented patients guess more often and describe things, depressed patients react with
omissions and hesitant answers. Orientation is widely intact and confabulation, aphasic and
apractic elements don‘t occur [22, 31].
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3.2. The neuropsychological examination

Major tasks and aims of a neuropsychological examination comprise 1) determination and
quantification of impaired cognitive function and resources as well as their consequences for
maintaining all-day life, 2) assessment on changes of cognitive dysfunctions in progressive or
reversible disease conditions, 3) differential diagnosis and securing of diagnosis as well as 4)
evaluation of therapeutic benefits.

An important detail of the examination is a thorough interview with exploration of the clinical
history, self-observation and observation of others, orientation, current mood situation
(psychiatric side symptoms), as well as observation of behaviour during both interview and
test situation. A final judgement is built from the test results with reference to emotional and
motivational processes, a qualitative mistake analysis, and observation of behaviour during
tests and interview, the resulting information derived from the interview and an evaluation
of all-day competences during course of disease.

Neuropsychological testing represents an essential diagnostic tool in dementia diagnosis. It
should be thoroughly performed and comprise the essential key competences. An “overtest‐
ing” should be avoided. In general, the choice of tests should orientate according to the
individual differential diagnosis that is being questioned, the capacity of the individual patient
and the time that is available.

Consecutively, a choice of test procedures is presented, that have been established in dementia
diagnosis. As some of them cannot be administered solely for securing the diagnosis, a
combination of several test procedures should be used.

For assessment of cognitive deficits in AD both screening methods as well as standardized
psychometric tests are applied. Presumably, the most practical screening test in the clinical
setting is the MMSE (Mini-Mental-State-Examination) according to Folstein et al. [32]. It
comprises the examination of orientation in time and space, retentiveness and memory,
attention and working memory, language (reading, writing, naming, speech comprehension,
reading and meaning comprehension) as well as visual-spatial competences. The test takes
usually approximately 10-12 minutes, the analysis results from a simple summation of points.
At maximum 30 points can be achieved. The specificity ranges at 87 percent and the sensitivity
at 82 percent [33]. However screening tests- as the mentioned MMSE- are only suitable, using
cut off levels, for overviewing and determining severity of the dementia and for follow-up
during disease course.

The MMSE is not acceptably sensitive in early onset dementia and does not allow, amongst
other due to missing age and education correction, a satisfactory differentiation between
“healthy” and “ill”. For quantification of disease severity standard values of interpretation are
provided, that can vary easily. Alternatively also CDR (Clinical Dementia Rating) or GDS
(Global Deterioration Scale) can be applied. A general drop in points of around 3 MMSE points
per year substantiates the suspected diagnosis of AD [34].

The DemTect (Dementia Detection Test), likewise a screening test, focuses more precisely on
Alzheimer-specific impairments with its task of word-list learning and delayed recall.
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Furthermore it comprises more tasks on executive functions (working memory, word fluidity
and cognitive flexibility). At maximum 18 points can be obtained. The DemTect is economic
in time (8-12 minutes), it encloses a rough age correction (< 60 / ≥ 60 years) and presents with
a high sensitivity for early stage AD and MCI [35].

After introduction in 1986 in the USA from the Consortium to Establish a Registry for AD, the
newly established CERAD test battery has received great acceptance also in German-speaking
countries. This novel neuropsychiatric testing tool has developed into a standardized dementia
test procedure which aims to decipher cognitive dysfunction typical of AD [34, 36]. Analysed
skills are: semantic fluidity (naming animals), naming of black and white drawings, verbal
compliance and retentiveness (word list), delayed recall and recognition as well as constructive
praxis (to copy something) and figural memory. The test battery also includes the MMSE. The
results of a huge multicentre-validation study performed in German-speaking countries
(n=1100), show that the variables: verbal fluidity, word list, memory, recall of wordlist,
discrimination ability and recall of constructive praxis majorly contributed to the discrimina‐
bility from healthy elderly persons to AD patients with a sensitivity of 87 percent and a
specificity of 98 percent. Severe differences in profiles of AD patients, patients with vascular
dementia and mixed dementia could not be obtained. A better discrimination was attained
between AD patients, patients with depression and mild impairments. Both patients with
depression and MCI ranged between Healthy and AD [36, 37].

To trace better on subcortical dysfunction, since 2005 additional tasks were included that aim
to quantify on cognitive processing speed and flexibility (Trail making test A and B) as well
as phonematic word fluidity tasks (words with initial letter “s”) (CERAD-Plus). The whole test
duration ranges between 30-45 minutes. The raw score are age- and education-matched (school
and professional education) and also gender-matched. They are designated as z-levels as a
measure of deviation to normal. The CERAD-Plus test battery allows a qualitative assessment
on cognitive ability, on evaluation of disease severity and a follow up on repeated testing.

However, at present a parallel test version is not available, thus it is recommended to use an
alternative test for memorising word lists when test intervals are on short-term. In suspicion
of other underlying dementia causes further psychometric tests can be applied.

As an additional screening instrument for calculation of disease severity and for follow-up,
the clock-drawing test is often recommended [38]. Next to visual-spatial abilities the test requires
abilities in planning and semantic memory. The assessment includes, e.g. the integrity of the
clock face, the presence of the clock hands, problems of drawing and conceptual difficulties.
The sensitivity accounts for 90 percent, the specificity ranges at 56 percent. A qualitative
evaluation is reasonable as well as the observation while drawing the clock face. In a qualitative
feature analysis for securing the AD diagnosis in differentiation to patients with depression
and healthy subjects (n=205, patients of a memory clinic) only errors occurred solely in patients
with AD (with exception of one): in disorganised stereograms, only one clock-hand, mixing of
numbers (1-12 with 12-24), mixing of minutes- and clock-hands, false or altered order of
numbers and inability to write numbers [39].
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In mind of the low specificity of the clock drawing test, Schmidtke et al. suggest an additional
clock reading test with respect that it doesn’t require higher executive function. The clock
reading test is culture-, language-, education- and gender-independent, however shows a
slight age-effect. It is easy to use and quickly analysable by a simple point system. Both in AD
and LBD abnormalities are detected early and in comparison to healthy persons the sensitivity
ranges at 82 percent, the specificity at 70 percent [24, 25].

In suspicion of an apractic dysfunction, a corresponding examination is informally possible,
while allowing the patient to mimic easy gestures or mimic using distinct utensils (e.g.
hammer, saw and scissors). As long as the patient is unable to perform the movements
according to verbal request, one should allow him (to exclude problems with language
comprehension) to imitate the demanded movements. For assessment of an ideatoric apraxia
the patient is asked, e.g. to prepare a letter for shipment.

In order to examine all-day competences there are different tests available, e.g. the ADL-/ IADL-
scale (Activities of Daily Living /Instrumental Activities of Daily Living), the Bayer-ADL-scale
(Bayer Activities of Daily Living) or the FAQ (Functional Activities Questionnaire) which
evaluate distinct functions partially very detailed. These tests are completed in general by
relatives or by the interviewer [40-42]. Hereby, the FAQ has proven more sensitive compared
to the IADL (85% to 57%) in the differentiation of “demented” and “normal”. The specificity
ranged at 81 percent [42].

Psychiatric side symptoms, e.g. depression, are assessed early during the neuropsychiatric
interview. As needed additional depression scales can be used, e.g. the Geriatric Depression
scale (GDS) or the Beck Depression Inventar (BDI), that are available also in short profile [43].
The input of depression scales depends on each situation and on the cognitive capacity of the
patient. It should not lead to extend the usual time of the whole neuropsychiatric test situation.

4. Diagnostic imaging methods in AD

4.1. Computerized Tomography (CT)

Computerized Tomography (CT) is helpful in the detection of atrophy as well as other focal
processes in brain and spinal cord, however it is not sufficient to substantiate AD diagnosis.
Based on the low tissue contrast in comparison to magnetic resonance imgaging (MRI), CT
serves well in the diagnostic classification of dementia syndromes. Advantages compared to
MRI include a shorter time of investigation, low costs and a broad distribution [44]. In addition,
CT allows an uncomplicated monitoring of critically ill patients.

With progressing age, brain volume decreases due to dying neurons and decline in water
content. The annual atrophy rate ranges at around 0.24 % of total brain volume and is visible
by the expansion of the ventricular system [45].

In AD, patients show a progressive brain atrophy in advancing disease which lies above the
age matched population. This is demonstrated by enlargement of sulci and a dilatation of the
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ventricular system. Hereby, the dilatation of the ventricular system points to a subcortical
tissue loss whereas the enlargement of the outer CSF interspaces points to cortical tissue loss
[46]. The senso-motoric and the primary-visual cortex stay unaffected.

4.2. Magnetic Resonance Imaging (MRI)

MRI allows a high-contrast presentation of neuro-anatomical structures, pathological proc‐
esses as well as of functional changes in brain activity. With progressive age a higher exchange
rate of fluids exists between the ventricular system and the brain parenchyma. This is visible
in T2- and Fluid-attenuated inversion recovery (FLAIR)-sequences by signal alterations in the
ependyma of the anterior horns [47]. Intermittent, subcortical and central signal increases in
the white matter (white-matter-lesions) increase with progressive age. Additionally brain iron
accumulation can be detected in basal ganglia by increasing signal changes in T2-sequences.

Already in early AD stages MRI can display brain atrophy patterns. These can predominamtly
be located in the medial temporal lobe, in the hippocampus and the gyrus parahippocampalis.
Also, the entorhinal cortex, the amygdala, basal ganglia as well as thalamus and the parietal
cortex can be involved [44]. An important role in the early detection of AD plays the Nucleus
basalis Meynert. The voxel-based morphometry (VBM) reduces the weaknesses of predomi‐
nantly investigator-dependent manual volumetry [48]. Modern computer techniques allow
the spatial recognition of specific brain regions or the whole brain [49]. Hereby the volume of
the typically affected brain region is exactly displayed and is comparable to that of other control
groups. The majority of published studies show that patients with a MCI present with a smaller
hippocampal volume than healthy controls and patients with AD have a smaller hippocampal
volume in comparison to patients with MCI [50]. Patients with MCI hold an elevated risk for
the development of AD [51]. Typical AD changes can also occur after brain trauma and long-
lasting epilepsy.

Functional MRI (fMRI) has the potential to demonstrate cerebral blood flow as well as oxygen
use of certain brain areas in response to specific stimuli or while processing certain cognitive
tasks.

Due to the inherent magnetic properties of blood, represented by hemoglobin and deoxyhe‐
moglobin, different patterns of activiation are visible [44].

Despite of the high spatial resolution, this method presents with a high sensitivity for minor
head movements. Studies of AD patients show a decrease of activitiy in the hippocampus, the
parahippocampal areas as well as in the parietal and pre-frontal cortex in comparison to
healthy control groups. Furthermore, fMRI is useful in monitoring of medical treatment in AD
patients.

4.3. Emission computed tomography (SPECT and PET)

Imaging via single photon emission computed tomography (SPECT) and positron emission
computed tomography (PET) allows the detection of local hemodynamic and metabolic
dysfunction. After intravenous injection of a radioactive tracer and uptake in brain, the tracer
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localizes at the region of regional acitivity and images are taken. As the tracers often have short
radioactive half life, the radioactive decay (emission of positrons) can be measured.

SPECT imaging shows the regional cerebral blood flow (rCBF) at rest by the regional uptake
of glucose as an expression of neuronal activity. Hereby functional abnormalities can already
be detected before symptom onset. The tracers 99mTc-HMPAO and 99mTc-ECD are mostly used
in clinical practise. Due to their lipophilic character the tracers reach the cells in the first minutes
after injection proportionately to rCBF [52]. The typical SPECT image in AD is characterized
by a reduced rCBF in the medial and superior temporal lobes as well as in the posterior
cingulum and precuneus without a reduced striatal DAT-binding [53]. Due to a very low
spatial resolution of SPECT the diagnostic accuracy is lower than PET [54]. However applica‐
tion can be meaningful in clinical practise in order to differentiate other dementia causes.

PET imaging illustatrates a regional dysfunction of glucose metabolism via application of 18F-
FDG. Patients with AD demonstrate here, according to SPECT, a typical nuclide-distribution
pattern of neuronal loss. Over 85 % of PET diagnosed AD patients could be neuropathologi‐
cally verified [53]. At early AD disease stage and before symptom onset, a temporoparietal
metabolic dysfunction is visible by voxel-based (volumetric pixel) analysis. Also patients with
a genetic risk for development of AD show early decreases in signal activity [55]. As PET is
the most efficient method for diagnostic verification of an AD, it has meanwhile established
to a standard tool in dementia research [56].

For further diagnostic approaches the tracer 11C-PIB was developed, which allows detection
and distribution of Aß-plaques in vivo [57]. Next to an efficient diagnostic procedure and early
disease recognition the dimension of AD dementia can be illustrated.

5. Biomarkers in peripheral tissues

Biomarkers are used as indicators of normal and pathogenic processes in a broad range of
tissues, especially in peripheral tissues, which facilitates the accessibility of testing samples
with minimal invasive methods. Despite substantial progress has been made in the area of
biomarker development to confirm the diagnosis at early-clinical AD stages, less is known
about the potential role of biomarkers in peripheral tissues in the prediction of AD [58]. Since
it has been demonstrated for decades the existence of biochemical changes in the brain
preceding the clinical AD onset (up to 20 years in advance) [59, 60] it is suggested that these
changes may be also indirectly reflected in biological fluids. However, no tests are currently
available to confirm an early AD diagnosis prior to clinical or symptomatic manifestations.
The ongoing standardization efforts and quality control programs in biomarkers analysis, the
development of tests in fully automated instruments, the combined detection of the well-
established core biomarkers, the discovery of new regulated molecules improving current
sensibility and sensitivity and the analysis of novel promising biomarkers in large independent
cohorts will boost biomarker´s performance and facilitate the introduction of new AD
diagnosis and prognosis tests in biological fluids in clinical routine.
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5.1. CSF

CSF is the prime target among biological fluids in the search of specific biomarkers related to
neurological disorders. The easy accessibility to this biofluid and its singular biophysic-
chemical characteristics make CSF ideal for biomarkers investigation. On one hand, CSF is not
a very complex fluid, being composed of a restricted amount of metabolites [61], which
facilitates technical screening for regulated molecules. On the other hand, the direct contact
between CSF and the extracellular space of the brain puts CSF in a valuable position to be
considered as a potential indicator of the pathological processes occurring in the brain during
different disease stages. This last aspect has not been analysed in depth since real comparisons
and correlations are cumbersome and can only be formally made when using CSF and brain
tissues from the same patients and the same disease stages.

The performance of CSF biomarkers as a diagnostic tool has greatly improved in parallel with
the improvement of detection methodologies such as new generation proteomic technologies
and high-throughput transcriptomic methodologies (deep-sequencing, microarrays and
quantitative PCR panels), which eased and expanded the possibilities to measure full expres‐
sion signature in a single assay enabling the inference of networks and biological functions
associated to deregulated datasets. Indeed, current data indicate the existence of deregulated
levels of proteins, peptides, small RNAs, mitochondrial DNA and a broad range of metabolites
in the CSF of AD samples. In addition new outcomes are expected from worldwide undergoing
large longitudinal studies in very-well defined cohorts [62].

5.1.1. Protein biomarkers

In recent years, a number of reports have exploited proteomic techniques to study the levels
of selected proteins and peptides in the CSF of healthy and diseased individuals. Current data
indicate that proteins and peptides such as β-amyloid (Aβ1-42/Aβ42 and Aβ1-40/Aβ40), total
tau and phosphorylated tau (p-tau) meet the criteria to discriminate AD from individuals
suffering from other types of dementias, as well as from healthy individuals and are considered
as the core AD biomarkers [63]. According to different studies these biomarkers meet the
consensus recommendations on AD biomarkers that should have >80% sensitivity and >80%
specificity [64]. Importantly, core AD biomarkers molecules correlate with neuropathological
hallmarks of AD, such as the presence of extracellular amyloid plaques (Aβ peptides), axonal
degeneration (tau protein) and neuronal tangles (p-tau).

Three main observations unveil the clinical relevance of these molecules. Firstly, their appro‐
priate sensibility and sensitivity have been successfully validated by independent large-scale
multicentre studies [65-69], although these studies also point out that biomarkers measure‐
ments present significant inter-laboratory variations [70]. Secondly, Aβ42, tau and p-tau have
been validated as predictors of AD in patients with MCI [71-74]. Lastly, longitudinal studies
indicate that, at least, Tau and Aβ42 in CSF reflect the underlying disease state in early clinical
and late stages of AD.

Alzheimer's Disease - Challenges for the Future268



5.1. CSF

CSF is the prime target among biological fluids in the search of specific biomarkers related to
neurological disorders. The easy accessibility to this biofluid and its singular biophysic-
chemical characteristics make CSF ideal for biomarkers investigation. On one hand, CSF is not
a very complex fluid, being composed of a restricted amount of metabolites [61], which
facilitates technical screening for regulated molecules. On the other hand, the direct contact
between CSF and the extracellular space of the brain puts CSF in a valuable position to be
considered as a potential indicator of the pathological processes occurring in the brain during
different disease stages. This last aspect has not been analysed in depth since real comparisons
and correlations are cumbersome and can only be formally made when using CSF and brain
tissues from the same patients and the same disease stages.

The performance of CSF biomarkers as a diagnostic tool has greatly improved in parallel with
the improvement of detection methodologies such as new generation proteomic technologies
and high-throughput transcriptomic methodologies (deep-sequencing, microarrays and
quantitative PCR panels), which eased and expanded the possibilities to measure full expres‐
sion signature in a single assay enabling the inference of networks and biological functions
associated to deregulated datasets. Indeed, current data indicate the existence of deregulated
levels of proteins, peptides, small RNAs, mitochondrial DNA and a broad range of metabolites
in the CSF of AD samples. In addition new outcomes are expected from worldwide undergoing
large longitudinal studies in very-well defined cohorts [62].

5.1.1. Protein biomarkers

In recent years, a number of reports have exploited proteomic techniques to study the levels
of selected proteins and peptides in the CSF of healthy and diseased individuals. Current data
indicate that proteins and peptides such as β-amyloid (Aβ1-42/Aβ42 and Aβ1-40/Aβ40), total
tau and phosphorylated tau (p-tau) meet the criteria to discriminate AD from individuals
suffering from other types of dementias, as well as from healthy individuals and are considered
as the core AD biomarkers [63]. According to different studies these biomarkers meet the
consensus recommendations on AD biomarkers that should have >80% sensitivity and >80%
specificity [64]. Importantly, core AD biomarkers molecules correlate with neuropathological
hallmarks of AD, such as the presence of extracellular amyloid plaques (Aβ peptides), axonal
degeneration (tau protein) and neuronal tangles (p-tau).

Three main observations unveil the clinical relevance of these molecules. Firstly, their appro‐
priate sensibility and sensitivity have been successfully validated by independent large-scale
multicentre studies [65-69], although these studies also point out that biomarkers measure‐
ments present significant inter-laboratory variations [70]. Secondly, Aβ42, tau and p-tau have
been validated as predictors of AD in patients with MCI [71-74]. Lastly, longitudinal studies
indicate that, at least, Tau and Aβ42 in CSF reflect the underlying disease state in early clinical
and late stages of AD.

Alzheimer's Disease - Challenges for the Future268

5.1.1.1. Aβ peptides

Aβ42 along with Aβ40 is secreted into the extracellular space and biological fluids, including
CSF, as consequence of the proteolytic activity of proteinases on the Amyloid precursor protein
(APP). Both peptides are found in senile plaques but their intracellular production, aggregation
rates and proposed pathogenic functions are significantly distinct [75-77].

A consistent decrease in Aβ42 levels has been observed in the CSF of patients suffering from
AD in several studies [78-80] but also in Subcortical White-matter Dementia (SWD) [81] and
in Down Syndrome (DS) [82]. Reduced Aβ42 levels in AD are suggested to reflect either
sequestration of Aβ42 in senile plaques, since Aβ42 CSF levels inversely correlate with the
presence of senile plaques [83], or due to non-detectable Aβ42 oligomers in the assay, although
alternative explanations may be plausible. In FTD, Aβ42 levels are significantly lower than in
control samples, but higher than in AD cases [81, 84]. Aβ42 sensitivity and specificity in AD
samples ranges from 78 to 100% (mean 85,6%) and from 67 to 100% (mean 88,5%), respectively
[78]. A recent meta-analysis of 50 analytical studies indicates that CSF Aβ42 concentrations are
significantly lower in AD when compared to MCI, FTD, PD and VaD but only moderately
lower when compared to LBD [85].

Contrary to what is observed with Aβ42, Aβ40 and Aβ38 levels are not altered in the CSF of
AD patients [79, 86, 87], but a significant decrease in Aβ40 levels is observed in FTLD when
compared to AD and control cases [88]. In addition, Aβ40 levels, and more markedly Aβ38
levels, are decreased in FTD when compared to control samples [89].

