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Summary - Alzheimers disease (AD) is a complex disease associated with advanced age whose causes are
still not fully known. Approaching the disease from an evolutionary standpoint may help in understanding
the root cause of human vulnerability to the disease. AD is very common in humans and extremely
uncommon in other mammals, which suggests that the genetic changes underlying the alterations in cerebral
structure or function that have taken place over the course of the evolution of the genus Homo have left
specific neurons in the human brain particularly vulnerable to factors which trigger the disease. Most of
the genes whose mutation leads to AD are involved in synaptic plasticity. Evidence has also been found
relating AD to neuronal oxidative stress. Neurons in certain association areas of the human brain retain
Juvenile characteristics into adulthood, such as the increased expression of genes related to synaptic activity
and plasticity, incomplete myelination and elevated aerobic metabolism, which can cause an increase in
oxidative stress in these neurons. Oxidative stress can cause myelin breakdown and epigenetic changes in
the promoter region of genes related to synaptic plasticity, reducing their expression. These changes may in
some cases induce hyperphosphorylation of tau and -amyloid deposits, which are characteristic of AD. The
adaptation of humans to the cognitive niche probably required an increase in synaptic plasticity and activity
and neuronal metabolism in neurons in areas related to certain cognitive functions such as autobiographical
memory, social interaction and planning. The cost of these changes may have been the brains increased
vulnerability to factors which can trigger AD. This vulnerability may have resulted from the evolutionary
legacies that have occurved over the course of the evolution of the human brain, making AD a possible
example of antagonistic pleiotropy. The evolutionary approach allows apparently unrelated data from
different disciplines to be combined in a manner that may lead to an improved understanding of complex
diseases such as Alzheimers.
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Introduction beginning to change, and over the last few dec-

ades the pool of publications attempting to relate

Along with molecular biology, evolutionary
biology constitutes the foundation of modern
biology. In contrast, the biomedical sciences,
which study the biology and pathology of the
species Homo sapiens, have shown little interest
in this discipline. Fortunately, this situation is

human pathology to biological evolution has
steadily increased (Eaton ez al, 1988 a, b; Nesse
& Williams, 1994; Smith er al., 1999; Stearns,
1999; Eaton er al, 2002; Burns, 2007; Nesse,
2008; Briine, 2008; Sanjudn, 2009; Gluckman
et al., 2009).
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The relevance of evolutionary biology in the
biomedical sciences lies primarily in the contri-
butions that this discipline can provide in terms
of research. Focusing on disease from an evolu-
tionary standpoint can expand the horizons of
biomedical research and lead to hypotheses that
never would have been postulated had they been
formulated from a traditional perspective (Nesse,
2008). The evolutionary approach to disease has
already contributed interesting ideas, such as:

1) The concept of coevolution between micro-
organisms and hosts.

2) The selection of antibiotic-resistant strains.

3) The distinction between diseases and de-
fence mechanisms, like fever, coughing and
vomiting,.

4) Design compromises, such as bipedalism,
which promotes lumbar disc herniation.

5) The incompatibility between our genotype,
which resulted from the slow adaption to
the ancient environment in which our spe-
cies evolved, and our current environment
(genome lag).

6) Evolutionary legacies, which increase our
reproductive capacity at the cost of increas-
ing our vulnerability to certain diseases

(Nesse & Williams, 1994).

Antagonistic pleiotropy is a phenomenon
in which evolutionary changes favour survival
and reproduction in youth but increase the pos-
sibility of developing certain diseases at a post-
reproductive age. Examples of such evolutionary
changes in youth and their subsequent risks in
adulthood include oestrogens and breast cancer
or testosterone and prostate cancer. In antagonis-
tic pleiotropy, genes which are advantageous at a
reproductive age can become harmful at a post-
reproductive age, when they are no longer subject
to the filter of natural selection.

The concepts of genome lag, evolutionary
legacies that increase vulnerability to disease and
antagonistic pleiotropy can be particularly use-
ful in understanding complex diseases in which
multiple genetic and environmental factors are
involved and which are sometimes associated
with advanced age and are predominantly or
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exclusively human, like Alzheimer’s disease (AD),
frontal dementia and schizophrenia (Bufill &
Blesa, 2006). This article does not aim to describe
the cause or causes that result in the onset of
AD. Rather, it seeks to analyse the contributions
of evolutionary biology which can provide an
improved understanding of the pronounced vul-
nerability of the human species in relation to the
not yet fully understood factors that lead to the
development of Alzheimer’s disease.

Alzheimer’s disease

AD, the most common cause of dementia, is
characterised by deposits of abnormal peptides in
the brain. Neurofibrillary (NF) tangles made up of
the aggregation of hyperphosphorylated tau pro-
tein are found in the interior of the neuron, where
they form double-helicoidal filaments that distort
the neuronal cytoskeleton. Neuritic plaques, on the
other hand, are made up of the accumulation of
beta amyloid peptides (AB), fragments of a trans-
membrane protein called amyloid precursor pro-
tein or APD, found in the extracellular space. These
abnormal peptide deposits are also found in a rela-
tively high percentage of the elderly who do not
present signs of cognitive impairment, although
in these cases the proportion of lesions tends to
be lower than in patients with AD. Patients with
AD also exhibit amyloid deposits in small cerebral
blood vessels, inflammatory reactions in areas
where abnormal peptides are deposited, loss of syn-
apses and finally neuronal destruction.

AD usually appears after 65 years of age
and its prevalence doubles every five years. In
the over-85 population, the prevalence of AD
in developed countries ranges from 20 to 40%
(Mesulam, 2000).

The fact that AD has an elevated prevalence in
the elderly does not mean that the disease is an inev-
itable characteristic of old age. In certain individu-
als the disease can manifest at an earlier age or with
greater intensity due to genetic or environmental
factors. A certain proportion of the elderly popula-
tion does not present AP deposits or NF tangles,
while others develop these lesions at relatively early
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stages in their lives (Ohm ez al, 1995; Braak ez al.,
1997). AD seems to be a disease associated with
age, but not an inevitable concomitant of old age.

In a small percentage of cases, AD