A growing body of evidence suggests the superior performance of Aβ42/Aβ40 ratio when
compared to Aβ42 alone using different analytic assays [79, 90, 91]. Importantly Aβ42/Aβ40
ratio is able to predict the conversion from MCI patients to AD when compared to cognitively
stable MCI patients and MCI patients who developed other forms of dementia [79]. Aβ42/Aβ40
ratio is also able to discriminate better AD from VaD, LBD and non-AD dementia than Aβ42
alone and equally AD from FTD and non-AD dementia than the combination of Aβ42, p-tau
and total tau [92]. Multiple studies also show an increased sensitivity and specificity in the use
of Aβ ratio when compared to Aβ42/tau ratio, although the performance of combined
biomarker analysis in AD diagnosis and prognosis is still a matter under discussion [93-96].

In addition to the regulated levels of monomeric Aβ species in the CSF of AD patients,
encouraging observations have been reported in the potential diagnostic and prognostic role
of BACE1, one of the main enzymes involved in the pathological cleave of the APP. Several
independent observations indicate the presence of higher BACE1 levels and activity in the CSF
of MCI and AD samples when compared to controls [97-100]. BACE1 activity is also increased
in CJD samples [101] suggesting common pathological mechanisms among both diseases.
Importantly, BACE1 correlate with classical AD biomarker’s profile, brain atrophy in AD cases
[102] and ApoE4 genotype [99], the latter being associated with an increased Aβ peptide ex
vivo production [103]. In addition, specific BACE1 inhibitors dramatically reduce the presence
of Aβ peptides in the CSF of AD patients [104] pointing out for a direct correlation between
brain Aβ peptide processing and Aβ CSF levels.
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5.1.1.2. Aβ oligomers

Recent studies demonstrated the presence of increased levels of Aβ oligomeric species in the
CSF of AD patients when compared to controls using a broad range of methodological
approaches [105-110]. Indeed, the analysis of individual Aβ oligomeric species is gaining
experimental momentum due to their potential specific role in AD pathogenesis. Aβ40
oligomers levels are found to be increased in the CSF of AD patients at different disease severity
stages, and a combined analysis of Aβ40 oligomers and monomeric Aβ42 greatly improved
sensitivity and specificity to 95% and 90%, respectively [108]. Although the pathogenic role of
Aβ40 in AD is still under discussion Aβ40 deposits have been reported both in control and AD
brains [111, 112]. Aβ40-positive senile plaques with amyloid core are frequently associated
with microglia in contrast to Aβ42-positive plaques [111], suggesting a role of microglia in the
generation and aggregation of Aβ40 species in diseased brain. However, the different ability
of Aβ fibrils and oligomers to react with microglia suggests a more complex scenario [113].

Aβ42 oligomers are increased in the CSF of AD patients [114] and the ratio of Aβ oligomers to
Aβ42 is significantly elevated in AD patients [115]. Interestingly, the increased levels of Aβ42
oligomers in the CSF of MCI and AD samples may explain decreased levels of monomeric
Aβ42. The recent development of the protein misfolding cyclic amplification assay (PMCA),
based on the seeding activity of Aβ oligomers catalysing the polymerization of the monomeric
Aβ, permits the discrimination of AD samples from other neurodegenerative non-degenera‐
tive neurological diseases with a sensitivity of 90% and specificity of 92% [109]. The use of Aβ-
PMCA as a prognostic tool for detection of MCI still needs to be established. Importantly,
detection of Aβ oligomers in the CSF is highly dependent on the native or disaggregated state
of these oligomers [114, 116].

The finding that regulated levels of Aβ oligomer species are present in the CSF of AD patients’
biofluids has a tremendous translational interest, since growing evidences indicate that soluble
Aβ oligomers rather than aggregated Aβ plaques are more likely to be the main pathogenic
agents of disease [117-119]. Consequently, preliminary data indicate that the analysis of Aβ
oligomers, combined with levels of soluble Aβ peptides, may be relevant disease predictors
and valuable tools for the analysis of AD progression.

5.1.1.3. Tau

The levels of total tau in the CSF, contrary to Aβ42 levels, increase with age [120]. Increments
in tau levels have also been described in the CSF of AD and MCI patients in a broad range of
several studies [121, 122] ranging from moderate to severe depending on the methodology and
cohort used [78]. It is believed that deregulated tau may be reflecting the neuronal and axonal
damage present in brain tissue and, as a consequence, the presence of increased tau levels is
not a specific event for AD. Accordingly, transient tau increments have been also reported in
acute stroke [123], and the most increased tau levels are observed in prion diseases such as in
CJD, where massive neuronal cell death is present [124, 125]. Higher CSF tau is also associated
with smaller brain volume in individuals with AD [126]. On the other hand, neurological
diseases with minor neuronal loss and other dementias such as VaD, LBD and alcoholic

Alzheimer's Disease - Challenges for the Future270



5.1.1.2. Aβ oligomers

Recent studies demonstrated the presence of increased levels of Aβ oligomeric species in the
CSF of AD patients when compared to controls using a broad range of methodological
approaches [105-110]. Indeed, the analysis of individual Aβ oligomeric species is gaining
experimental momentum due to their potential specific role in AD pathogenesis. Aβ40
oligomers levels are found to be increased in the CSF of AD patients at different disease severity
stages, and a combined analysis of Aβ40 oligomers and monomeric Aβ42 greatly improved
sensitivity and specificity to 95% and 90%, respectively [108]. Although the pathogenic role of
Aβ40 in AD is still under discussion Aβ40 deposits have been reported both in control and AD
brains [111, 112]. Aβ40-positive senile plaques with amyloid core are frequently associated
with microglia in contrast to Aβ42-positive plaques [111], suggesting a role of microglia in the
generation and aggregation of Aβ40 species in diseased brain. However, the different ability
of Aβ fibrils and oligomers to react with microglia suggests a more complex scenario [113].

Aβ42 oligomers are increased in the CSF of AD patients [114] and the ratio of Aβ oligomers to
Aβ42 is significantly elevated in AD patients [115]. Interestingly, the increased levels of Aβ42
oligomers in the CSF of MCI and AD samples may explain decreased levels of monomeric
Aβ42. The recent development of the protein misfolding cyclic amplification assay (PMCA),
based on the seeding activity of Aβ oligomers catalysing the polymerization of the monomeric
Aβ, permits the discrimination of AD samples from other neurodegenerative non-degenera‐
tive neurological diseases with a sensitivity of 90% and specificity of 92% [109]. The use of Aβ-
PMCA as a prognostic tool for detection of MCI still needs to be established. Importantly,
detection of Aβ oligomers in the CSF is highly dependent on the native or disaggregated state
of these oligomers [114, 116].

The finding that regulated levels of Aβ oligomer species are present in the CSF of AD patients’
biofluids has a tremendous translational interest, since growing evidences indicate that soluble
Aβ oligomers rather than aggregated Aβ plaques are more likely to be the main pathogenic
agents of disease [117-119]. Consequently, preliminary data indicate that the analysis of Aβ
oligomers, combined with levels of soluble Aβ peptides, may be relevant disease predictors
and valuable tools for the analysis of AD progression.

5.1.1.3. Tau

The levels of total tau in the CSF, contrary to Aβ42 levels, increase with age [120]. Increments
in tau levels have also been described in the CSF of AD and MCI patients in a broad range of
several studies [121, 122] ranging from moderate to severe depending on the methodology and
cohort used [78]. It is believed that deregulated tau may be reflecting the neuronal and axonal
damage present in brain tissue and, as a consequence, the presence of increased tau levels is
not a specific event for AD. Accordingly, transient tau increments have been also reported in
acute stroke [123], and the most increased tau levels are observed in prion diseases such as in
CJD, where massive neuronal cell death is present [124, 125]. Higher CSF tau is also associated
with smaller brain volume in individuals with AD [126]. On the other hand, neurological
diseases with minor neuronal loss and other dementias such as VaD, LBD and alcoholic

Alzheimer's Disease - Challenges for the Future270

dementia reflect minor or no significant changes in the levels of tau protein in the CSF, and
tauopathies such as FTD also present inconsistent data [121, 127, 128].

A meta-analysis from different studies comparing tau levels in different dementia samples
found that, although tau levels in AD are significantly increased when compared to controls,
tau concentrations are moderately elevated in LBD, FTLD and VaD impeding a clear stratifi‐
cation between disease groups. Nevertheless, tau levels are useful to differentiate VaD from
stroke [129] and, as expected, only CJD is characterized by extremely increased tau values,
resulting in a sensitivity and specificity over 90% [130].

The improved performance of tau when analysed together with other AD biomarkers has
been widely demonstrated [131,  132].  The combined use of  Aβ42 and tau discriminates
better between controls and AD and is very useful to predict MCI progression [69, 133].
A  recent  study  also  showed  that  decreased  Aβ42  and  increased  tau  levels  are  able  to
discriminate  LBD from PD patients  in  spite  of  both  being synucleopathies  [134].  In  the
same line of  evidences,  combination of α-synuclein levels and Aβ42/tau ratios improves
the diagnostic accuracy of PD [135].

A broad range of studies also demonstrated the helpfulness of the combined analysis of tau
with non-AD core biomarkers. Assessment of tau and neuronal thread protein raises specificity
and sensitivity for AD when compared to the individual analysis of both proteins [136].
Similarly, integrated analysis of tau and the regional cerebral blood flow in the posterior
cingulate cortex discriminates MCI progressing to AD from non-progressive MCI [137]. The
combined analysis of tau is also valuable for discriminating other diseases besides AD. As an
example, the merged analysis of tau and midbrain-to-pons atrophy is reported to be useful for
early identification of progressive supranuclear palsy (PSP), discriminating PSP cases from
controls and patients suffering from corticobasal syndrome (CBS) and FTD [138].

5.1.1.4. Phospho-tau

Similarly to total tau, p-tau levels are increased in AD samples, although higher variability on
its specificity and sensibility is reported when compared to the non-phosphorylated tau form
[78, 127]. Several considerations should be done in this regard.

On one hand, the number of studies analysing p-tau levels is not as large as those performed
for its non-phosphorylated form. In addition, sensitivity and sensibility may depend on the
analysed phosphorylation site, although sensitivity for AD seems equal for at least the three
main epitopes used in clinical diagnosis [139]. Importantly, results from a meta-analysis study
indicate that tau phosphorylated at the Threonine 181 levels are able to discriminate AD from
other dementias and MCI [140].

On the other hand, the utility of p-tau in the differential AD diagnosis against other neurode‐
generative diseases is advantageous over total tau since p-tau levels reflect AD pathogenesis
[141]. Indeed, p-tau levels in the CSF may reflect the levels of tau phosphorylation in AD brains.
Tau is more increased in the CSF of sCJD patients than in AD, while p-tau is only modestly
increased in sCJD [142]. In addition, tau levels are increased in neurological diseases such as
in acute ischemic stroke, while p-tau levels remains unaltered [123]. Indeed, tau phosphory‐
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lation is physiologically regulated during several biological processes such as neuronal
development, while tau levels usually remain more stable. Therefore, a direct correlation
between total tau and p-tau levels cannot be established, and several lines of evidence indicate
that p-tau levels are differently regulated, not only in AD, but also in other neurodegenerative
diseases. In this regard, the main tau kinase, Glycogen synthase kinase 3 (GSK3) is assumed
to be hyperactivated in AD brain, inducing pathogenic tau hyperphosphorylation, aggregation
and formation of the intracellular NFTs. Although a direct correlation between GSK3 activity
and tangle formation in AD is still under discussion [143], GSK3 levels and activity are
markedly reduced in sCJD brain [144]. Thus, the distinct regulation of tau phosphorylation in
the brain of AD and CJD, may explain the different p-tau/tau ratios observed in both diseases,
which permits a differential diagnosis [145].

Recently it has been observed that patients suffering from rpAD present highly increased p-
tau levels in the CSF [146] when compared to controls and classical AD patients. Since it is
estimated that rpAD may be accounting for 10-30% of all AD cases, it is urgently needed to
establish if lack of disease stratification may lead to misinterpretation of p-tau analysis between
rapidly progressive and classical AD forms. In this regard, a combination of high CSF tau
without proportionally elevated p-tau-181 is associated with a faster rate of cognitive decline
[147]. In this regard, longitudinal studies indicates that a combination of low Aβ42 and high
tau and p-tau levels is highly predictive of MCI progression and cognitive decline rate [74, 148].

5.1.1.5. Inflammatory cytokines

A common feature in the Central Nervous System of neurodegenerative diseases is the
presence of chronic neuroinflammation associated with an exacerbated gliosis [149]. The role
of a chronic and sustained inflammation in neurodegeneration is still a matter of debate as
neuroinflammation has been suggested to play both detrimental and protective functions
depending on disease stage, brain region, activation of anti-inflammatory mechanisms and
cellular milieu among others [150]. Besides these considerations point out a critical role of
neuroinflammation in the molecular mechanisms linked to AD pathology [151] and a broad
range of inflammatory cytokines and immune response mediators are increased in the CSF of
AD patients. A correlation between inflammatory markers and biomarkers of neurodegener‐
ation has been described [152], and consequently, neurodegenerative disorders with high
inflammatory chronic profiles such as prion diseases [153] present higher inflammatory-
related deregulations in the CSF [154, 155]. However, the specific inflammatory profile
observed in different types of dementia and at different disease stages indicates that inflam‐
matory biomarkers could be used as surrogate markers for AD diagnosis and prognosis.

The anti-inflammatory cytokine TGFβ–1 is consistently upregulated in AD cases [156, 157].
Interestingly, during the progression from MCI to AD, a pro-inflammatory state is proposed
since MCI patients who progressed to AD showed higher TNFα and lower TGFβ–1 and Aβ42
levels than control individuals or those non progressing to AD [158]. These data are in
agreement with increased levels of the acute-phase C-reactive protein (CRP) and IL-6 in the
CSF of MCI patients when compared to AD patients, indicating that inflammatory mechanisms
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are already progressing even before changes in core AD biomarkers such as Aβ42 and tau can
be detected in the CSF [159].

In relation to this, a comparative analysis between Amnestic Mild Cognitive Impairment
(aMCI) and MS patients indicated that pro-inflammatory cytokines and CD45+ lymphocytes
are present in the same levels in both diseases. Taking into account that MS can be considered
the most representative neuroinflammatory disease, these observations indicate that inflam‐
matory mechanisms may be crucial for AD etiopathology.

In  this  regard,  the  pro-inflammatory  cytokine  osteopontin  (OPN),  also  known  as  the
secreted  phosphoprotein  1  (SPP1)  and  involved  in  macrophage  recruitment  to  inflam‐
matory  sites  and  cytokine  production  [160],  is  also  elevated  in  the  CSF  of  AD  pa‐
tients  and in  MCI  patients  developing  AD.  OPN levels  correlate  with  cognitive  decline
and with  increased  levels  in  early  disease  phases  [161,  162].  OPN has  also  been  found
elevated  in  the  CSF  during  attacks  of  MS  [163].

In addition, the major acute-phase protein SAP (Serum amyloid P component) has lower levels
in MCI patients who progressed to AD than in those who did not progress to AD [164],
suggesting that low SAP levels are linked to an increased risk of progression to AD.

Alternative promising inflammatory-biomarkers have been proposed. On one hand, lipocalin
2, whose levels are decreased in the CSF of MCI and AD patients and increased in brain regions
with associated AD pathology [165]. On the other hand, the astrocytic marker YKL-40, has
been reported to be increased in AD at early stages of the disease [166-169] and in FTD and
aMCI patients [166]. In addition YKL-40 levels correlate positively with the classical core
biomarkers tau and p-tau [166].

5.1.1.6. MicroRNAs

microRNAs (miRNA) are endogenous small non-coding RNAs (20-22 nucleotides) that are
involved in post-transcriptional gene regulation by targeting mRNAs for cleavage or transla‐
tional repression [170]. miRNAs have emerged as key regulators of various aspects of neuronal
development and dysfunction. Deregulated small RNA signatures, especially miRNAs, have
been observed in the brain of a broad range of neurodegenerative diseases such as AD, PD,
HD or ALS [171, 172] and experimental evidences ascribe a functional role to miRNAs in the
pathogenic molecular mechanisms leading to neurodegeneration [173-175]. With the advent
of high-throughput technologies, full transcriptomic signatures can be provided not only from
tissues, but also from samples with small amounts of starting material such as biological fluids
and associated exosomes [176-178]. In this regard, more than 100 circulating miRNAs are
deregulated in pathological conditions [179] and some of them have been proposed as potential
biomarkers for disease diagnosis and prognosis, mainly in cancer and neurodegenerative
diseases. Regarding the levels of circulating miRNAs in AD, several studies already reported
changes when compared to control samples. A recent pilot study in two different cohorts
showed that hsa-miR-27a-3p expression is reduced in the CSF of AD patients [180]. Decreased
levels of this miRNA correlate with high tau and low Aβ amyloid levels. A second study
analysed a selected group of miRNA candidates and observed that miRNAs 34a, 125b and
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146a levels were significantly lower in the CSF of AD patients when compared to control cases,
while the levels of the miRNAs 29a and 29b were significantly higher [181]. In an independent
study low levels of miRNA-146a were also detected in the CSF of AD patients [182]. In this
regard the expression of miRNA-146a is increased in AD [183] and CJD brains [184], in AD
mice models [185] and in scrapie mice [184]. miRNA-146a expression in AD mice models also
correlates with senile plaque density and synaptic pathology [185]. This miRNA is induced by
the interleukin IL-1β, modulating the expression of IL-6 and the cyclooxygenase COX-2 and
acting as a negative regulator of the astrocyte-mediated inflammatory response [186, 187]. In
addition miRNA-146a negatively regulates TLR signalling to prevent exacerbated inflamma‐
tion, thus, it seems to play a key role in the modulation of the neuropathology associated to
chronic inflammation in neurodegenerative diseases. Whether the regulation of miRNAs in
CSF is a consequence of neuronal cell damage or a modulated pathogenic response is still a
matter of discussion.

In summary, all preliminary studies argue for the presence of deregulated levels of miRNAs
in the CSF of AD patients with potential translational value. Exclusion of blood contamination
effects, standardization of the assays, together with cross-disease and technical validation in
larger cohorts need to be carried out to assess the potential role of miRNAs signatures as
specific diagnostic and prognosis biomarker tool in AD and to define new diagnostic thera‐
peutic opportunities related to the miRNA field.

5.1.1.7. Mitochondrial DNA

A pioneering study demonstrated that asymptomatic patients at risk of AD and symptomatic
AD patients exhibit a significant decrease in the levels of circulating cell-free mtDNA in the
CSF [188]. Data were generated by qPCR and digital droplet PCR and validated in an inde‐
pendent cohort of patients. Interestingly, this decrease is disease-specific, as mtDNA levels in
the CSF of FTLD patients remain unchanged. Since decreased levels of mtDNA precede the
appearance of the classical AD biomarkers such as Aβ42, mtDNA is an excellent potential pre-
clinical AD biomarker. Further studies in larger cohorts including rpAD and CJD samples will
determinate the clinical use of mtDNA analysis as a prognosis AD biomarker.

5.1.1.8. Metabolic profile

The use of analytic technologies such as Nuclear magnetic resonance and Liquid chromatog‐
raphy–mass spectrometry to analyse the metabolic signatures of biological fluids deserves
special attention [189]. The metabolic profile in human CSF samples of AD patients and age-
matched healthy controls unveils the presence of a significant presence of deregulated
metabolites in AD cases [190]. Among them, higher corticols levels are found in AD cases,
which correlate with AD progression and severity. In addition, the same study proved that
combined analysis of different metabolites may increase sensitivity and specificity above 80%.

A second metabolic profile study identified the deregulated metabolic pathways in the CSF of
MCI and AD patients [191]. The number of altered pathways increased with disease severity.
Among them, Krebs cycle was significantly affected in MCI and cholesterol and sphingolipids

Alzheimer's Disease - Challenges for the Future274



146a levels were significantly lower in the CSF of AD patients when compared to control cases,
while the levels of the miRNAs 29a and 29b were significantly higher [181]. In an independent
study low levels of miRNA-146a were also detected in the CSF of AD patients [182]. In this
regard the expression of miRNA-146a is increased in AD [183] and CJD brains [184], in AD
mice models [185] and in scrapie mice [184]. miRNA-146a expression in AD mice models also
correlates with senile plaque density and synaptic pathology [185]. This miRNA is induced by
the interleukin IL-1β, modulating the expression of IL-6 and the cyclooxygenase COX-2 and
acting as a negative regulator of the astrocyte-mediated inflammatory response [186, 187]. In
addition miRNA-146a negatively regulates TLR signalling to prevent exacerbated inflamma‐
tion, thus, it seems to play a key role in the modulation of the neuropathology associated to
chronic inflammation in neurodegenerative diseases. Whether the regulation of miRNAs in
CSF is a consequence of neuronal cell damage or a modulated pathogenic response is still a
matter of discussion.

In summary, all preliminary studies argue for the presence of deregulated levels of miRNAs
in the CSF of AD patients with potential translational value. Exclusion of blood contamination
effects, standardization of the assays, together with cross-disease and technical validation in
larger cohorts need to be carried out to assess the potential role of miRNAs signatures as
specific diagnostic and prognosis biomarker tool in AD and to define new diagnostic thera‐
peutic opportunities related to the miRNA field.

5.1.1.7. Mitochondrial DNA

A pioneering study demonstrated that asymptomatic patients at risk of AD and symptomatic
AD patients exhibit a significant decrease in the levels of circulating cell-free mtDNA in the
CSF [188]. Data were generated by qPCR and digital droplet PCR and validated in an inde‐
pendent cohort of patients. Interestingly, this decrease is disease-specific, as mtDNA levels in
the CSF of FTLD patients remain unchanged. Since decreased levels of mtDNA precede the
appearance of the classical AD biomarkers such as Aβ42, mtDNA is an excellent potential pre-
clinical AD biomarker. Further studies in larger cohorts including rpAD and CJD samples will
determinate the clinical use of mtDNA analysis as a prognosis AD biomarker.

5.1.1.8. Metabolic profile

The use of analytic technologies such as Nuclear magnetic resonance and Liquid chromatog‐
raphy–mass spectrometry to analyse the metabolic signatures of biological fluids deserves
special attention [189]. The metabolic profile in human CSF samples of AD patients and age-
matched healthy controls unveils the presence of a significant presence of deregulated
metabolites in AD cases [190]. Among them, higher corticols levels are found in AD cases,
which correlate with AD progression and severity. In addition, the same study proved that
combined analysis of different metabolites may increase sensitivity and specificity above 80%.

A second metabolic profile study identified the deregulated metabolic pathways in the CSF of
MCI and AD patients [191]. The number of altered pathways increased with disease severity.
Among them, Krebs cycle was significantly affected in MCI and cholesterol and sphingolipids
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transport was altered in AD. A high percentage of altered pathways in the CSF were also
deregulated in plasma from the same individuals (30% in MCI and 60% in AD, respectively).
Deregulated pathways performing the best disease discrimination were biosynthesis and
metabolism of cortisone and prostaglandin 2.

Finally, a third study using metabolomics in the CSF of MCI and AD patients demonstrated
the presence of elevated methionine (MET), 5-hydroxyindoleacetic acid (5-HIAA), vanillyl‐
mandelic acid, xanthosine and glutathione levels in AD patients and elevated 5-HIAA, MET,
hypoxanthine and other metabolites in MCI patients when compared to healthy controls.
Metabolite ratios revealed changes within tryptophan, MET and purine pathways [192],
showing a partial overlap between MCI and AD.

Metabolomics is a promising tool for AD diagnosis indicating a slightly lower or similar
performance when compared to classical AD biomarkers such as tau and Aβ42 depending on
the study. Further analysis in large independent cohorts, technical updates as well as a
combination of metabolic profiling with classical or alternative biomarkers will define the
potential use of high throughput metabolic analysis in the AD diagnostic field. Besides,
metabolite signatures may help to unveil the progression mechanisms and pathways leading
to different dementia stages.

5.2. Blood

Despite the description of altered levels of several molecules in the blood levels of several
molecules in the blood of AD patients as AD clinical biomarkers. Direct analysis in blood or
blood-derived serum or plasma samples presents a broad range of advantages over CSF
analysis. Blood extraction is minimally invasive and sample is easily collected, processed and
stored over time. However, variations in the levels of blood metabolites may be reflecting a
broad spectrum of changes not directly related to the neurodegenerative process. In addition,
the dynamic range of the changes are lower than in CSF obtaining, most of the times, incon‐
sistent data. Additionally, contrary to CSF, blood is a very complex fluid composed of different
types of metabolites and cell types that present significant oscillations in response to external
factors not related to pathogenic events. The analysis of specific blood cells could be an
alternative approach to link potential biomarkers levels with AD pathology, being a field under
intense study.

5.2.1. Protein biomarkers

The core CSF AD biomarkers present minimal alterations in plasma. Aβ40 levels are higher in
AD than in controls, although a high overlap is observed between groups. No changes have
been observed for Aβ42, and Aβ40 and both Aβ40 and Aβ42 levels showed no association with
cognitive decline [86]. Albeit some partial overlap between groups, tau levels in plasma are
increased in AD when compared to control and MCI patients. Interestingly, tau levels cannot
differentiate non-progressive from AD progressive MCI patients and there is a lack of
correlation between CSF and plasma tau levels [193].
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High-throughputs proteomic studies have tried to report the complex deregulated signatures
between control and AD samples. A 2D-Mass spectrometry-based study detected a deregu‐
lated set of proteins in AD plasma complement factor H precursor and α-2-macroglobulin,
which were validated and correlated with disease severity [194]. Independent multi-analyte
profiling studies also demonstrated the presence of deregulated levels of proteins in MCI and
AD samples when compared to controls both in serum and plasma. Among them some hits
are related to AD pathogenesis such as the apoE [195, 196] as well as a broad range of inflam‐
matory mediators [196, 197]. In an array-based ELISA study, 18 signalling proteins were able
to distinguish AD from control samples with high accuracy (90%) and to predict MCI to AD
progression [198], although the validation of this dataset has been ambiguous [199, 200]. The
observation of a high variability between independent analyses indicates that further valida‐
tions by independent methodologies in different cohorts need to be performed before resolving
the clinical relevance of high-throughput blood-based analysis.

Alternative plasma biomarkers include the brain-reactive autoantibodies, present in sera
irrespective of the presence of any pathology. This finding led to the analysis of the potential
AD-specific autoantibody signature, which has been suggested to possess diagnostic value
due to its ability to distinguish AD cases from controls, PD and breast cancer samples [201].

5.2.2. microRNAs

miRNA signature from CSF is only slightly more stable when compared to serum, suggesting
that both biofluids are appropriate for the screening analysis of small RNAs [202]. Therefore,
several studies addressed the potential deregulated miRNA signature in blood-derived AD
samples. Using a microarray and qPCR validation approach the miR-125b, miR-23a and
miR-26b were downregulated in the serum of AD cases when compared to non-inflammatory
and inflammatory neurological controls and to FTD cases [203]. miR-125b presented the best
accuracy discriminating AD from other groups. The same study observed that miR-125b and
miR-26b levels were also diminished in the CSF of AD patients. An independent validation
study was able to replicate downregulation of miR-125b in AD serum [204].

In a different approach, using RNA-sequencing and qPCR validation, downregulated levels
of the miR-98-5p, miR-885-5p, miR-483-3p, miR-342-3p, miR-191-5p and let-7d-5p in the serum
of AD cases were reported. The miR-342-3p showed the best sensitivity and specificity and
correlated with cognitive decline [205]. However, downregulated levels of miR-342-3p in
biological fluids are also a common hallmark in cancer [206]. Using a similar approach a 12
blood-based miRNA signatures was suggested to discriminate AD patients from controls and
samples from patients suffering from different neurodegenerative diseases with high diag‐
nostic accuracies [207]. Nonetheless, the different sample origin impedes a formal comparison
between disease group’s studies. The analysis of peripheral blood mononuclear cells identified
upregulated levels of miR-34a, miR-181b in AD cells [208].

Despite the promising future of miRNA as biomarkers tools of clinical relevance, several
considerations needs to be done. Lack of validation among current available studies, even
when using similar platform, indicates that sample collection and methodology needs further
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standardization. In addition, high-throughput data need to be cross-validated in longitudinal
studies using different cohorts and selected miRNAs validated in multicentre studies. Under
these conditions miRNA in blood-related samples may serve as prognostic and diagnostic
through the analysis of miRNA signatures alone or combined with the analysis of classical AD
biomarkers.

6. Conclusion

The use of combined analysis of current AD diagnostic tools is gaining experimental momen‐
tum due to its demonstrated value as a better prognostic and diagnostic tool when compared
to individual assessments. As most promising candidates, CSF markers as well as methods of
in vivo neuroimaging have been identified. Among them, we can find structural MRI, 18F-FDG-
PET and novel in vivo amyloid-PET imaging [209, 210]. In longitudinal studies it was shown
that with the help of these biomarkers AD could be diagnosed already in mild symptomatic
states with high accuray allowing a predictability of its development [210]. Investigations of
patients with genetic AD have demonstrated already 15 years prior to the onset of dementia
significant pathological alterations in distinct biomarkers [211, 212].

Although these results are only assignable in a limited way to sporadic AD, the latter study
provides impressive evidence on the long preclinical course of AD.

Current  diagnostic  concepts  should therefore  apply  not  at  first  when AD dementia  has
developed,  but  support  explicitly  the application of  biomarkers at  distinct  stages of  AD
as it  was  shown that  biomarkers  become positive  already at  early  and presymptomatic
stages [213, 214].

In conclusion, differential diagnosis of a dementia syndrom requires esides clinical history and
neuropsychological testing, analysis of metabolites in biological fluids as well as imaging
methods. All these diagnostic approaches will not only allow an explanation towards the
underlying cause of dementia but will also be useful in monitoring disease treatment and
progression. The detection of AD at an early stage is hereby essential, as a further disease
progression can be influenced positively by early initiation of treatment.

Integration of data generated during the last decades should be used to build up a worldwide
rational algorithm based in the use of standardized, economically affordable methodologies
and easily accessible samples.

Nomenclature

AD: Alzheimer’s disease, rpAD: rapidly progressive Alzheimer’s disease, CJD: Creutzfeldt-
Jakob disease, aMCI: Amnestic Mild Cognitive Impairment, MCI: Mild cognitive impairment,
FTLD: Frontotemporal Lobe Degeneration, FTD: Frontotemporal Dementia, CSF: Cerebrospi‐
nal Fluid, PD: Parkinson Disease, HD: Huntington Disease, ELISA: Enzyme-Linked Immuno‐
Sorbent Assay, MS: Multiple Sclerosis, SWD: Subcortical White-matter Dementia, MMSE:
Mini–mental state examination, APP: Amyloid precursor protein, DS: Down Syndrome, CRP:
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C-reactive protein, PSP: progressive supranuclear palsy, CBS: corticobasal syndrome;
NINCDS/ADRDA: American National Institute of Neurological and Communicative Disor‐
ders and Stroke /Alzheimer’s disease and Related Disorders Association; DGPPN: German
Society of Psychiatry, Psychotherapy and Neurology; DGN: German Neurological Society;
MRI: Magnetic Resonance Imaging, PET: Emission Computed Tomography; SPECT: single
photon emission computed tomography; EEG: Electroencephalogram; CT; Computerized
Tomography; CDR: Clinical Dementia Rating; GDS: Global Deterioration Scale; ADL-/IADL:
Activities of Daily Living /Instrumental Activities of Daily Living; VBM: voxel-based morph‐
ometry; FLAIR; Fluid-attenuated inversion recovery; rCBF: regional cerebral blood flow.
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1. Introduction

Alzheimer's disease (AD) is the most common cause of dementia among people over 65 years.
In industrialized countries it is the fourth leading cause of death; in our country and although
there are no figures on the epidemiological dimension of this disease, statistical projections of
Latin American countries with similar socio-economic conditions, estimated to affect approx‐
imately 350,000 Mexicans. This disease is slowly progressive and is characterized by progres‐
sive dementia with profound memory loss, decreased ability to perform routine tasks,
difficulties in judgment, disorientation, personality changes, difficulty in learning, and loss of
language skills. On average, its duration is 8-12 years in which there is a period of 2-3 years
when the symptoms are very subtle and often goes unnoticed. Although protocols have
carefully designed clinical diagnosis, diagnostic certainty of Alzheimer's disease is about 85%
and it was confirmed by post-mortem brain examination.

The EA is inseparably between clinical symptoms of dementia and the presence of specific
lesions in selected areas of the cerebral cortex and hippocampus. The neuropathological
findings in the disease exhibited protein deposits manifest as neuritic plaques; consisting of
extracellular deposits composed of amyloid β (β-amyloid plaques). Also showed neurofibril‐
lary interneuronal tangles consisting of cytoskeletal protein tau, and granulo-vaculoar
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degeneration (figures 6-9), reduction and dysfunction of synapses, neuronal death and
reduction in overall brain volume. AD typically affects the hippocampus and adjacent
structures, memory deficits are typically among the earliest and most pronounced signs of AD.
When pathological changes spread beyond the hippocampus, other cognitive areas also
become affected [1-5]

It is possible to distinguish two different types of AD based upon age onset and familial
aggregation: familiar AD (FAD) and late-onset AD (LOAD). FAD is characterized by Mende‐
lian inheritance (autosomal dominant) and early onset (<60 years). FAD represents about 5–
10% of all AD cases [5], LOAD is characterized by later onset >60 years) and complex patterns
of inheritance. Although they differ in age onset, both forms of the disease are defined by the
same pathological features; neuronal loss and the presence of beta-amyloid plaques and
neurofibrillary tangles (figure 6, 7). Plaques are extracellular deposits of insoluble amyloid
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b. Chromosomes 14 and 19 are associated with late-onset forms. Chromosome 19 are linked
to mutations on Apolipoprotein E, specially isoform 4 (APOE4)

c. Others form Of Alzheimer's dementia cannot be explained from a genetic point of view,
including sporadic cases [11-13].

Mutations in different genes located on chromosomes 14 and 1, responsible for the disease of
early onset familial Alzheimer (EOAD), in a portion of patients show penetrance (proportion
of individuals that show the phenotype) about 100 % with autosomal dominant inheritance. In
the EOAD, autosomal dominant mutations in three genes; APP encoding amyloid precursor
protein, PSEN1 and PSEN2 encoding presenilin 1 and 2, lead to increased production of beta
amyloid [8]. The presenilin mutations, especially PS1 (~85%), are much more common in early
onset familial AD than APP mutation [14]. It has demonstrated the existence of a locus on
chromosome 14 (14q 24.3) in a group of families with EOAD. Using positional cloning the gene
designated S 182, which contains 14 exons and encodes the synthesis of a protein of 467 amino
acids (aa) called presenilin 1 (PS-1) (figure 1) containing from 6 to 9 transmembrane domains,
and two hydrophilic regions was isolated that are oriented towards the cytosol; at least over 90
different mutations found in the gene of the PS-1 to chromosome 14 mutations (include:
His163Arg, Ala246Glu, Leu286Val and Cys410Tyr) most display complete penetrance, but a
common mutation is Glu318Gly and this predisposes individuals to familial Alzheimer disease.
All except one are missense and represent about 30-50% of cases of EAFP. PSEN-1 mutations
are usually associated with very aggressive EOAD, with duration of dementia of about 5 years
[6]. PSEN-2 gene mutations are very rare. The ages at onset of EOAD are thought to vary (PSEN-1
25–60, APP 40–65 and PSEN-2 45–84. It is quite possible that other genes with mutations leading
to EOAD will be found [14-18].

The first gene associated with late forms family was identified in a family sample by applying
a new method of genetic analysis. The identified Apo E locus is located on the long arm of
chromosome 19 (figure 2).

Figure 2. Association Between Apo E Isoforms and Alzheimer's Disease

The APOE gene is located on the long arm of chromosome 19 at position 13.2. There are 3
different alleles of the APOE gene, producing 3 major isoforms, Known as ApoE2 (cys112,
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cys158), ApoE3 (cys112, arg158), and ApoE4 (arg112, arg158). The APOE4 isoform of increases
an individual's risk for developing late-onset Alzheimer disease [19,20].

Numerous studies have reported association between Apo E (locus) and EOAD, and sporadic
cases. The relationship between Apo E and AD is set by the overrepresentation of one of the
common protein isoforms in the group of patients. Of the 3 major isoforms, known as E2, E3
and E4, E4 are frequently associated with the onset of the disease [19]. The hypothesis of the
existence of a locus that could explain some of the cases EOAD was confirmed in 1992, in which
several groups pre-sented evidence of a locus on chromosome 14; this was named, along with
S 182, PS-1 or AD3. The role of the PS-1 gene in the body is unknown. Homology with family
proteins Notch/lin-12 indicates that it may play an important role in signal transduction, and
it is stated that the process involved in apoptosis. The gene of the PS-1 is expressed in different
regions of the brain, skeletal muscle, kidney, pancreas, placenta and heart. Processing produces
two fragments, this process occurs naturally and is under control. An increase of the amount
of PS-1 produced by the cells, in vitro, is not accompanied by increase in the concentration of
the fragments. Of the 10 exons which holds the PS-1 gene, most of the mutations are linked to
exon 5 (comprising the transmembrane domain 1 and 2) and exon 8 (comprising the trans‐
membrane domain 6 and 7). The effects on the PS-1 gene, in the 2 sites mentioned above, show
a significant difference with respect to age at onset of the disease when compared to each other.
Patients with mutations in the transmembrane domain (TD) 6 and 7, having an average age of
onset higher than those with mutations in the DT 1 and 2.14 [12,13]

All mutations, except one, are missense, resulting in a change of one aa by another. The mutation
known as D9 is one of the exceptions, and described in many families of diverse origin (English,
Japanese, Australian, Latin's). Involvement cause removal of exon 9, the reading frame is not
altered processing and disposal site and the corresponding fragments. The mutation has the
remarkable feature that is expressed in almost all families, spastic paraparesia; a phenotype that
does not seem to occur with any other mutation. In an English family mutation was detected in
codon 141 of the PS-1 gene with incomplete penetrance. The involvement was manifested in a
change of Iso by Val, the disease started with an average age of onset of 55 years. The muta‐
tions cause about 2% of all EOEA, and occur less frequently than those found in the PS-1 gene.
Only found two missense mutations with incomplete penetrance [12].

Another gene, called STM-2, was isolated families descendants of German settlers installed in
the Volga region in Russia. The STM-2 gene encodes a 448 aa protein called presenilin 2 (PS-2),
PS-2 contained 12 exons, 10 of which were coding exons, and that the primary transcript
encodes a 448 amino acid polypeptide with 67 (80%) of homology to PS1 gene in some regions.
This protein has been identified as part of the enzymatic complex that cleaves amyloid beta
peptide from APP. The affected families had a missense mutation at codon 141, resulting in a
change of aspartic (Asp) by Iso. In these families had been excluded linkage to chromosomes
14 and 21. The PS-2 gene also contains 12 exons, and the protein for which it encodes contains
from 6 to 9 DT [12,13].

The PS-2 transmembrane protein has 67% homology to the sequence of aa from the PS-1, and
therefore depending homology. The PS-2 is localized in the endoplasmic reticulum with the
hydrophilic domains oriented towards the cytoplasm (figure 3).
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Figure 3. The Membrane Topology of PS2

The PS-2 protein is derived from the STM-2 gene from 12 exons. The ten-transmembrane-
domain model of PS2 with one hydrophobic region and 10 associated to the membrane of the
endoplasmic reticulum.

The homology between PS-1 and PS-2 is particularly focused on the DT. The amino-terminal
domain and the domain located between exons 8 and 10, have the lowest degree of homology
and are supposed to be where the functional specificity of each of the proteins resides. Another
mutation that is associated with EOEA is located at codon 239 and is manifested in a change
of methionine (Met) by Val. As can be seen, the mutation sites are different from those
presented in the PS-1, characterized by incomplete penetrance. It is thought that mutations in
the gene of the PS-2 may cause an increase in apoptotic activity and consequently accelerating
the process of neurodegeneration. In EOEA families with mutations in the PS-1 gene the
average age of onset is much younger (45 years, range 29 to 62 years) that family with mutations
in the PS-2 gene (52 years, range between 40 and 88 years).

Neuritic plaques, extracellular structures observable in AD are composed of amyloid beta
peptide (ßA) and other elements such as glia and astrocytes (figures 6-9). The main constituent
is ßA peptide natural product of the metabolism of amyloid precursor protein (APP). The study
of families in the Volga allowed to demonstrate that the total amount of long ßA peptide (aa
42-43) and short (39-40 aa) were significantly lower in the case of mutations in the PS-2 gene
mutations compared the PS-1 gene. Experiments in vivo have suggested that the PS-1 mutant
altered proteolytic processing of APP at the C-terminal peptide SSA to favor deposition ßA
long peptide (more insoluble and form faster kinetic characteristics). The relationship between
PS-1 and EA does not seem clear; however, studies from fibroblasts and plasma from patients
who have inherited mutations in this gene, demonstrating that the effect of these changes is
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to increase the ßA 42 peptide in the plasma. The mechanism by which PS-1 exerts its effect in
AD is unknown. Mutations in the protein produce the same effect as the effects on the PPA.
Presenilins are involved indirectly with a gamma-secretase, an enzymatic complex that
processes of the PPA, and may be triggering or mediating its activity (figure 4) [12,13].

The presence of extracellular amyloid-peptide-containing neuritic plaques and intracellular
neurofibrillary tangles and the loss of synapses in defined regions of the brain are the hallmarks
associated with both familial and sporadic AD postmortem pathology.

In this chapter we reviewed the genetic, molecular, biochemical, and histopathological aspects
of familiar AD (EOAD) linked to chromosomes 1, 14 and 19 and especially those found in a
region of the state of Jalisco, Mexico.

2. Detection of EOAD

Detect EOAD is more complicated than LOAD [9], as their main symptom not always starts
with memory loss, but with other symptoms such as vision problems, motor or speech, mood
swings, irritability, disorientation even in familiar places, difficulty in learning and reasoning,
lack of initiative and isolation. People who have it take longer and be diagnosed, as some of
these symptoms are related to stress or depression. Early of AD detection is very important
for the patient. Family environment can accelerate disease because the stress, is misunder‐
standing, lack of patience, affected by worsening symptoms, while good weather and a quiet
home life makes slow the progression of symptoms (figure 5). Family members who have been
able to detect early Alzheimer's must be psychologically and emotionally prepared to live with
the disease [21-23].

Figure 4. Symptomatology in Alzheimer´s Disease versus Helathy Control
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During the initial stage, clinical data are diverse, but can be mentioned as the most significant:
progressive memory loss, and changes in personality and behavior. Another common finding
in EOAD is language difficulty (aphasia) such as naming which is commonly detected my
persons close to the patients. Common findings that develop by the progression of AD are
depression, headaches, seizures, myoclunus, Babinsky reflex, grasp reflex, extra-pyramidal
signs and Parkinsonism. Being a progressive disease, the disease is progressive, and clinical
signs and symptoms may vary from patient to patient; also the evolution of a patient with
EOAD has been studied, it is believed that there are differences according between FAD and
non NFAD; that patients with FAD compared to NFAD presented more frequent non-memory
symptoms like visuospatial deficit. FAD present more memory deficit tan NFAD at the
moment of the initial clinic visit. FAD has more tendencies to develop more headaches,
myoclonus, gait abnormalities and pseudobulbar affect. Healthy control presents unaltered
motor skills, speech and vision functions. However, in Alzheimer´s Disease patient’s motor
skills, speech and vision functions are impaired, while disorientation, mood swings, irritabil‐
ity, lack of initiative, isolation and difficulty in learning and reasoning is also present. On the
other hand family environment can affect the progression of the symptomatology of the
disease.

The age of onset difference between FAD and NFAD is that FAD develops 14 years earlier and
the MMSE score is lower than NFAD. Initial clinic visits from patients with cognitive deteri‐
oration are to be focused on the disease onset, course and symptoms. A powerful tool for the
clinical insight is the Mini- Mental State Examination (MMSE) which will help to know the
cognitive status of the individual (Screening). There modifying factors that have been related
to the progression of AD like is the level of school attendance, history of headaches and
seizures. Now a day it is important to follow the guidelines to pursue a genetic testing of the
most common mutations in AD allowing clinicians evaluate and manage patients with early
onset dementias.

3. Risk factors in early life

The risk of dementia and Alzheimer's disease starts from the maternal womb. Fetal malnutri‐
tion, low birth weight and not breastfeeding may have long-term negative consequences. It
has been shown that these and other conditions related to the early age of life, increased
susceptibility to several chronic diseases, particularly cardiovascular disease and its risk
factors (e.g. hyperinsulinemia, diabetes, atherosclerosis, hypertension, lipid disorders). The
socioeconomic conditions are associated with other handicaps: nutrition, environmental
stimulation, access to education, neuron-developmental, body growth, and subsequent
cognitive performance. Several studies have used anthropometric as height indices, the length
of the leg and arm, head circumference as markers of neurodevelopment in the first years of
life and have found an inverse association with dementia and AD in later life.

The educational attainment has been the most studied factor. In most studies, low educational
attainment is associated consistently with increased risk of cognitive impairment and demen‐
tia. There are multiple explanations for the association between low IQ and dementia:
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1. Education produces a selection bias, since people with more education may show better
performance on cognitive tests

2. Education is associated with other factors such as socioeconomic status early age,
nutrition, IQ and adult life as an occupation, health and better lifestyles

3. Education increases cognitive reserve offering a potentiating neuroprotection and
inducing long term [11-13].

4. Genetics and Alzheimer

Some genes were associated with AD: on chromosome 21 gene encoding the β-amyloid
precursor protein, on chromosome 14 gene presenilin 1 (PS1), on the chromosome 1 gene for
presenilin 2 (PS2), on chromosome 17 gene coding for protein, and chromosome 19 in the
apolipoprotein E (ApoE). Four alleles of ApoE, which is believed to play an important role in
AD is the ApoE type 4 are known ApoE4 allele has been seen as a risk factor for AD, with an
attributable risk estimated 45 to 60%. Thus the approach to the diagnosis of probable AD also
includes the study of ApoE.

Mutations in different genes located on chromosomes 14 and 1, responsible for EOAD of, in a
portion of patients show a penetration (proportion of individuals that show the phenotype)
about 100% with autosomal dominant. It has demonstrated the existence of a locus on
chromosome 14 (14q 24.3) in a group of families with EOAD. Using the positional cloning the
gene designated S 182, which contains 14 exons and encodes the synthesis of a protein of 467
amino acids (aa) called presenilin 1 (PS-1) containing from 6 to 9 transmembrane domains and
two hydrophilic regions was isolated that are oriented towards cytosol [5,6] [table 1].

4.1. The Amyloid Precursor Protein (APP)

The amyloid precursor protein is a member of a family to understand her two similar proteins,
APLP1 and APLP2. The APP is present in dendrites, cell bodies and axons of neurons and
neuronal function is unknown. APP is synthesized in the rough endoplasmic reticulum, Golgi
glycosylated and released into the membrane as a transmembrane protein, leaving the portion
containing 613-671 β amyloid partially included in the membrane. The APP gene is located on
chromosome 21; several investigators have identified many families of patients in whom the
disease is declared prematurely, mutations in the APP gene located in different parts of the
same: thus, a Swedish family found a double mutation at codons 670 and 671, and in other
families, a mutation at codon 717 is detected. In these families, only those who show these
mutations suffer from Alzheimer's disease, which proves without any doubt that there is a
relationship between APP metabolism and Alzheimer's disease. The APP can experience a
different metabolism to generate as a final product or other fragments. In the non-amyloido‐
genic pathway, APP secretase short region within the amyloid form a COOH-terminal 83
amino acid residues or appas called fragment CT83. In the amyloidogenic pathway, two
enzymes called β-secretase or BACE and γ-secretase cleaved APP at the N terminal of the
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peptide sequence in endosomal compartments Aß, while the γ -secretase cleaves the C-
terminal sequence ab on cell surface or near it. Two types of γ -secretase that are called
presenilin-1 and presenilin-2: PS1 and PS1. These enzymes are currently the subject of
extensive studies, because its blockade by drugs theoretically decrease the formation of β-
amyloid [14, 15].

Figure 5. γ – Secretase Complex

The γ-secretase complex is composed of four membrane proteins: nicastrin, aph-1, PS-2, and
presenilin (1 or 2). The actual catalytic site is in presenilin. Cleavage of APP and other substrates
occurs in the membrane. Presenilins are involved indirectly with the complex.

More than 90 different mutations have been found in the gene for the PS-1 on chromosome 14.
All mutations but one are missense and represent about 30-50% of cases of another gene, in
this case located on chromosome 1 was found was using the same strategy that isolated the
PS-1. Gene, called STM-2, was isolated families descended from German settlers installed in
the Volga region in Russia (ref). STM-2 gene encodes a 448 aa protein called presenilin 2 (PS-2),
named after the latter has homology (over 80%) compared to the PS-1 gene in some regions
(ref.). The mutations cause about 2% of total EOAD and occur less frequently than those found
in the PS-1 gene. Only found two missense mutations penetrance incomplete [16].

The first gene associated with late forms family was identified in a family sample by applying
a new method of genetic analysis. The identified Apo E locus is located on the long arm of
chromosome 19. Numerous studies have reported association between Apo E (locus) and
EOAD, and sporadic cases. The relationship between Apo E and EA is set by the over-
representation of one common protein isoforms in the group of patients. Of the 3 major
isoforms, known as E2, E3 and E4, E4 is often found associated with the appearance of the
disease [13].

This table exhibited examples of some important mutations per gene; number of gene muta‐
tions identified are also shown in table.
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Mutations in PSEN1 gene

Number of
Mutations in gene

Mutations Exon/Domain Onset General description of Clinical data

185 mutations
described in 405

families

Thr116Asn 5/ HL-I

Early
Autosomal
dominant
heritance

• Progressive memory loss
• Changes in personality and

behavior.
• Language difficulty

• Depression
• Headaches

• Seizures
• Myoclunus

• Babinsk reflex
• Grasp reflex

• Cerebellar signs

Met139Val 5/ TM-II

Met146Leu 5/ TM-II

Thr291Pro 9/ HL-VI (MA)

Leu171Pro 6/ TM-III

Ala431Glu 12/ HL-VIII

Mutations in PSEN2 gene

Number of
Mutations in gene

Mutations Exon/Domain Onset

13 mutationes
describen in 22

families

Ala85Val 4/ N-term

Early
Autosomal
dominant
heritance

Thr122Pro 5/ HL-1

Thr122Arg 5/ HL-1

Ser130Leu 5/ HL-1

Asn141Ile 5/ TM-II

Val148Ile 5/ TM-II

Mutations in APP gene

Number of
Mutations in gene

Mutations Exon/Domain Onset

33 mutations
described in 90

families

Ala692Gly 17/ N-term

Late

Glu693Gln 17/ N-term

Ile716Phe 17/ TM-I

Val717Leu 17/ TM-I

Leu723Pro 17/ TM-I

Ile716Val 17/ TM-I

Mutations in APOe gene

Number of
Mutations in gene

Mutations Exon/Domain Onset

88 mutations
described

-293 (G/T) Promoter region

Late-427 (T/C) Promoter region

-491 (A/T) Promoter region

Table 1. Mutations
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describen in 22

families

Ala85Val 4/ N-term

Early
Autosomal
dominant
heritance

Thr122Pro 5/ HL-1

Thr122Arg 5/ HL-1

Ser130Leu 5/ HL-1

Asn141Ile 5/ TM-II

Val148Ile 5/ TM-II

Mutations in APP gene

Number of
Mutations in gene

Mutations Exon/Domain Onset

33 mutations
described in 90

families

Ala692Gly 17/ N-term

Late

Glu693Gln 17/ N-term

Ile716Phe 17/ TM-I

Val717Leu 17/ TM-I

Leu723Pro 17/ TM-I

Ile716Val 17/ TM-I

Mutations in APOe gene

Number of
Mutations in gene

Mutations Exon/Domain Onset

88 mutations
described

-293 (G/T) Promoter region

Late-427 (T/C) Promoter region

-491 (A/T) Promoter region

Table 1. Mutations
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4.2. Presenilin (PS-1 and PS-2)

The hypothesis of the existence of a locus that could explain some of the cases EAFP was
confirmed in 1992, in which several groups pre-sat evidence of a locus on chromosome 14; this
was named, along with S 182, PS-1 or AD3. The role of the PS-1 gene in the organism is
unknown. Its homology to proteins of the Notch / lin-12 family suggests that it may play a role
in signal transduction, and it is stated that the process involved in gene apoptosis. The PS-1 is
expressed in different regions of brain, skeletal muscle, kidney, pancreas, placenta and the
heart. Its processing produces 2 fragments, this process occurs naturally and is under control.
An increase of the amount of PS-1 produced by the cells, in vitro, is not accompanied by increase
in the concentration of the fragments. Of the 14 exons which holds the PS-1 gene, most of the
mutations are linked to exon 5 (comprising the transmembrane domain 1 and 2) and exon 8
(comprising the transmembrane domain 6 and 7); the effects on the PS-1 gene, in the 2 sites
mentioned above show a significant difference with respect to age at onset of the disease when
compared to each other, patients with mutations in the transmembrane domain (DT) 6 and 7,
with a mean age of onset higher than those with mutations in the DT 1 and 2 [16-17].

All mutations, except one, are missense, resulting in a change of a from one another. The
mutation known as D9 is one of the exceptions, and described in many families of diverse
origin (English, Japanese, Australian and Latin´s). Involvement causes the elimination of exon
9 (the deletion occurs); do not changes the reading frame processing and disposal site and the
corresponding fragments. The mutation has the remarkable feature that is expressed in almost
all families, spastic paraparesy, and a phenotype that is not apparent with any other mutation.
In an England family a mutation was detected in codon 141 of PS-1 gene with incomplete
penetrance. The involvement is manifested in a change of Iso by Val, the disease began with
an average age of onset of 55 years [16-17].

The STM 2 gene (located on chromosome 1), also known as AD 4, PS-2, the affected families
had a missense mutation at codon 141, resulting in a change of aspartic acid (Asp) by Iso. In
these families ligations were excluded chromosomes 14 and 21. The PS-2 gene also contains
10 exons, and the protein for which it encodes contains 6 to 9 DT. The PS-2 transmembrane
protein has 67% homology to the sequence of aa from the PS-1, and therefore, the homology
in función. PS-2 is localized in the endoplasmic reticulum with the hydrophilic domains
oriented cytoplasm. The homology between PS-1 and PS-2 is particularly focused on the DT.
The amino-terminal domain and the domain located between exons 8 and 10, has the lowest
degree of homology and which is supposed to be the functional specificity of each of the living
proteins (ref.). Another mutation that is associated with the EOAD is located at codon 239 and
is manifested in a change of methionine (Met) to Valina (Val) (ref.). As can be seen, the mutation
sites are different from those presented in the PS-1, characterized by a penetration incomplete.
This data support that mutations in the gene of the PS-2 cause an increase in apoptotic activity,
and therefore accelerate neurodegeneration.

In EOAD families with mutations in the PS-1 gene the average age of onset is much younger
(45 years, range 29 to 62 years) that families with mutations in the PS-2 gene (52 years, range
between 40 and 88 years) (ref.).
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Senile plaques, extracellular structures observable in AD, are formed by the amyloid beta
peptide (ßA) and other elements such as glia and astrocytes. The main constituent is ßA peptide
natural product of the metabolism of amyloid precursor protein (APP) (Figure 7). The study
of families in the Volga possible to show that the total amount of long ßA peptide (aa 42-43)
and short (39-40 aa) were significantly lower in the case of mutations in the PS-2 gene mutations
compared in PS-1 (figure2) Gene in vivo experiments have suggested that the mutated PS-1
alters the proteolytic processing of APP at the C-terminal peptide ßA to favor the deposition
of peptide ßA long (more insoluble form and kinetic properties more fast), the relationship
between PS-1 and EA does not seem clear; however, studies from fibroblasts and plasma from
patients with inherited mutations in this gene, show that the effect of these changes is to
increase the peptide ßA 42 in plasma. The mechanism by the that PS-1 exerts its effect in AD;
mutations in the protein produce the same effect that the damages in the PPA. Presenilins are
involved in an indirect way with gama-secretase, an enzyme that processes of the PPA. The
PS-2 mutated gene causes the disease, and also makes it through the common mechanism to
which reference was made earlier, that is, increasing the concentration of peptide ßA 42.
Transgenic animals carrying the PS-1 mutation, have 2 times ßA peptide 42 in the brain tissue
compared to normal mice. Although mutations in the APP gene and the PS-1 and PS-2 genes
have a dramatic effect, they are only responsible for 50% of cases of EOAD. They represent 5%
of all cases in the general population. Men and women who inherit two copies (one from each
parent) of the gene, called ApoE4, are at very high risk of developing Alzheimer. However,
the two copies of ApoE4 is rare, affecting only 2 percent of the population, while about 15
percent of people carry a single copy of this version of the gene. This gene affects a protein
involved in the transport of cholesterol in cholesterol-the cells is a crucial component of all cell
membranes, including nerve cells. Nerve cells are constantly responding to experience,
through the development, improvement, reduction or elimination of their electrochemical
contact with other nerve cells. For all these processes, efficient transport of cholesterol is critical.
Only about 10-15 percent of the population carries one copy of E4, over 50 percent of people
who develop Alzheimer's disease are carriers E4. However, the increased risk of E4 seems
confined largely to women.

Functional magnetic resonance imaging was used to examine the connections in the network
of the brain's memory and has been shown that in older women with the E4 variant, this
network of interconnected brain regions which usually share a synchronized pattern activity-
shows a loss of sync, a pattern typically seen in Alzheimer's patients. In healthy elderly women
(but not men) with at least one E4 allele, activity in a brain area called precuneus seems out of
sync with other regions whose activation patterns in general are closely coordinated

We performed genetic and Spanish-language neuropsychological control; Mexican persons
without dementia known to be at 50% risk of inheriting one of two PSEN1 mutations. Early
declines in performance on the Trail Making Test, delayed recall of a 10-word list, the Wechsler
Adult Intelligence Scale Block Design Test, and total MMSE score in these subjects. In a
previous work (ref) we explore the sub-items on the MMSE that best differentiate PSEN1
mutation carriers (MCs) and non-carriers (NCs) and explore the relationship of age and
education to these scores. Neuropsicological data exhibited MCs performed worse than NCs
on the Mini-Mental State Examination. In multiple linear regression analyses a question
frequently asked is: if APOE4 carriers had different results in function evaluations affected by
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Alzheimer's disease, including episodic memory, working memory, mental speed, reaction
time and vocabulary reading. As expected, performance in all tests (except for reading
vocabulary, which tends to stay with age) declined by age groups, a sign of normal cognitive
aging. But the APOE4 did not affect performance, indicating that people with APOE4 age
normally in those cognitive functions, at least between 20 and 64 years old. According to the
researchers, this finding suggests that APOE4 increases the risk of Alzheimer's later in life by
an unknown process that accelerates or intensifies normal cognitive changes [24-27].

4.3. Beta-Amyloid (Aß)

Discovered in 1984 by Glenner et al., Is a peptide of 39-42 amino acids originating from the
called amyloid precursor protein (APP) by the action of peptidadas called secretases. There
are two major types of b-amyloid called amyloid-b and b-amyloid 1-40 1-42 according to the
number of amino acids present. APP is a transmembrane protein having 770 aminácidos and
located on different cell types. On its extracellular portion, the APP has several regions with
neurotrophic activity.

Senile plaques in the brain parenchyma and vessel amyloid deposits are composed primarily
amyloid beta peptide (Aß). Although the accumulation of Aß is common in non-demented
elderly individuals in EA this accumulation is usually higher and / or faster. Currently, genetic
evidence, in vitro experiments and in animal models suggest that the accumulation of brain Aß
oligomers as might be an important development factor cognitivo deterioration; hence the
removal of Aß in the brain is one of the therapeutic strategies for AD currently undergoing
clinical trial. Aß is one of the normal internal proteolysis products transmembrane protein called
APP (amyloid precursor protein). Excessive accumulation of Aß in AD could be explained by
several mechanisms, some of them converging. Include increased production of Aß, kinetics of
aggregation or self-assembly and quick removal of faulty brain as a result of: 1 an abnormally
slow transport from the interstitial fluid into the cerebral spinal fluid (perivascular drainage)
or plasma (transport through capillaries) and 2 deficiente proteolytic degradation. Excess
production or the greater tendency of Aß oligomerization may explain the rapid deposition of
Aß in some rare hereditary forms of AD, caused by mutations in APP or presenilin genes called
1 and 2, components of the secretase complex responsible for the generation of Aß. Instead, poor
elimination could be relevant in the normal brain aging and may be magnified in the most
common forms of AD called sporadic. Beyond a well-defined, as the inheritance of one or two
e4 alleles of apolipoprotein E, a risk factor for sporadic AD probably has multiple risk factors
include head trauma, ischemic events, hypertension, insulin resistance, among others, and a
complex pathogenesis that is still far from being understood [14-15].

4.4. Tau protein

Tau belongs to the family of microtubule-associated proteins (MAPs) and normally binds to
and stabilizes microtubules (MTs) in neurons. Tau protein has four different domains: the N-
terminal, the proline rich, the microtubule-binding and the C-terminal domain. In the adult
human brain six tau isoforms are expressed by different splicing of the same tau mRNA; they
vary in the number of microtubule-binding domains (having either three or four) and in the
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number and size of N-terminal inserts [2]. Tau can be post-translationally modified in several
ways (e.g. glycosylation, ubiquitination and oxidation), but phosphorylation is by far the most
extensively studied and is paramount to AD pathology [2,3]. Hyperphosphorylation of tau
especially on Ser214 and Ser262, leads to lose its ability to bind to MTs and may also sequester
normal tau, preventing binding to MTs, resulting in disruption of the MT [4]. Hyperphos‐
phorylated tau is also more resistant to proteases and this makes it more prone to aggregate
to form PHFs in NFT´s. Neurofibrillary tangles (NFT) (figure 6) are one of the main diagnostic
criteria of AD. Each of these lesions contains filamentous aggregates composed of the micro‐
tubule-associated protein (MAP) tau [9]. The normal function of tau protein is to stabilize
axonal microtubules and regulate intracellular vesicle transport. Hyperphosphorylation of tau
associated with AD impairs its ability to regulate microtubule assembly and promotes the
protein aggregation into paired helical filaments (PHF). To understand the roles of normal and
abnormal tau protein has been important to elucidate the structure and the mechanisms by
which self-assembles it. Contains six human tau isoforms that result from splicing process
("splicing") alternative. The C-terminal domain containing 3 or 4 repetitive sequences involved
in the binding of tau to microtubules that are key to the ability to promote their assembly One
reason why a change in the functionality of tau is phosphorylation significant abnormal sites
in their structure, essentially residues Ser/Thr Pro followed: Ser202, Thr205, Ser396 and Ser404
(22). Such phosphorylations are catalyzed by two protein kinases: the cdk5 / p35 and GSK3b
system (32). In the cytoplasm, there is normally phosphorylated tau and it is postulated that
these post-translational modifications regulate tau's ability to associate with microtubules and
other cytoskeletal filaments. In AD, tau is hyperphosphorylated in these key sites, which
changes the dynamics of action in regulating the interaction patterns within the cytoskeleton
causing their self-association and training, progressively, PHF

No tau mutations have been reported to cause AD, but differences in tau haplotype and
mutations may be the cause of other neurodegenerative disorders such as progressive
supranuclear palsy [10]. NFT pathology in the brain occurs in a sequential manner. The altered
protein Tau is less able to bind to other cytoskeletal proteins and added in lethal NFT seen in
degenerating neurons of AD patients. The total length of p35 is normally regulated and has a
very short half-life; degradation is usually carried out by its association with Cdk35, which the
hyperphosphorylated. Moreover, p25 is completely stable, it accumulates in large amounts in
EA (10 to 40 times and in the same regions where present NFT; levels Cdk5 and p35 have to
remain stable in EA), maintains a permanent activation of Cdk5 and seems to precede the
formation of NFTs. The connection between p25 and the formation of amyloid plaques is
unknown. These findings provide several future therapeutic strategies: altered level of cut
(cleavage) of p35, inhibition/blocking Cdk5 (necessary for day to day neuronal enzymes),
blocking p25 or protease that produces it. Other proteins (protein associated with the cytos‐
keleton, focal adhesion kinase, glutaredoxin, utropina) have been implicated as mediators in
the formation of NFTs or degeneration of neurons affected. The presence of few neurofibrillary
tangles in the hippocampus and in the parahippocampal gyrus (in AD their presence is most
notable in the entorhinal cortex) and senile plaques.

The possible role of Tau in dementia took center stage in AD with the discovery of mutations
in the tau gene on chromosome 17; frontotemporal call Ademencia with Parkinsonism linked
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to chromosome 17 "(FTDP-17) includes a large number of mutations, which can result in a
variety of currently known. These include fronto-temporal dementia (characterized by frontal
and anterior temporal atrophy), Pick's disease (characterized by intra-neuronal inclusions
called Pick bodies, Alternative Predominant in Clew of AD (AD @ AVPO-characterized by the
lack of plates. presence of tangles predominantly in limbic and paralimbic cortical areas),
progressive supranuclear palsy and corticobasal degeneration The shape of the Tau inclusions
(including PH-Tau) depends partly on the causative mutation thereof; and those related to the
PH-Tau inclusions produced in one or more anatomical sites from the cerebral cortex to the
spinal cord, also Tau deposits can be found in neurons, tangles, Pick bodies or glial cells. The
absence of plates, particularly of compact manifold, in many of the tauopathies suggests that
Tau abnormalities are responsible for dementing disorder, including some variations of AD
(e.g., AD-VPO). Known mutations occur in a reduced protein Tau Tau ability to interact with
microtubules on production or Tau isoforms with four repeated microtubules together. These
lead to the assembly of the Tau in similar or identical to those found in AD filaments. Several
missense mutations also have a stimulating effect on filament formation heparin-induced Tau.
The assembly of tau into filaments may be a gain of toxic function believed to be the underlying
cause of death of nerve cells affected.[8].

4.5. Apo-E

Apolipoprotein E (ApoE) is the major apolipoprotein present in high-density lipoproteins
(HDL) and is synthesized in the brain, primarily by astrocytes and to a lesser degree by
microglia. ApoE is a 299 amino acid glycoprotein which organize into 2 functional domains;
residues 1-191 form the amino-terminal (ApoE NT) "receptor binding domain" and residues
216-299 form the carboxyl-terminal (ApoE CT) "lipid binding domain". Both domains have
been reported to be involved in the interaction between ApoE and Aβ. Three common isoforms
of apoE exist in humans and result from amino acid interchanges at positions 112 and 158.
ApoE2 has cysteines while apoE4 has arginines at both sites. ApoE3 has a cysteine and an
arginine at positions 112 and 158, respectively. The most common form of apoE is apoE3, which
is present in 77% of the general population; ~15% of the population have apoE4, and ~8% have
the apoE2 [27]. The APOE ε4 allele markedly increases AD risk and decreases age of onset,
likely through its strong effect on the accumulation of amyloid-β (Aβ) peptide. In contrast, the
APOE ε2 allele appears to decrease AD risk [28]. ApoE4 is associated with an early age of AD
onset. [29].

ApoE isoform differentially affect the apoE:lipid ratio of glia-secreted particles where apoE4
exhibits a higher apoE:lipid ratio compared to apoE3. ApoE mediates transport of glia-secreted
particles to neurons for development, axon myelination, synaptogenesis and maintenance.
Additionally, apoE redistributes cholesterol released after neuron injury or degeneration for
membrane repair and remyelination [30]. The higher apoE:lipid ratio in apoE4 suggests that
at similar apoE protein concentration, apoE4 may deliver less cholesterol to neurons, compared
to apoE3. ApoE4 particles were also shown to be less efficient at inducing cholesterol efflux
from neuronal cells compared to apoE3 [3l]. Brain apoE particles exhibit differing binding
affinities to the amyloid-β peptide in a manner that is apoE isoform-dependent, therefore,
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ApoE isoform may influence AD pathogenesis via direct or indirect interactions with Aβ.
Furhermore, ApoE plays essential role in facilitating the proteolytic clearance of soluble Aβ.
E4 apolipoprotein E isoform has been considered a risk factor for developing Alzheimer's
disease. The exact mechanism by which the presence ApoE affects Alzheimer's is still un‐
known; appears to promote the formation and stabilizes the aggregation of beta amyloid fibril
in plaques that appear in Alzheimer's disease. Aβ protein is considered the major component
of these plates and is a proteolytic product of the precursor protein of Aβ peptide. The gene
encoding apolipoprotein E (ApoE) is known as allelic variants APOEε2, and APOEε4 APOEε3
and a rare allelic variant known as APOEε3r APOEε3. In studies in populations of individuals
with Alzheimer's disease and race from different geographical origins, it has been shown that
APOEε4 allele is a risk factor that influences age of onset of symptoms. The APOEε4 allele is
50% of individuals with Alzheimer's disease and delayed onset of the presence of a copy of
the allele increases the risk of late onset and three times in two copies in 12 times. Individuals
with late onset carrying one or two copies of allele APOEε4 develop symptoms of disease 10
to 20 years earlier, compared with individuals not carrying this allele. The APOEε2, much less
common in individuals with Alzheimer's disease and in the general population, allele appears
to act as a protective factor for the onset of disease. The APOE-4 contributes to the accumulation
of Aβ by slowing evacuation of the brain, which may explain why some people accumulate
more Aβ, which other, increasing the risk of Alzheimer's. Individuals with APOE-e4 have
much more protein Aβ in the brain, that individuals with the APOE-e2 and APOE-e3 (the other
two common forms of protein gene) forms these data are obtained using the methodology of
the microdialysis ; that involves the implantation of a dialysis membrane in a brain region to
monitor chemical processes in the tissues of a living organism. [32-34].

5. Molecular markers for early Alzheimer´s Disease

The rational approach of neurodegenerative diseases associated with dementia, particularly
Alzheimer's disease, has led researchers around the world to think this entity as a systemic
process that involves changes not only in the brain but also peripherally, so that has begun to
seek so-called "peripheral biomarkers". These biomarkers can be found in platelets, lympho‐
cytes, cultured fibroblasts and cerebrospinal fluid samples of patients affected [35]. Since AD
has a long preclinical stage of the disease, the biomarker should also be predictive and. In AD,
naturally, the biomarker should be relevantly linked to either amyloid- or tau pathology.

The hypothesis that the AD is systemic, has led to the search for peripherals markers, which
can manifest biochemical changes related to the disease markers. Studies of the incidence and
transmission patterns in families of patients with AD show that relatives of affected individuals
have an increased risk of developing AD when compared with members of the general
population. Concordance rates between monozygotic twins pro sides with EA are 40-60%,
suggesting a strong but not absolute genetic influence of disease. Another significant problem
is that some cognitively healthy subjects exhibit substantial AD type neuropathology [36]. On
the other hand, some patients with severe cognitive impairment display very little neuropa‐
thology. It is also common that patients with other dementias, for example vascular dementia
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thology. It is also common that patients with other dementias, for example vascular dementia
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or dementia with Lewy bodies, have concomitant AD neuropathology or AD patients have
vascular or LB pathology [37].

It has been hypothesized that the AD associated changes in CSF biomarkers would be evident
before the clinical diagnosis of AD and could be used to predict the development of AD in
MCI patients. For example, CSF Aβ42 levels were decreased and CSF tau and phospho tau
levels were increased in those MCI patients who received a diagnosis of AD during a follow-
up period of approximately four years [38].

Numerous different proteins and molecules that are present in CSF have been studied as
potential biomarkers for AD, such as glycosylated acetylcholinesterase [39], transglutaminase
[40], 24S-hydroxycholesterol [41], isoprostane [42]. It is also possible that the most accurate
diagnosis of early AD can be achieved by using a panel of several different biomarkers [43].
Even though the above mentioned and numerous other molecules including neurofilament
proteins, neuromodulin and neuronal thread protein have been studied [44], at the present,
the only usable biomarkers are the CSF Aβ42, tau and phospho-tau levels in CSF.

Since platelets contain the amyloid precursor protein and secrete β-amyloid peptide, express
neurotransmitters and some neuron-related proteins, such as NMDA receptors [45], in our
group of work we are analyzing platelets from AD patients and subjects controls. Western
blotting experiments of APP showed one protein of about 130 Kd and several proteins of about
106 to 110 Kd. The 130 Kd protein is the mature APP. The other proteins of lower molecular
weights are the APP immature isoforms [46]. A high mature APP to immature APP isoform
ratio (O.6 or higher) it has been related to a normal APP processing. Conversely, a lower ratio
(< 0.6) it has been related to an altered APP processing [47]. We previously showed mature
APP to immature APP isoform ratio in platelet samples of AD Mexican subjects was similar
to the reported in previous studies [48]. This means that an increased degradation of this
precursor protein is being performed in peripheral tissues. In addition, we found no statistical
differences were detected for gender, age, and any specific ApoE allele in AD patients.
Furthermore, statistical analysis between EOAD patients and LOAD suggests that no statistical
differences among both groups in neither the APP isoforms nor any of the ApoE genotypes
[46]. These data are in consonance with previous studies suggesting that ApoE genotyping is
not sufficient as a diagnostic test for AD [49].

We have assessed the role of oxidative stress markers (lipoperoxides, nitric oxide metabolites)
and membrane properties such as membrane fluidity in AD patients. We found a reduced
fluidity in the platelet inner mitochondrial membrane in AD patients compared with healthy
controls of similar age. It has been suggested that oxidative stress could be partially responsible
for the diminution of membrane fluidity [50]. This change in membrane fluidity can modify
the activities of the membrane-bound proteins such as transport or receptor proteins. At this
regard, it has been hypothesized that a reduced fluidity of the inner mitochondrial membrane
may diminish significantly the rate of mitochondrial ATP synthesis. Oxidative stress and
mitochondrial failure has been associated to Alzheimer’s pathology [51]. We measured the
rate of mitochondrial ATP hydrolysis catalyzed by the F0F1-ATPase and we found that this
activity increases significantly in patients with probable AD as compared to the control
subjects. However, the transmembrane pH gradient driven by ATP hydrolysis was lower in
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AD samples as compared to the controls (0.5 ± 0.1 pH units). This suggests a functional
alteration of the F0F1-ATPase [45].

The fluidity of plasma membrane of erythrocytes were not modified significantly in samples
of Mexican AD patients compared to healthy controls, regardless of increased lipid oxidation
in erythrocytes AD patients. These data were similar to the previously reported [52] This
suggests that inner mitochondrial membranes are more sensitive to oxidative stress than
erythrocytes. it has been reported an increase in fluidity in whole membranes from platelets
of AD patients [53]. This increase is due to a functionally abnormal membrane compartment
resembling endoplasmic reticulum [54]. It is worth noting that platelets contain a few mito‐
chondria, therefore, the contribution of mitochondrial membranes to the whole cell mem‐
branes is minimal [55]. Additionally, we found a significant decrease of membrane fluidity in
hippocampal neurons from AD patients compared with membranes from elderly non
demented controls. Lower membrane fluidity in AD patients was correlated with abnormal
APP processing and cognitive decline [56].

The human cytochrome c oxidase is the terminal enzyme complex of the respiratory chain; it
is located in the inner mitochondrial membrane where it catalyzes the transfer of electrons
from reduced cytochrome c to molecular oxygen. Mitochondrial cytochrome c oxidase (MTCO)
is made up of 13 subunits; its catalytic core is made up from the protein products of the MTCO
I, II, and III genes that are encoded in mitochondrial DNA. Diminished cytochrome c oxidase
activity has been described in AD postmortem cerebral cortex [57-60] and platelets [61]. Kish
et al. [62] reported a reduced level of this protein complex in AD brain. These data could
suggest that brain cytochrome oxidase is kinetically abnormal; thus, this dysfunction must
arise from a catalytic defect rather than an underproduction [61]. However, mutations of the
mitochondrial genome are widely recognized as important causes of disease [63]. Analysis of
mitochondrial cytochrome c oxidase II gene obtained from blood samples of Mexican patients
with AD revealed that 4 nonrelated patients with probable AD harbored the polymorphism
A8027G (three of them were diagnosed with LOAD, with familial history of the disease and
one of them with EOAD.This polymorphism shows a frequency of 12% in the analyzed sample.
Four patients with EOAD harbored only one of thefollowing point mutations: A8003C,
T8082C, C8201T, andG7933A, respectively. The A8003C transversion converts a polar neutral
asparagine residue to a basic histidine. The T8082C transition converts proline to a leucine.
C8201T transition converts a nonpolar aromatic phenylalanine to a nonpolar leucine. G7603A
transversion converts a basic arginine to a basic histidine. From the 33 patients that were
enrolled for this study only 8 of them presented a nucleotide variation in MTCO II gene,
representing the 24% of the total of the patients. Three of the eight patients (37.5%) showed
nucleotide variation and were diagnosed with LOAD. While, five of the eight patients (62.5%)
were EOAD [64].

6. Histopathology of EOAD

Definitive diagnosis of AD late/onset is based on examination of brain tissue obtained at
autopsy. The histopathology of EOAD is a neurodegenerative process characterized by
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selective and progressive death of neuronal cells in specific brain areas, primarily in the
neocortex and hippocampus, which is clinically reflected by a dementia state. The clinical
picture of dementia AD is accompanied by a massive buildup of insoluble filaments having
ß-folded conformation which define two main types of lesions: neuritic plaques (NP) and
neurofibrillary tangles (NFT) (figures 6-8). The major protein component of the NP fibrils is
the beta-amyloid peptide and the NFT, tau. In general, it should be noted that both the
formation of fibrils ß amyloid as the PNs of NFT.

The NP are composed of two main components: a core of extracellular amyloid ß and an
arrangement of nerve terminals degenerate, uniquely shaped, dystrophic neurites, which may
be intracellular or extracellular nature depending on their state of degeneration. These neurites
surround the core board. Characteristically NP in EOAD are surrounded by numerous glial
cells which, in encapsulate way. NP density correlates with the degree of the EOAD. In the
case of Alzheimer's, as well as in healthy older adults can be found in the brain amyloid
deposits without neuritic ß component. Unlike NP, this type of injury, called senile plaque,
not correlated with EA. These findings have suggested that senile plaques are a risk factor for
the development of the disease, that is, its presence is necessary but not sufficient for the onset.

The number of NFT observed in post-mortem histology of Alzheimer's cases correlate with
the severity and duration of dementia. The NFT can be of two types: intracellular and extrac‐
ellular depending if they are within the neuron or in the extracellular space with the death of
the same. There are ways to evolve as the NFT changes from one state to another. It is clear
that the dystrophic neurites are also part of the fibrillary degeneration of neuronal cells.
Neurites are formed from the accumulation of abnormal filaments at the terminals of the cell
axons and dendrites.

In OEAD the evolution of neurofibrillary formation in the hippocampus is very fast, the NFT
appear in greater numbers in the transition zone (trans-enthorinal) and its adjacent layer II of
the enthorinal cortex, which are located in the parahippocampal, temporal lobe. This infor‐
mation is key to understanding the pathophysiology of EOAD and its rapid development as
well as its clinical correlation, since neuronal cells of layer II (enthorinal) on cortex relay zone
where axons of associative neocortical areas arrive. The axons from layer II reach the hippo‐
campus through a defined path via piercing call, and then synapse hippocampal pyramidal
neuron. Once the information is processed, hippocampal axons synapse with output layer IV
of the entorhinal cortex and hence the information to the entire neocortex is shipped. In other
words the synaptic connections of the neocortex and the hippocampus is limited to the
entorhinal cortex. In EOAD, to be destroyed these two layers also very fast; "off"... these two
important areas of the brain, concomitant destruction of the hippocampus creates a complete
disconnect with the associative areas of the neocortex

In Los Altos de Jalisco (Mexican region), there are many affected, even compare this (region)
with others in the country, and in the world (the epidemiological analysis) exhibited a high
prevalence. In autopsies members of these families show the basics of pathological diagnosis:
a) neuritic plaques; b) neurofibrillary tangles; c) granulo-vacuolar degeneration; d) congophilic
degeneration and Hirano body´s (these also observed in others pathologies).
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The autopsy of a member family (3 affected) exhibited the typical diagnostic markers men‐
tioned above; even using routine stains (H/E). Figure 6 exhibited degeneration and neuronal
death (arrows); in the center of picture you can see the arrow labeled occupy the space
surrounded by tangles neuron and glia.

Figure 6. Exhibited the typical image of a neuritic plaques surrounded of gliosis (arrows).

Figure 7. Exhibited in the center (arrows) a neuritic plaque, and marked with asterisks neurons showing intra/extra
cellular tangles.

Neuritic plaques in EOAD are more complex; they consist of extracellular insoluble deposits
formed by various compounds, the most abundant Aβ protein. This protein, as discussed
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above, is derived by proteolytic processing of a larger protein APP. The plates can be described
as diffuse or classical. Diffuse are added amorphous Aβ are not associated with dystrophic
neurites or abnormal neurons. Neuritic plaques are composed classical extracellular insoluble
deposits formed by various compounds, the most abundant is the Aβ protein. This protein, as
discussed above, is derived by proteolytic processing attic of a larger protein APP. The plates
can be described as diffuse or classical. Diffuse are added amorphous Aβ, and are not associ‐
ated with dystrophic neurites or abnormal neurons. Classical neuritic plaques contain fibrillar
aggregates of dense insoluble Aβ surrounded dystrophic neurites, astrocytes and activated
microglia assets which are associated with neuronal degeneration and loss. Containing dense
fibrillar aggregates of amyloid β insoluble surrounded dystrophic neurites, astrocytes and
activated microglia assets which are associated with neuronal degeneration and loss. In the
vessels of the hippocampus and cortex, the existence of numerous neuritic plaques is observed.
Neuritic plaques consist of clusters of axons degenerate dendritic spines and with a core
containing extracellular linear filaments formed by the β-amyloid peptide. Amyloid deposits
in senile plaques and in blood vessels of the cerebral cortex amyloid β fragment, whose amino
acid sequence provided the basis for cloning the gene expressing the β amyloid was found.
This gene encodes the APP protein, fragments that originates from proteolysis from 38 to 42
amino acids, the Aβ. In families with early disease has come to identify a place on the long
arm of chromosome 21; duplicated in Down syndrome region near the gene encoding APP.

7. Neurofibrillary tangles in EOAD

Constitute one of the main lesions associated with the disease, and its presence is essential for
diagnosis, Consist of abnormal fibrous inclusions in the perinuclear cytoplasm of neurons. The
bulk density of neurofibrillary tangles in EOAD cases found in the neurons of the entorhinal
cortex and CA1 region of the hippocampus and subiculum (layers III, V and VI of the neocor‐
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tex). Several studies have shown a correlation between the load of neurofibrillary tangles and
the degree of cognitive impairment, which has been correlated to these lesions have a direct
effect on neuronal function. Despite being one of the cardinal lesions of AD is not pathogno‐
monic of it. You can find (in addition to normal people) in other diseases such as: posttraumatic
and pugilistic dementia or parkinsonism-dementia complex.

Finally the figure 9 exhibited the typical image of the granulo-vacuolar degeneration (arrows),
and we appreciate the fine neuropil granulation, and fuzzy presence of tangles.

8. Granulovacuolar Degeneration in EOAD

Consists of an alteration of neurons in which the presence is observed in the cytoplasm of
clustered small vacuoles, each of which contains a basophil granule inside, we observed this
degeneration in all the hippocampus (also the enthorinal area). This granule appears to consist
of several different proteins, such as neurofilament, tubulin, tau and ubiquitin among others.
Little is known about the nature and significance of these alterations. Although you can find
in elderly otherwise healthy brains, their presence in large numbers at the junction between
the CA1 and CA2 regions of the hippocampus is strongly associated with AD.

Today it is a challenge the diagnosis of Alzheimer's... More interdisciplinary research is needed
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1. Introduction

Gait impairment, worse equilibrium scores and falls are associated with leukoaraiosis, as
widely recognised [1-6]. In Binswanger’s disease with a severe leukoaraiosis gait disorders are
clearly evident while patients with mild periventricular changes may present subclinical forms
of gait disorders, as proposed by some authors (see data in [7]).

Gait disorders in the elderly are particularly relevant, since they can influence the loss of
functional independence and death [8]. As anticipated, cerebral small vessel disease (both
white matter lesions and lacunar infarcts) correlates with gait parameters: stride length and a
lower gait velocity [8]. Most importantly, subcortical vascular lesions seem to increase the
possibility of falls, even if clear evidences are still lacking [9-11].

Walking difficulties in Alzheimer’s disease are well described [12]: patients show slow and
irregular steps, difficulties in turning and avoiding obstacles [13, 14]. These disturbances have
been described also in patients free from extrapyramidal, ataxic, paretic signs, and clinically
relevant musculoskeletal impairments [12, 14]. Moreover, Alzheimer’s disease patients have
a worse balance [12, 14, 15] and a higher risk of falls compared with matched controls [16, 17].
The prevalence of gait abnormalities varies widely across the studies (from 8.7% [18] to over
90% [19]); this can be explained because of different inclusion criteria and/or assessment
procedures.

These observations have been confirmed by studies demonstrating that patients with Alz‐
heimer’s disease walk more slowly compared to healthy controls [12] and these gait problems
have been interpreted as manifestations of the extrapyramidal deficits (well-known to affect
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12–28% of Alzheimer patients), or as side effects of drug treatment (e.g. neuroleptic agents)
[20]. Since a overt walking problems and trunk movement alterations can be seen also in
absence of extrapyramidal signs, it has been proposed that some Alzheimer’s disease patients
may present “frontal gait disorder”, a syndrome coterminous with gait apraxia [21, 15]. The
lack of a standardised instrument to assess gait has been implicated as a possible cause for the
low frequency of reports on the topic.

Since the walking assessment cannot discriminate between walking disorders caused by gait
apraxia and other neurological causes of walking difficulty, there has been the necessity to
exclude alternative causes of walking abnormalities in Alzheimer’s disease (overt extrapyra‐
midal impairments or other concurrent neurological diseases); in order to assess gait capacity,
a new test has been proposed and a large proportion of the sample (40%) scored below cut off,
even if the percentage of severely impaired was smaller. Although the possibility of right–left
confusion, working memory deficits, and problems with verbal comprehension was mini‐
mised by demonstrating the items, the complexity of some of them might have contributed to
inflating the proportion of patients performing poorly. Even though, the presence of associated
vascular pathology in a few patients also cannot account for the outcome. Neuroradiological
signs of white matter changes were reported in three of the 24 patients (22.5%) in the Della
Sala et al.’s study [12], who scored below cut off in the assessment of walking skills.

Therefore, in a well-defined population suffering from subcortical vascular dementia and
Alzheimer’s disease (standing from a neurological, clinical, and radiological criteria), we tried
to explore gait, balance and equilibrium alterations, and a behavioral complex symptom, such
as apathy, even considering precipitant factors, such as concomitant pathologies and conse‐
quent therapies. We now present an extension of the work, with a speculation on what we
observed for a two-year follow-up.

2. Subjects and methods

2.1. Patients

From June 1st 2010 to June 1st 2013, 155 patients diagnosed with Alzheimer’s disease (AD),
according to NINDCS-ADRDA criteria [22], and 673 patients with subcortical vascular
dementia (according the NINDS-AIREN criteria for probable VaD [23]) (age 65–94 years) have
been examined in Cognitive Disorder Unit Evaluation of the University of Trieste and enrolled
in the present study.

The inclusion criteria were a Mini-Mental State Examination (MMSE) scores of at least 14 and
satisfying the fourth edition of the Diagnostic and Statistical Manual of Mental Disorders
(DSM-IV) criteria for dementia. As far as neuroimaging is concerned, subcortical VaD (sVAD)
was diagnosed when the CT/MRI scan showed moderate to severe ischemic white matter
changes [24] and at least one lacunar infarct. In order to be enrolled into the study, Alzheimer’s
subjects had to show on brain MRI the classical pattern of atrophy of AD (hippocampal
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atrophy) and display hypoperfusion in temporoparietal and precuneus regions (AD) on
HMPAO-SPECT. The neurologist (RM) assessed independently, after the radiologist’s
opinion, brain CT and/or MRI images and all the diagnoses have been confirmed after a long
term clinical follow-up (12 and 36 months).

Exclusion criteria were: normal pressure hydrocephalus, diagnoses of major stroke or brain
haemorrhage, previous brain tumours, white matter lesions due to specific aetiologies (e.g.
multiple sclerosis, vasculitis, brain irradiation, and genetic forms of vascular dementia such
as CADASIL or CARASIL). Finally, also major psychiatric illness (e.g.. schizophrenia, bipolar
disorders, psychosis, compulsive-obsessive disorders, etc) or central nervous system disorders
and alcoholism were excluded. Also absence of an informed caregiver, unavailability of
neuroradiological examination, and/or the use of psychotropic drugs within two months prior
to the clinical assessment implied patient’s exclusion from the study. According to these
exclusion criteria, 27 AD patients and 70 sVAD patients were excluded. We did not consider
a discriminant/exclusion criteria depression, referring to different studies (such as [25]),
according to the potential correlation to vascular dementia predisposing factor.

2.2. Study design

This was a prospective cohort study, designed to investigate behavioural alterations, and in
particular apathy of a AD and of a sVAD population. Study subjects underwent the following
evaluations. The standardized baseline assessment implied a detailed history, physical
examination (pulse rate and rhythm, blood pressure, heart size and sounds, peripheral pulses,
retinal vessel and carotid artery evaluation), EKG, chest X-ray, laboratory tests and psychiatric
evaluation. All patients were followed with neurological examinations scheduled every four
months, while the complete neuropsychological examination was conducted at baseline and
at 36 months. We conducted the study in accordance with the Declaration of Helsinki and with
the Ethics Guidelines of the Institute.

2.3. Outcome measures

All patients were studied, with complete neurological and neuropsychological examinations.
Main outcomes of the study were: global performance, which was assessed using the Mini
Mental State Examination [26], Frontal Assessment Battery (FAB) [27]; global behavioral
symptoms, assessed by the Neuro Psychiatric Inventory, NPI [28]; the caregiver stress,
assessed by the Relative Stress Scale, RSS [29]. In addition to these main outcome measures,
the Clinical Insight Rating Scale (CIR) [30] (which provides a measure of its four comprising
items – awareness, cognitive deficit, disease progression and functional deficit) was per‐
formed. The Barthel index (BI) [31] and the Instrumental activity of Daily living (IADL) [32]
have been used to assess functional activities and complex activities of daily living, respec‐
tively. Mobility problems were evaluated by the Tinetti scale for equilibrium/balance and gait
[33]: in particular, a semiquantitative assessment was used, consisting of the modified Tinetti
test with 17 items, 9 for body balance (0-16), 8 for gait (0-12). Patients were registered for their
medical intake.
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3. Statistical analysis

Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS,
version 16.0). Wilcoxon Signed Ranks test was used to analyze the Within-group changes, from
baseline to 24 months, of the overall scores for each efficacy variable.

Behavioral outcome measures, cognition, Tinetti scale, global, balance and equilibrium, and
BI correlations were analyzed applying the Spearman's rank correlation analyses.

4. Results

The study subjects were 128 AD patients and 603 sVAD patients. All the patients could be fully
studied (mean age 72.3 ± 7.3 years, range= 62-94 years). 1 AD patient and 5 sVAD patients died
during the two-year follow-up. As anticipated, the diagnosis based on clinical history,
neuropsychological assessment and neuroimaging was reinforced by subsequent follow-up
in all cases.

All the selected patients underwent neuroimaging: 128 AD patients did MRI studies; 603 sVAD
patients did CT scans; moreover, 201 of the latter completed the diagnostic pathway with MRI
images, in case of not adequate imaging acquisition or not convincing data. Therefore, the
patients who did CT/MRI were homogeneously recruited and no demographical/social/
cultural/clinical difference distinguished from each other.

A neurologist (RM) revised all the imaging, employing the Blennow et al. [34] scale for CT
scans and the Scheltens et al. [35] scale for MRI imaging in sVAD patients and Wahlund et al.
[36], Kantarci et al. [37] and den Heijer et al. [38] criteria for AD MRI imaging. There was 95.8%
inter-rater agreement for the independent assessment of the scans (kappa=0.8).

Patients were allowed to continue any previous therapy (e.g. antihypertensive, antidyslipi‐
demic, antidiabetic drugs). During the follow-up, the patients were prescribed neuroleptics
and/or benzodiazepines.

A synopsis of the cognitive performances obtained by the two groups has been reported in
Table 1-2-3-4.

Baseline sVAD AD
P value

(between groups)

MMSE 25.8 (2.4) 19.9 (1.9) <0.01

Arithmetic calculations (WAIS) § 6.3 (1.6) 8.6 (1.2) <0.05

Digit span forward (WAIS) 5.8 (1.5) 5.1 (0.6) <0.05

Digit span backward (WAIS) 4.4 (2.5) 2.6 (0.8) <0.05

FAB total score 9.2 (2.1) 11.8 (1.2) <0.05

Table 1. Cognitive synoptical results obtained by the two groups studied. Values are mean (SD); ns = not significant. §
number of mistakes.
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24-month follow-up
sVAD

within group
(24 months vs baseline)

AD
within group

(24 months vs baseline)

P value
(between groups)

MMSE
20.2 (2.2)

(-5.2 (.0.3); p<0.01)
15.1 (1.7)

(-4.85 (0.2); p<0.01)
<0.01

Arithmetic calculations (WAIS) §
5.4 (1.1)

(-0.9 (0.5); ns)
3.4 (1.7)

(-5.2 (0.5); p<0.01)
<0.05

Digit span forward (WAIS)
4.1 (1.4)

(-1.7 (0.1); p<0.05)
3.2 (0.2)

(-1.9 (0.4); p<0.05)
<0.05

Digit span backward (WAIS)
3.6 (0.3)

(-0.8 (2.2); ns)
1.9 (0.1)

(-0.5 (0.7); p<0.05)
<0.01

FAB total score
4.7 (1.5)

(-4.5 (0.6); p<0.01)
7.5 (0.2)

(-3.3 (1.0); p<0.05)
<0.01

Table 2. Cognitive synoptical results obtained by the two groups studied, at 12 months. Values are mean (SD); ns = not
significant. § Number of mistakes. In brackets, in each column, comparison within group, 24 months vs baseline,
reported as mean, SD, and p.

Tests Baseline sVAD Baseline AD

Barthel Index 87.41 ± 11.3 92.14 ± 0.11

Instrumental Activity of Daily Living 6.8 ± 0.34 5.84 ± 1.3

Table 3. TESTs results in the patients observed during follow-up.

Tests at 24 months sVAD AD
Between groups (sVAD vs

AD)

Barthel Index -25.17± 3.4 p<0.01 -13.57 ± 3.4 p<0.05 p<0.01

Instrumental Activity of Daily Living -1.7 ± 0.3 p<0.05
-3.4 ± 3.4
p<0.01

p<0.01

Table 4. Results at 24 months: a comparison over baseline.

In summary, there are some important cognitive differences in the two groups: AD patients
did worse in MMSE, in arithmetic calculation and in digit tasks of WAIS, IADL; sVAD patients
did generally worse in FAB tests, Barthel Index.

From the behavioral perspective (Table 5-6), at baseline, the AD group had a worse score of
NPI and BEHAVE-AD, and their caregivers did have a heavier stress (RSS). On the contrary,
sVAD patients, at baseline did feel much more depressed (as stated by NPI partial scores, not
purposely evaluated in this topic) and did have a better insight in their situation. After 24
months, AD patients showed higher NPI and Behave scores; sVAD patients did show more
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insight. Surprisingly, the stress levels of the caregivers were not significantly different in the
two groups. sVAD patients did manifest more overt apathy, which increase during follow-up
and remained a major key point in behavior disturbances of these patients.

Moreover, there was a dramatic decrease, either in gait and equilibrium control, either in the
combined synoptical measure (of total score) in both groups, with sVAD patients showing a
constantly worse performance, compared to AD patients (Table 7-8).

baseline sVAD AD P value

RSS 24.7 (8.7) 36.1 (8.5) (p<0.01)

NPI 16.9 (0.3) 24.4 (5.2) (p<0.01)

CIR 3 (0.2) 2 (0.5) (p<0.05)

Table 5. Behavioral synoptical results. Values are mean (SD); ns = not significant.

24-month follow-up sVAD AD P value

RSS
47.5 (1.3)

(+22.8 (5.9), <0.01)
45.2 (2.1)

(+9.1 (6.8), <0.05)
ns

NPI
34.1 (0.8)

(+17.2 (0.5), <0.01)
56.3 (4.5)

(+31.9 (1.1), <0.01)
(p<0.01)

CIR
2.2 (0.3)

(-0.8 (0.1), ns)
1.0 (0.3)

(-1.0 (0.3), <0.05)
(p<0.01)

Table 6. Behavioral synoptical results. Values are mean (SD); ns = not significant; in brackets, in each column,
comparison within group, 24 months vs baseline, reported as mean, SD, and p.

Tests sVAD AD P value

TINETTI equilibrium 10.1 ± 0.1 14.3 ± 1.1 <0.001

TINETTI gait 10.2 ± 1.1 11.4 ± 0.3 <0.05

TINETTI tot. score 20.3 ± 1.2 25.7 ± 1.4 <0.001

Table 7. Gait TESTs results in the patients observed at baseline.

Tests at 24 months
Over baseline

sVAD
Over baseline

AD
Between groups
(sVAD vs AD)

TINETTI equilibrium -5 ± 0.6 p<0.01 -3.4 ± 0.6 p<0.01 P<0.001

TINETTI gait -7.9 ± 1.1 p<0.01 -3.1± 1.1 p<0.01 P<0.001

TINETTI tot. score -12.9 ± 0.2 p<0.01 -6.5 ± 0.2 p<0.01 P<0.001

Table 8. Results at 24 months: a comparison over baseline at 24 months.
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Spearman’s rank correlation analyses indicated that there was a significant correlation between
Gait scores (total and separately, gait and equilibrium) and FAB scores (total Tinetti score/
FAB: r=0.81, p < 0.05 baseline; r=0.83, p < 0.01 over 24 months); gait Tinetti score/FAB: r=0.82,
p < 0.01 over baseline; r=0.87, p < 0.01 over 24 months); equilibrium Tinetti score/FAB: r=0.81,
p < 0.05 over baseline; r=0.83, p < 0.01 over 24 months) in sVAD.

Spearman’s rank correlation analyses indicated that there was a significant correlation between
Tinetti total, and equilibrium and gait score and BI over baseline, and 24 months (total Tinetti
score/BI: r=0.81, p < 0.05 over baseline; r=0.89, p < 0.01 over 24 months); gait Tinetti score/BI:
r=0.82, p < 0.01 over baseline; r=0.89, p < 0.01 over 24 months; equilibrium Tinetti score/BI:
r=0.84, p < 0.01 over baseline; r=0.89, p < 0.01 over 24 months) in sVAD.

Furthermore, we have found a correlation between Tinetti equilibrium score and NPI over 24,
months (equilibrium Tinetti/NPI: r=0.78, p<0.05 in sVAD; r=0.87, p<0.01 in AD), and Tinetti
gait score and NPI over 24 months (gait Tinetti /NPI: r= 0.78, p<0.05 in sVAD; r=0.86, p<0.01
in AD), and Tinetti total score and NPI over 24 months (Tinetti total score/NPI: r= 0.78, p<0.05,
in sVAD; r= 0.93, p<0.01 in AD).

Spearman’s rank correlation analyses indicated that there was a significant correlation between
Gait scores (total scores and separately, gait and equilibrium) and MMSE (total Tinetti score/
MMSE: r=0.81, p < 0.05 over 24 months in AD).

Surprisingly, we have found only a correlation between benzodiazepines intake and Tinetti
equilibrium score at 24 months (respectively r=0.77, p<0.05 in sVAD; r=0.84, p<0.01 in AD).

We distinguished typical from atypical neuroleptic intake (Table 9). Moreover, since quetia‐
pine, as an atypical neuroleptic, has a lower dopamine affinity compared to olanzapine, we
considered separately the compounds, concluding as follows:

• Typical neuroleptics: a significant correlation between haloperidol intake and Tinetti
equilibrium score at baseline and at 24 months (respectively: r=0.61, p<0.05, at baseline and
r=0.81, p<0.01 in AD patients; r=0.72, p<0.05 at 24 months in sVAD); between haloperidol
intake and Tinetti total score at baseline and 24 months (respectively: r=0.81, p<0.01 and
r=0.86, p<0.01 in AD; only at 24 months r=0.71, p<0.01 in sVAD); not significant correlation
between promazine chloridate intake and Tinetti sub-scores at baseline and at 24 months in
AD; we have found a positive correlation between the equilibrium score of Tinetti test and
promazine intake at 24 months in sVAD, not in AD group (r=0.74, p<0.05).

• Atypical neuroleptics: we have found a significant correlation between olanzapine intake
and Tinetti equilibrium score at 24 months in AD groups (none of sVAD took olanzapine
in our study) (r=0.74, p<0.05) and between olanzapine intake and Tinetti total score at 24
months (r=0.71, p<0.05); we have found a positive correlation between the equilibrium score
of Tinetti test and quetiapine intake at 24 months (respectively: r=0.79, p<0.05 in AD group;
r=0.82, p<0.01 in sVAD). The mean dose of olanzapine remained stable during the 24-month
follow-up (5.2-5.4 mg/day); on the contrary, quetiapine dosage increased up to 24-month
follow-up (56.3-89.6 mg/day).
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Drug utilization Baseline sVAD 24 months sVAD Baseline AD 24 months sVAD

Benzodiazepines
lorazepam, mean (±SD) dose
delorazepam, mean (±SD) dose
bromazepam, mean (±SD) dose

144 patients
1.27± 0.3 mg/day
1.21 ± 0.8 mg/day
2.11 ± 1.1 mg/day

289 patients
2.56 ± 0.65 mg/day
2.61 ± 1.29 mg/day
3.41 ± 0.8 mg/day

298 patients
3.94 ± 1.5 mg/day
3.1 ± 1.54 mg/day
4.6 ± 1.4 mg/day

304 patients
4.56 ± 1.65 mg/day
4.1 ± 1.89 mg/day
5.41 ± 1.8 mg/day

Typical neuroleptics
haloperidol, mean (±SD) dose
promazine chloridrate, mean
(±SD) dose

88 patients
1.56 ± 0.54 mg/day

53.12 ± 12.23 mg/day

356 patients
2.34 ± 0.67 mg/day

59.12 ± 16.91 mg/day

88 patients
2.87 ± 1.54 mg/day
63.12 ± 7.2 mg/day

127 patients
3.56 ± 0.54 mg/day
67.12 ± 1.56 mg/day

Atypical neuroleptics
olanzapine, mean (±SD) dose
quetiapine, mean (±SD) dose

4 patients
0.0 ± 0 mg/day

37.5 ± 5.21 mg/day

23 patients
0 ± 0 mg/day

56.9 ± 3.5 mg/day

63 patients
5.6 ± 1.6 mg/day
66.8 ± 3.5 mg/day

83 patients
5.9 ± 2.94 mg/day
89.9 ± 3.5 mg/day

Table 9. A synopsis of the CNS drugs employed by the patients.

5. Discussion

Walking is a complex mechanism, based on motor control, step rhythm, muscular activation
and dys-activation, motor adjustment, attention, perception and so on. Spinal and brainstem
activation, which seems to be fundamental for quadrupeds, is not so dominant in humans,
where gait depends more on cortical and subcortical inputs [39].

The motor cortex, represented by distinct areas in the frontal lobes, receives a variety of inputs:
sensory areas, motor control structures, and modulatory pathways including the thalamus and
basal ganglia (BG). Movement planning and performance are strictly dependent from this
cluster of architectonically distinct frontal fields [40]. In particular, SMA activates immediately
before gait ignition in normal walking, suggesting a preparatory activity for each sub-
component of a movement sequence [41]. It has been suggested that this activity may reflect
sub-movement program selection, subsequently sent to the M1. On the other hand, BG
generate a phasic activity, which switches off SMA output and which is probably involved in
providing a non-specific cue both to trigger the sub-movement and to instruct the SMA to
prepare for the next, finally generating an “automatic” movement sequence [42, 7]. In conclu‐
sion, internal cues give rise to automatic movement sequences, as a result of the cooperation
of BG and SMA [7].

Gait control and in particular gait variability are deeply influenced by BG compensatory
activity [43]. Rosano and colleagues reported that subclinical brain vascular abnormalities
(WM infarcts and hyperintensities in MRI) were more frequent and severe in patients with a
greater variability of step length, independently from age, gender, and cognitive function [43].
Moreover, older people and patients with leukoaraiosis show higher-level gait alterations,
supporting the previous observations [39]. These data have been clinically confirmed by other
works by the LADIS group [11], by Srikanth et al. [44] and by Masdeu and Wolfson [45].

Alzheimer's Disease - Challenges for the Future332



Drug utilization Baseline sVAD 24 months sVAD Baseline AD 24 months sVAD

Benzodiazepines
lorazepam, mean (±SD) dose
delorazepam, mean (±SD) dose
bromazepam, mean (±SD) dose

144 patients
1.27± 0.3 mg/day
1.21 ± 0.8 mg/day
2.11 ± 1.1 mg/day

289 patients
2.56 ± 0.65 mg/day
2.61 ± 1.29 mg/day
3.41 ± 0.8 mg/day

298 patients
3.94 ± 1.5 mg/day
3.1 ± 1.54 mg/day
4.6 ± 1.4 mg/day

304 patients
4.56 ± 1.65 mg/day
4.1 ± 1.89 mg/day
5.41 ± 1.8 mg/day

Typical neuroleptics
haloperidol, mean (±SD) dose
promazine chloridrate, mean
(±SD) dose

88 patients
1.56 ± 0.54 mg/day

53.12 ± 12.23 mg/day

356 patients
2.34 ± 0.67 mg/day

59.12 ± 16.91 mg/day

88 patients
2.87 ± 1.54 mg/day
63.12 ± 7.2 mg/day

127 patients
3.56 ± 0.54 mg/day

67.12 ± 1.56 mg/day

Atypical neuroleptics
olanzapine, mean (±SD) dose
quetiapine, mean (±SD) dose

4 patients
0.0 ± 0 mg/day

37.5 ± 5.21 mg/day

23 patients
0 ± 0 mg/day

56.9 ± 3.5 mg/day

63 patients
5.6 ± 1.6 mg/day

66.8 ± 3.5 mg/day

83 patients
5.9 ± 2.94 mg/day
89.9 ± 3.5 mg/day

Table 9. A synopsis of the CNS drugs employed by the patients.

5. Discussion

Walking is a complex mechanism, based on motor control, step rhythm, muscular activation
and dys-activation, motor adjustment, attention, perception and so on. Spinal and brainstem
activation, which seems to be fundamental for quadrupeds, is not so dominant in humans,
where gait depends more on cortical and subcortical inputs [39].

The motor cortex, represented by distinct areas in the frontal lobes, receives a variety of inputs:
sensory areas, motor control structures, and modulatory pathways including the thalamus and
basal ganglia (BG). Movement planning and performance are strictly dependent from this
cluster of architectonically distinct frontal fields [40]. In particular, SMA activates immediately
before gait ignition in normal walking, suggesting a preparatory activity for each sub-
component of a movement sequence [41]. It has been suggested that this activity may reflect
sub-movement program selection, subsequently sent to the M1. On the other hand, BG
generate a phasic activity, which switches off SMA output and which is probably involved in
providing a non-specific cue both to trigger the sub-movement and to instruct the SMA to
prepare for the next, finally generating an “automatic” movement sequence [42, 7]. In conclu‐
sion, internal cues give rise to automatic movement sequences, as a result of the cooperation
of BG and SMA [7].

Gait control and in particular gait variability are deeply influenced by BG compensatory
activity [43]. Rosano and colleagues reported that subclinical brain vascular abnormalities
(WM infarcts and hyperintensities in MRI) were more frequent and severe in patients with a
greater variability of step length, independently from age, gender, and cognitive function [43].
Moreover, older people and patients with leukoaraiosis show higher-level gait alterations,
supporting the previous observations [39]. These data have been clinically confirmed by other
works by the LADIS group [11], by Srikanth et al. [44] and by Masdeu and Wolfson [45].

Alzheimer's Disease - Challenges for the Future332

Though, there are quite real differences among the few other studies on this point. It has been
established by Della Sala et al. [12] that even AD, in a sizeable proportion (40% of their
population) scored as having gait alteration. Though, it must be pointed out that the presence
of associated vascular pathology, declared by the writers themselves is a not indifferent
proportion (22.5%), even if they asserted that this could not account for the outcome. The
Authors declared that their patients showed the gait apraxia phenomenon, referring to deficits
of a relatively unitary function, with the reference to a theoretical model. Within the dichotomy,
proposed by Benke [46], between a conceptual system of motor acts and a system which
controls sensorimotor and spatial-temporal features of movement, gait apraxia would arise
from the impairment of the latter system. Gait apraxia suggested Della Sala et al. [12] should
also be distinguished from ideomotor apraxia, which hampers individual movements and
meaningless gestures. What we observed in our study was the dramatically significant
overcome of gait disturbances, either considering balance, either gait by itself, in pure sVAD
rather than in pure AD pathology. Gait imbalance in AD relates with progressive and dramatic
worsening of global cognitive functions (MMSE), with behavioural deterioration (NPI) and
with consequent drugs intake.

On the contrary gait and balance in sVAD is a very precocious symptom, which relates, from
the very beginning with frontal executive functions (FAB) and Barthel Index (BI) (Table 10).

Gait disturbances sVAD AD

Characteristics

Peculiar Unspecific

Early Late

Frequent Less frequent

Relate to

Frontal executive functions (FAB) Global cognitive functions (MMSE)

Barthel Index (BI) Behavioral performance (NPI)

Drugs intake

Table 10. Summary: characteristics of gait disturbances in sVAD and AD patients.

Insofar, we hypothesize that even though gait apraxia is one of the symptoms declared in AD,
affecting highly routinized synergistic actions, it relates to AD cognitive worsening. On the
contrary, it is a key, precocious and very peculiar aspect of sVAD. Therefore, considering this
point, it can be found a good explanation of the phenomenon, in Liston et al. [7] work; they
suggested that microvascular alteration affecting the SMA, its connections in the periventric‐
ular WM, or the BG can cause a higher-level gait disorders (HLGDs), a hypothesis that seems
to agree with the concept of gait apraxia caused by any mesial frontal lesion (SMA anatomical
location) purposed by Meyer [47]. A further clinical confirmation is provided by current
evidence of gait abnormities in early vascular dementia, in particular when WM alterations
affect strategic pathways (linking the BG to the ventro-lateral nucleus of the thalamus and to
the SMA and frontal areas) [48, 49]; these critical locations compromise the timing cues from
the BG; the analogy to PD disconnections may suggest similar gait abnormalities. It is well
known and widely accepted that leukoaraiosis is associated with gait impairment, falls, and
worse equilibrium scores [1, 3-6, 8, 50]. Some authors suggest a spectrum of severity in gait
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disorders associated with WM abnormalities: on one side, severe gait disorder observed in
Binswanger’s disease with massive leukoaraiosis [7], on the other subclinical forms of gait
disorders can occur in patients with mild periventricular changes.

However, it has been demonstrated that many patients with vascular-HLGDs present with
disequilibrium as primary complaint rather than timing and movement ignition problems [4,
51, 7]. To explain this phenomenon it has been purposed that an alteration of the sensory/PMA
pathways, compromising the contribute to sub-movements initiation and control of sensory
input (proprioceptive, auditory, vestibular and visual information), may represent their
primary disorder [7]. The preservation of BG/SMA pathways guarantees the generation of
automatic, internally cued movements,

A clear point should be made in our study to the extremely strict exclusion criteria in AD and
in sVAD recruitment, basically founded on clinical signs and neuroimaging world-wide
accepted criteria. For example, in order to eliminate any confounding, we excluded patients
with brainstem lesions, which ischemic lesions could cause specific gait and equilibrium
abnormalities. Similarly, we considered also concurrent medications and co-morbidities, in
order to ensure that the gait and balance alterations observed should be considered as an
exclusive result of subcortical WM widespread damage. During the follow-up, a general
worsening, decrease of behavioural control, and consequent pharmacologic intake (neurolep‐
tics and benzodiazepines) stressed but did not cause directly the described gait abnormalities.
In conclusion, it might be stated that subcortical lesions cause “per se” the interruption of long
loop reflexes of deep white motor tracts and descending motor fibers arising from medial
cortical areas (see data and literature in: Guerini et al. [10], Moretti et al. [52]), translating in
gait alteration and imbalance. Moreover, subcortical vascular lesions involve fibres connecting
frontal cortex and subcortical structures, which are responsible for motivation, executive
function, planning and attention too (see in particular frontal eye fields). It has been suggested
(see data and Literature in Moretti et al. [52]) that the basal ganglia maintains cortically selected
motor set in the supplementary motor area and provides internal cues to the supplementary
motor area in order to enable each sub movement to be correctly linked together [53-56].
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1. Introduction

In Belgium, like in almost all other European countries, Alzheimer’s disease affects a growing
number of people as our western population is growing older and the life expectancy is
expanding.

We estimate the prevalence of AD to 800.000 people in France and 420.000 people in Benelux
(Belgium, Netherlands, Luxemburg).

Although the prevalence is very low before age of 70, it exceeds 20 % of men and 30 % of
women after 90 years old [1].

Alzheimer’s disease has a heavy impact on physical, psychological and social equilibrium of
the patient and his family. Alzheimer’s disease has still a bad image in the society, because it
is described like a slowly progressive but inexorable illness, affecting not only intellectual
abilities, but also physical integrity.

Beyond the basic care, the Alzheimer patients need from professionals a specific support,
which implies a better knowledge of the illness and listening skills of the patient and his family.

Alzheimer’s disease patients need regularly to be hospitalized, and the emergency room is
their main way to be admitted to the hospital. However, the lack of knowledge of professionals
on Alzheimer’s disease induces suffering for the patient and his family, as they are too often
considered as heavy and non-cooperating patients.

The purpose of this article is to give some useful bases to inhospital caregivers who are
confronted to Alzheimer’s disease patients, especially in emergency unit.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



2. Alzheimer’s disease

Alzheimer’s disease is the most frequent cause of dementia, accounting for 50% to 60% of all
cases. It is a neurodegenerative disease, which affects cognitive functions, psychological and
behavioural balance. Alzheimer’s disease is a neurodegenerative disorder in which two
proteins (amyloid-β and Tau) undergo pathological changes, consisting in brain accumulation
of an insoluble form of amyloid-β, and in hyperphosphorylation of the tau protein with
modifications of the stereotactic configuration. Although the exact chronology and interaction
between these proteins is still debated, it is generally accepted that these alterations arise years
and probably decades before the appearance of any clinical symptoms [2].Thus, physiopa‐
thology associated an accumulation of beta amyloid peptides in senile plaques and tangles
(induced by tau protein abnormalities) in the neurofibrils with lipid oxidation and peroxida‐
tion, glutamatergic toxicity, and on inflammation, leading to neuronal apoptosis. Another
physiopathological change concerns

Other physiopathological change concerns possible heavy metals accumulation, vascular or
infectious processes... Finally, there is an increasing evidence that vascular dysfunction plays
an important role in the clinical decompensating Alzheimer’s disease [3].

Its course is slow, insidious and lasts for years.

Psychological and Behavioral Symptoms of Dementia (BPSD) may appear at any time of the
disease but usually appear later in its course. They can represent loss of initiative to manage
daily activities (apathy), changes in the personality (irritability, paranoiac thoughts, delusions)
or changes in the mood and the behaviour (anxiety, depression, aggressiveness, appetite
disorders, wandering). Noteworthy, sleep disorders, depression and anxiety or even apathy
may all emerge before the onset of cognitive symptoms in many cases.

Finally, the neuronal loss is high and more physical neurological syndromes emerge (epilepsy,
walking disorders, higher risk of falls, immobilization, swallowing disturbances, malnutrition
and dehydration).

As for many syndromes, the clinical diagnosis is based on different criteria [4,5].

First, the patient’s and family ‘s anamnesis informs the clinician when and how the disease
began, how it evolves and if it has a negative impact on daily activities.

The personal and familial history, socio-educational and co-morbid features will complete the
history.

Biological tests can be restricted to those allowing to exclude pathologies interfering with
cognition, for example folic acid or vitamin B12 deficiency, dysthyroidism, ionic and metabolic
disorders. When the clinical features or history suggest syphilis, HIV or borreliosis, specific
serologies should be performed.

Cognitive assessment should be completed with a validated screening test, such as a Mini
Mental State Examination (MMSE) [4]. Space-time orientation and immediate memory
represent 16 points of the total 30 points. In case of doubt, a total score equal or over 24/30
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should be followed by a comprehensive cognitive assessment performed by a neuropsychol‐
ogist. It emphasizes multiple cognitive disorders and helps the clinician to define the diagnosis
as best as possible.

Brain neuroimaging (CT scan, magnetic resonance imaging) completes the workup. It detects
potentially treatable cerebral lesions (tumors, hematoma, hydrocephaly,...), and associated
causes (vascular lesions). It also gives anatomic indices to describe specific Alzheimer features
(ie hippocampic atrophy).

Functional neuroimaging (Pet Scan, SPECT) explores topographic hypometabolic zones,
helping to approach the diagnosis when clinical features are unusual.

Finally, lumbar puncture is a complementary diagnostic tool, it allows to confirm the diagnosis
if the clinical presentation is more atypical: low levels of b-amyloid 42 and high levels of tau
and phosphotau protein seem highly sensitive and specific (80%) to Alzheimer’s disease.

When the diagnosis is defined, the Alzheimer’s disease management should begin with the
announcement of the diagnosis to the patient and his family. It is important to take into account
the patient’s anxiety related to the delay of the disease announcement itself to find the good
moment to announce it. Most of Alzheimer patients wish to be informed of their diagnosis (72
to 96% from one study to another) and 7% of caregivers wish their parents to be informed from
what they suffer, to respect his/her autonomy of decision [6,7].

The information on the disease must be clear, concise and should focus on the course of illness,
its main comorbidities, the need to provide more help for daily activities...

It is also important to talk about medicolegal issues, such as the ability to drive a car, to set up
a personal property manager.

The caregiver approach should consist in a specific education on the illness, whether for the
basics or a true course called « psychoeducation ». A study demonstrated that a caregiver’s
specific training delays the time of institutionnalization until 500 days [8], and decreases the
risk of caregiver’s mood disorders [9]. An American study showed that a daily home caregiver
to help the main caregiver lowered the number of hospitalizations, the length of stay of
demented patients [10].

The treatment consists in a global approach; pharmacological and non-pharmacological
approaches should always coexist.

Two drug classes are currently available; cholinesterase inhibitors (donepezil, rivastigmine,
galantamine) and N Methyl D Aspartate receptor antagonists (memantine). Although they
have only a minor effect on the course of the illness, cholinesterase inhibitors are actually
recommended in mild to moderate Alzheimer’s disease.

A French study showed that Alzheimer patients treated by cholinesterase inhibitors are later
institutionalized than those not treated [11]. Memantine has a greater protective effect on
memory in later stages of the disease, and it seems to have a positive impact on some behav‐
ioural disturbances [12,13]. The combination of the two classes is probably promising, further
studies are expected to confirm it clearly.
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The treatment of behavioural and psychological and social disorders needs to first identify the
triggering and/or worsening factors (environmental factors, organic causes such as pain,
constipation, infections; iatrogenic causes and depression).

Non-pharmacological approach includes different therapies: aromatherapy, musical therapy,
physical exercises… Until now, none of these therapies have been shown effective, due to the
lack of reproducible methodology from one study to another [14].

If necessary, neuroleptics can help to manage BPSD, following the rule « the lowest dose, the
shortest time » as possible, to avoid adverse reactions (drowsiness, falls, extrapyramidal
syndromes) and its bad impact on quality of life, wellness feeling, and the risk to worsen
cognitive disorders [15,16].

3. The caregiver’s burden

Formal caregivers, (spouses or children), informal caregivers (neighbours, friends, home care
nurses) suffer from the « collateral distress » of Alzheimer’s disease. This is influenced by the
lack of knowledge on the illness, its course and its prognosis. Moreover, caregivers are often
the first who refer their proxy to the memory clinic, because they suffer, without knowing why:
the feel « abnormally exhausted ». Studies show that caregivers suffer more from anxiety,
depression, and alcohol abuse and have a higher risk of mortality [4].

At the diagnosis announcement, different kinds of reactions are observed.

Some of them deny it. Some others tend to be more protective with the patient, and are usually
hyperinvesting in the care of their parent.

Sometimes conflicts appear between the patient, his family and the institution of care. It is
particularly true if the family feels guilty and ambivalent toward their parent and because they
refer the heavy task on care people.

Before the patient will be referred to a nursing home, the main caregiver must be psycholog‐
ically and physically sustained by a trained team, and he must be informed on the possibilities
to have periods of rest during the course of the illness.

Home care should be strictly organised and adapted from the beginning until the end of the
course of the disease. Even after the institutionalization, the family should be followed
specifically.

Advanced directives for the patient could also be discussed with them.

Though defined as a chronic disease, the disease progression to terminal illness is rarely
recognized as a « palliative process ». An American study followed 300 institutionalized
Alzheimer’s patients and their proxies during 18 months. 55% of the patients died during this
period; 41% had pneumonia, 52% had fever episode, 85% had problems to eat alone. In
emergencies, 46% had dyspnea, 39% experienced pain. In the last 3 months of life, 40% had
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experienced « aggressive therapies »: they were hospitalized; they were referred to an
emergency department, or even underwent artificial nutrition.

When patients and their proxies had been well informed on the prognosis and the course
of the disease, patients had a more worthy end-of-life experience [17]. It emphasizes the
importance to educate the care staff, whether for home care, hospital care or nursing home
care [18].

4. The patient with dementia at the emergency department

Among patients older than 60 years old admitted in emergency department, 13% have
cognitive disorders. When they are admitted at hospital by another way, only 8% have
cognitive problems [19].

Most of time, the urgent admission of a demented patient is more justified by the lack of
structural or human support than the acute illness itself: the emergency room becomes the
only « wipe out » for burden families, sometimes also for burden professionals in nursing
homes.

More, literature reports that proxies express very few their wish to find an alternative structure
to take care of their parents [20].

The reason of admission is most often a somatic problem.

In a prospective study conducted by B Vellas et al, the two first causes of admission of dement‐
ed patients in emergency wards were behavioural disorders (26,3%) and falls (18,6%) [21].

A retrospective study in United Kingdom, between 2002 and 2007, showed that demented
patients (20% Alzheimer, 11% vascular dementia, 69% not defined in the medical file) were
more frequently admitted via the emergency room than non-demented patients. The diagnosis
of dementia is rarely evoked in the file (6-10%). Most are hospitalized for somatic problems
(syncope, pneumonia, urinary tract infection, dehydration) and more significantly than non-
demented patients [22].

In a French study (REAL.FR), investigators followed 516 patients with light to moderate
Alzheimer disease during one year. 27% of them were hospitalized at least once. Predictive
factors of hospitalization were: caregiver’s burden (the most frequent), loss of autonomy in
one or more basic daily activities (Katz scale) or in two or more instrumental daily activities,
the presence of at least 2 current illnesses, depressive disorders, polypharmacy, disinhibition,
delirium, score > 5 on Reisberg’s illness rating scale (moderate dementia or severe cognitive
decline) and the need for external help for housekeeping [23]. After 2 years of follow-up,
predictive factors of rehospitalisation were need for basic daily activities, caregiver’s burden
and high level of BPSD based on NPI scale (Neuropsychiatric Inventory) [24].

In case of real emergency, the GP should refer the patient with a detailed file containing medical
and dementia history, current medications, and a brief summary of home care providers’
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journal, to distinguish chronic and new symptoms. For example, alteration of vigilance is a
challenging situation with a broad differential diagnosis: an underlying acute medical illness,
epilepsy, drug intoxication, delirium should always be excluded.

It is important to note that most of common pathologies associated with advancing dementia
have an underlying illness that needs a specific causal treatment.

Bradshaw et al studied 250 patients aged over 70 with a co-morbid mental health problem and
followed them up for 180 days. Twenty-seven per cent did not return to their original place of
residence after the hospital admission, and 31% had died after 180 days. Significant predictors
for poor outcomes were co-morbidity, nutrition, cognitive function, behavioural and psychiatric
problems and depression [25].

Medical doctors working in the emergency unit should avoid the use of neuroleptics, or other
sedative drugs to treat delirium and BPSD, and a non-pharmacological approach should
always be proposed. This implies that any new problematic symptom, including agitation,
delirium, paranoia, hallucination, and anxiety … should preferably be managed in collabora‐
tion with the physicians who know the patient and the course of the disease. A conservative
and comprehensive management of the probable cause of the problem (loss of senses such as
sight or hearing; changing habits or care behaviour,..) is the most appropriate.

When drug will be offered, causal effect treatment with the fewest side effects is preferred. It
is particularly important to pay attention to any anticholinergic effects and to possible
interactions with other medications.

In all cases, we should also exclude organic cause (metabolic disorder, including urinary
infections, subdural hematoma in case of fall or even the occurrence of new epilepsy...) before
considering the appropriate treatment.

4.1. Delirium and dementia

Delirium is very common in elderly patients admitted in the emergency unit. Risk of delirium
is higher for demented patients. It is sometimes the first symptom leading to the diagnosis of
dementia.

Most of the time, causes of delirium are not purely neurological and toxic, metabolic causes
(hypoglycemia, anemia, heart failure), drugs interactions, current infections or pain have all
to be tracked.

Features of delirium are characterized by altered vigilance status, cognitive disorders not
related to previous cognitive state, symptoms of rapid onset and fluctuation and a strong
evidence of underlying organic disease (DSM IV-TR) [26]. Demented patients with delirium
are less able to explain their symptoms than non-demented patients and than demented
patients without delirium. They have more difficulties to understand explanations and
diagnosis delivered by professionals in the emergency ward [27]. Moreover, delirium in urgent
situations is a prognostic factor for loss of autonomy: according to a study of Vida, delirious
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patients loose more autonomy than non-delirious patients [28]. Finally, delirium is an inde‐
pendent prognostic factor for length of stay and risk of mortality at 6 months [29,30]. In the
absence of altered mental status, this syndrome might be missed unless it is actively looked
for using a validated delirium assessment.

The environment of the emergency room is seldom adapted to patients with delirium: people
have to wait several hours to be managed, rooms have no windows, there is no time markers
in the rooms (no clocks, diaries), meals are served at every hours night and day.

It is therefore important to screen for delirium: the most used screening is CAM (Confusion
Assessment Method) [31]. Health care providers in emergency units have often not enough
time to assess completely the situation, to communicate efficiently with the patients and to
take care of their needs.

In front of patient with acute or subacute delirium; fluent aphasia has to be excluded. It could
be interpreted as confusion. If the onset of aphasia was sudden, brain imagery and electroen‐
cephalogram should always be done.

Management of delirium involves ensuring safety, improving functioning, identifying and
treating the illness underlying the delirium, and use of antipsychotics or benzodiazepines to
control behavioural symptoms and prevent mortality. Haloperidol, an old typical neuroleptic
is the most commonly used antipsychotic in delirium. Atypical antipsychotics may be as
efficacious as haloperidol in the treatment of delirium, but have less side effects [32]. In
addition, to restore good quality of sleep and normal circadian rhythm, the use of melatonin
can sometimes help. Anticholinesterases or memantine have few impacts on delirium in
emergency cases [33]. However, their chronic prescription could decrease the risk of delirium
and BPSD in dementia especially in case of Alzheimer disease.

Non pharmacological approach in emergency units would consist in faster management of the
patient in quiet rooms with windows, clocks and calendars should be implemented. Beds with
barriers, with comfortable mattress should be proposed.

4.2. Paranoia and dementia

Paranoia is a manifestation induced by excess of dopaminergic metabolites. As for other
delirious ideas, it can also results from errors of interpretation or of reasoning, especially in
dementia (objects lost interpreted as stolen...) [34].

In combination with a decrease of dopaminergic drugs, a conservative treatment has first to
be considered. Anticholinesterase and memantine have both a top-grade places to avoid as far
as possible the use of neuroleptics in terms of side effects, particularly in case of dementia
[35-37]. Sometimes, trazodone 50 to 200 mg/day can help [38].

However, in emergency and only during the acute phase, haloperidol 1 to 4 mg could be
proposed. But, in case of chronic use, new generation of neuroleptics (quetiapine for example)
should be preferred with the necessity to track any extrapyramidal signs and to adapt the
treatment very regularly.
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4.3. Depression and dementia

Depression is frequently associated with dementia either as a triggering factor of the disease
or as its consequence. However, depression is rarely the cause of emergency admission in case
of dementia. If suicidal risk should be systematically screened, its arisen is exceptional perhaps
as a consequence of memory disturbances, mood and cognitive fluctuations. Planning and
executive difficulties could also explain the low rate of suicide in demented patients. Impulsive
suicidal acts are nevertheless possible. Depression influences cognitive and functional
capacities of all individuals, demented or not. This is of particular importance in case of minor
and major neurocognitive deterioration, and it should be systematically screened and treated,
in order to improve the quality of life of the patient and its caregivers, and to preserve the
patient’s residual functional and cognitive capacities. The preferential choice will then consider
a drug with as least as possible interactions with other concomitant medications (often a
selective serotonin reuptake inhibitor), taking into account the impact on appetite and sleep
of the patient. A recent meta-analysis showed that psychological interventions associated with
antidépressive drugs can reduce symptoms of depression and clinician-rated anxiety for
people with dementia [39].

On the other hand, any caregiver’s depression should be aggressively pursued and handled
in view of its great incidence and of its heavy impact.

Nevertheless, we can’t underestimate the ability of emergency caregivers to communicate with
demented patients: Eder points out their need of knowledge of dementia, ie the different kinds
of dementia, its progression, its symptoms, in order to communicate and manage adequately
these patients [40].

Restraint is also a frequent ethical problem in emergency units. It raises ethical questions to
all of us but especially to caregivers: « Should I respect the patient’s autonomy, if he is in danger
for himself or for others? How to justify it? » [41].

Finally, the length of stay in emergency unit depends on the downstream bed availability.
Time spent by caregivers to find a bed is also wasted time to communicate with the patient.

Therefore, the management of these patients must be lead by an interdisciplinary approach.
Nevertheless, in some countries like France, only 20% of hospitals have a geriatric unit. There
is then an urgent need to sensitize medical hospital managers and policy makers to improve
the geriatric offer in terms of acute settings.

At a medical level, the emergency physician should work together with geriatricians to
understand how to integrate the acute illness into the patient’s geriatric syndromes.

It is therefore useful to define a care pathway for the demented patient, from home care to
hospital management.

We could imagine to apply to emergency units what already exists in terms of technological
innovation for home care of elderly (demented) patients: for example, the European HOPE
project (Smart Home for Elderly People) aimed to improve communication and information
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to proxies to take care of their elderly demented parent; this system helped to maintain quality
of life, and to improve health care, security and communication with the patient [42].

5. Proposition of a care pathway of demented patients

The general practitioner (GP) is the first health care provider involved [20]. He should be
trained to inform families of the dementia’s symptoms, their expected evolution and their
potential complications. This is first, to prevent crisis and proxy’s burden.

A crisis is an episode of acute disorganization with symptoms that lead patients and their
caregivers to call an emergency care help. It refers to a sudden change in the course of the
patient’s and family’s habits, while it is very important to maintain them stable for dementia’s
stability [43].

It happens too often that patients are admitted to emergency units on the request of GP, without
evident urgent situation. When the problem is not urgent, the GP should refer the demented
patient to geriatric or neurological consultation, or to the geriatric day hospital.

We developed in Belgium a specific care program for the geriatric patient which could offer
alternative approach for the demented patient: since 2007, Belgian hospitals had to develop
pilot projects for geriatric day hospitals, internal liaison (mobile team for geriatric patients
hospitalized in other units than geriatric departments) and external liaison with home care
and nursing home care providers. The referring GP contacts the coordinator of the geriatric
care program and they decide together when and how to admit the patient at hospital, in order
to avoid the mandatory passage to the emergency department if the patient doesn’t require
urgent care. It allows also providing counselling on how to adapt transiently home care.

6. Conclusion

Alzheimer’s disease is a frequent pathology. It would be considered as a pandemic illness in
the future 20 years. As the demented patient is often admitted at hospital by the emergency
unit, it is crucial that emergency caregivers have the best knowledge of the disease, to offer
the best adapted care, to support family and to avoid unnecessary admissions.
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Uncontrolled Sexual Behaviour in Dementia
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1. Introduction

Uncontrolled sexual behaviour in dementia is considered as a symptom of the behavioural
disturbances seen in dementia, such as agitation, disinhibition, apathy, depression, and
psychotic behaviour. The combination of these behavioural problems and progressive
cognitive dysfunctions are the main characteristics of dementia. The behavioural problems,
are present in 80-95% of the patients with dementia [1]. These symptoms decrease the quality
of life of patients, increase the likelihood of institutionalization, and contribute most to
caregivers burden. Although less common than most other behavioural problems, uncontrol‐
led sexual behaviour is often more disruptive and upsetting to a spouse, institutional staff and
other residents [2-4]. Therefore, these sexual behaviours are a tremendous challenge for health
care providers in institutional care settings. However, a literature search utilizing Pubmed
showed that only 0,5% of the literature addressing dementia concerns sexual functioning, and
even less focuses on uncontrolled sexual behaviour. Thus, uncontrolled sexual behaviour is a
serious neglected area in this field, while the majority of health care providers agree that more
information and institutional training is needed [2, 5, 6].

2. Uncontrolled sexual behaviour

Uncontrolled sexual behaviour is labelled and defined in many ways in the literature. Syno‐
nyms used are ’Disinhibited sexual behaviour’ [7], ‘Inappropriate sexual behaviour’ [8, 9],
‘Inappropriate sexual expression’ [2], ‘Increased sexual activity’ [10], and ‘Hypersexuality’
[11]. All phrases imply that this behaviour is a sexual act (verbal or physical) which is unac‐
ceptable, inappropriate, disinhibited, or uncontrolled within the (social) context in which it is
carried out. Examples are sexual comments, masturbation in public, grabbing at the genitals
and/or breasts of other persons, chasing other residents for sexual purposes, and exposing
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one’s genitals in public. Some of these behaviours may be inappropriate only because they are
performed in public and therefore should not be confused with sexual appetite and behaviour
in older people due to a normal sex drive. There is no widely agreed definition of when this
behaviour becomes inappropriate and so it is subject to subjective interpretation of the
observer. In this chapter, ‘uncontrolled’ is used reflecting a reduced capacity to manage an
impulsive response to a situation.

There are several types of behaviours identified in the literature to cluster uncontrolled sexual
behaviour. In some reviews of the literature, three types were suggested, i.e. sex talk, sexual
acts, and implied sexual acts [11-13]. Sex talk is regarded as the most common form and
involves inappropriate language, that is not in line with the patient’s premorbid personality.
Sexual acts include touching grabbing, exposing or masturbating in public or in private
settings. Implied sexual acts involve reading pornographic material in public or requesting
unnecessary genital care. In an observational study that included 40 patients with dementia
living in a nursing home [14], research assistants scored whether exposed sexual behaviour
was appropriate, ambiguous or inappropriate. The patients were systematically observed on
nine separate five minute occasions in the nursing home during different situations, such as
at meals, being groomed or dressed, in their rooms. Most sexual behaviour was coded as
inappropriate or ambiguous. Overall, this scoring leaves substantial gaps for individual
interpretation of the observer. Besides, the three types of sexual behaviour were not based on
empirical evidence.

More recently, two observational studies shed more light on the definition and measurement
of uncontrolled sexual behaviour. In the first study [15], sexual behaviours were observed and
afterwards clustered in several types. Based on an observational study which included 12
patients with dementia, aged between 53 and 84 years of age, nineteen sexual behaviours were
obtained from observations and interviews with their caregivers and categorised by the
authors in three types, i.e. ‘sexual acts with contact with others’, ‘sexual acts with non-contact
with others’, and ‘verbal sexual behaviour’. The most frequently observed sexual behaviours
consisted of patients stroking their own genitals in private, touching areas of another person
and verbal provocation. In the second study [16], 68 health professionals were questioned,
working in institutions with patients with progressive neurological disease or patients with
acquired brain injury, which resulted in 145 examples of uncontrolled sexual behaviours.
Incidents of touching others inappropriately was the most common uncontrolled sexual
behaviour.

Based on the abovementioned study in which an observation instrument was developed [16,
17], items were identified for the development of a questionnaire regarding sexual behaviour
in dementia (SBDQ; [6]). The questionnaire consisted of four discrete behaviour categories:
verbal comments, non-contact behaviour, exposure, and touching others. 115 health profes‐
sionals were asked to rank the behavioural descriptors in terms of severity. This resulted in
four levels of severity for each behaviour category. The rankings resulted in categorisations of
uncontrolled sexual behaviours that are more evidence based and initiated a methodological
tool that may have value for clinical use and research purposes. The validity and reliability of
this scale was investigated and established (see also, [6]).
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3. Uncontrolled sexual behaviour in dementia

Because of the limited coverage of uncontrolled sexual behaviour within the literature and the
use of different definitions and categorisations, it is difficult to obtain a robust view of
prevalence of these behaviours in dementia. Nevertheless, there are some studies which offer
an insight in the frequency of uncontrolled sexual behaviour in dementia. For example, Burns
et al. (1990) found that 7% of 178 patients with Alzheimer’s disease showed sexual inappro‐
priate behaviour (i.e. exposure, obscene sex language, masturbation, propositioning others).
A more recent study [19] showed nearly a similar prevalence rate (8%) of references to sexual
behaviour in medical records of 165 older people with dementia living in a residential care
facility. The prevalence is substantially lower in a mixed cohort with patient living in nursing
homes and patients living in the community. Of the 2278 participants only 41 (i.e. 1,8%) had a
documentation of verbal or physical aberrant sexual behaviour [8]. In an observational study,
there was a clear difference in prevalence rates between types of dementia, such as Alzheimer’s
disease, vascular dementia, pick’s disease [14]. Patients with Alzheimer’s disease expressed
less uncontrolled sexual behaviour compared to patients diagnosed with other types of
dementia (i.e. 9% versus 28%). This difference was also seen in other studies. For example,
Alagiakrishnan (2005) demonstrated that 53,6% of the patients expressing uncontrolled sexual
behaviour were diagnosed with vascular dementia, while 22% was diagnosed with Alzheimer.
And even in the sample of twenty patients expressing uncontrolled sexual behaviour of De
Medeiros et al. (2008), this difference was significant (p<0.01). The higher percentages of
uncontrolled sexual behaviour in non-Alzheimer’s types of dementia may be explained by a
relatively higher likelihood of brain pathology that is associated with hyper sexuality (e.g.
striatum, frontal lobes, temporo-limbic system and hypothalamus (e.g. [12]).

It not clear whether uncontrolled sexual behaviour is more prevalent in men than women or
in patient with more severe dementia. Most studies only included men and dementia severity
was often not investigated with regard to uncontrolled sexual behaviour. In studies that
focused on uncontrolled sexual behaviour and included severity of dementia, the results were
inconclusive. Burns et al. (1990) found a positive association with severity of dementia, while
De Medeiros et al. (2008] concluded that half of the subjects with uncontrolled sexual behaviour
had mild dementia, whereas most subjects with non-sexual behaviours had severe dementia.
However, this difference did not reached significance. In both studies the frequency of sexual
behaviour was equal for men and women, while two other studies have shown that sexual
behaviour was more prevalent in men [5, 8].

In sum, based on these cross-sectional studies, prevalence rates of uncontrolled sexual
behaviour in dementia vary between 1,8%-28%, which depends on type of dementia.

4. Etiology

The etiology of uncontrolled sexual behaviour is rather complex and must be considered
within a biopsychosocial perspective [20]. Generally, the literature attributes this behaviour to
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biological changes associated with dementia, such as changes in brain structures and/or
neurotransmitters. Case studies demonstrated that dysfunction of interconnected brain
structures may cause uncontrolled sexual behaviour. Four major brain systems have been
suggested [12, 13], i.e. the frontal lobes, the temporo-limbic system, the striatum, and the
hypothalamus. Head trauma to the frontal and temporal lobes may decrease inhibitory
impulses often needed to keep sexual feeling in control and therefore result in uncontrolled
sexual behaviour. Pick’s disease and Kluver-Bucy syndrome is associated with frontal and
temporal pathology. These patients are characterized by social inappropriate behaviour,
including uncontrolled sexual behaviour. Injury to the striatal region, as in Huntingtons and
Parkinson disease, may result in obsessive-compulsive sexual behaviour [21]. Lesions to the
right hypothalamus can cause manic symptoms, including increased sexual desire.

Psychological factors may also contribute to uncontrolled sexual behaviour or maintain this
behaviour. First, some behavioural problems, including depression, hyperactivity, or mania,
may increase sexual interest and result in uncontrolled sexual behaviour [19]. Other diagnoses,
such as delirium, epileptic seizures and alcohol abuse may also cause uncontrolled sexual
behaviour [7, 21]. Second, the amount of sexual interest is also determined by premorbid
patterns of sexual activity [20]. Third, uncontrolled sexual behaviour may be due to disorien‐
tation, which is often seen in the patient with dementia. For example, because of the cognitive
impairments, the patient with dementia may not be aware of his or her surroundings, and
display behaviour considered normal in private but not in public. Similarly, a patient may
misidentify another person as their spouse, and display behaviour appropriate for a married
couple [9].

Psychosocial factors that may be associated with uncontrolled sexual behaviour are lack of a
usual partner, lack of privacy, or an under stimulating environments. Older adults in residents
may lack physical closeness, especially when they don’t have a partner. Physical closeness
might reduce loneliness and anxiety of the patient with dementia. When this need is not met,
it is possible that this may take the form of physical aggression in persons not knowing how
to appropriately meet their needs for closeness and intimacy. In nursing homes, there is often
a lack of privacy and less opportunities for patients to be intimate with their partner. This may
even be aggravated by the relatively passive and conservative attitude in some health profes‐
sionals toward older people sex issues [2, 5]. In addition, an under stimulating environment
may increase boredom and loneliness, which may result in disruptive sexual behaviour. In
conclusion, the etiology of uncontrolled sexual behaviour is rather complex and there are many
factors that could cause or maintain uncontrolled sexual behaviour.

Empirical studies addressing the etiological factors of uncontrolled sexual behaviour in
dementia are very sparse. Since uncontrolled sexual behaviour may have an immense impact
on patients and their relationship with others, family, caregivers, and institutional staff, it is
important to gain more information on uncontrolled sexual behaviour and its etiology. More
insight in uncontrolled sexual behaviour in dementia and the etiology, would be useful in
diagnosing symptoms of uncontrolled sexual behaviour and could provide directions for
interventions in order to help the patient, health professionals, and families to deal with this
behaviour.
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5. Management

The management of uncontrolled sexual behaviour is often a challenge. Less is known about
the best way to act, while the need for evidence based guidelines is growing. Overall, man‐
agement of uncontrolled sexual behaviour can be divided in behavioural strategies and

pharmacological treatment. Because many of the drugs carry significant risk of adverse side
effects, it is important to start with a solid assessment of the situation (including the degree of
risk to others) and appropriate behavioural treatment.

5.1. Assessment

First of all, the exact target behaviour, context and involved factors need to be defined; what
form? In what context? Frequency? What factors contribute? What is known from the (sexual)
history? Is it a desire for closeness, comfort, or lack of privacy? Is it a problem and to whom?
Are there any risks and to whom? Do the patient have insight? What is the mental/cognitive
status? [12, 20]. These questions may be answered by direct observation of the patient, in an
open discussion with main staff and significant others, and/or a standardised measurement,
like the SBDQ [6]. In addition, it is important to rule out delirium and consider mood disorders
or psychosis. These disorders need other management than uncontrolled sexual behaviour.
Examining physical status and current medications is needed to determine (bio)medical
causes. Different classes of medications have shown to induce uncontrolled sexual behaviour,
in clinical settings [22]. For example, atypical antipsychotics can induce uncontrolled sexual
behaviour by blocking the effects of selective serotonin reuptake inhibitors [23]. The reason
for this is, that selective serotonin reuptake inhibitors typically suppresses sexual drive [7,
24-26]. In sum, a careful assessment provides information to choose an appropriate treatment
(strategy) and a good baseline to properly evaluate the process and the effects of treatments.

5.2. Behavioural treatment

After a careful assessment, it is possible to develop a care plan with the involved care profes‐
sionals and it is recommended to involve significant others. A care plan may include elements
that are directed to the patient, significant others, other residents, and the staff. To the patient,
many behavioural strategies may be initiated depending on the form of behaviour, the
contributing factors, and the patients cognitive functioning (possibilities for new learning).
Examples of behavioural strategies are distraction during presence of uncontrolled sexual
behaviour via substitution of other activities, redirecting via conversation or humour, ignore
unwanted behaviour and encourage appropriate behaviour, modification of social cues that
are being misinterpreted, removing ‘triggers’ of the behaviour, substitute caregivers to the sex
that does not match their sexual preference, avoidance of external cues such as over stimulating
television or radio programs, trousers that open in the back or with zippers in case of exposing
behaviour, providing single rooms, “not disturb” signs, and/or allowing doors to remain shut
to provide privacy to let the patient satisfy their sexual needs [9, 12, 27-29]. To the significant
others or spouses it is useful to give additional information to reframe the behaviour and
reassurance that these behaviours are not a reflection of their relationship.
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Providing staff supervision and additional education may be extremely helpful, because care
professionals report that it is often difficult to cope with these behaviours or it is distressing
for them [2, 30]. There should be a good balance between openness to the patients need for
normal sexual expression while preventing uncontrolled sexual behaviour [12]. It is also critical
to prepare students for uncontrolled sexual behaviour. In a study in which a young student
introduced herself to several residents, she was confronted with uncontrolled sexual behaviour
and responded with guilt, confusion, and distress [30]. More reflection on own behaviour and
small changes in the appearance, like another manner of dressing, may help in provoking less
uncontrolled sexual behaviour. In addition, providing more information on the etiology of the
behaviour may aid to reduce guilt and confusion of the student or care professional. Because
students and care professionals may be uncomfortable discussing uncontrolled sexual
behaviour, it is important that the supervisor initiates the topic and provide coping strategies
to them. Specific methods, like role playing, may be quite helpful to prepare the student for
uncontrolled sexual behaviour [30].

After all, it is important that evidence based guidelines will be developed in addition to a policy
and procedures within an organisation.

5.3. Pharmacological treatment

Different classes of medication (e.g. antidepressant, antiandrogen, antipsychotic, and anticon‐
vulsant medications) have been proposed in the treatment of uncontrolled sexual behaviour
[31]. The basis for medication treatment comes from the similarities of paraphilias with sexual
behaviour [32]. Paraphilias and hypersexual behaviour, both involve uncontrolled sexual
behaviour. Hence, pharmacological treatment of uncontrolled sexual behaviour is focused on
pharmacological agents that affect monoamine neurotransmitters and that enhance central
serotonergic function in particular (see also, [33]). However, there is not yet convincing data
supporting the use of a particular medication. Most evidence is in the form of case reports and
data are also lacking with regard to the advantage of any medication over placebo or in
comparison with other medications [31, 34].
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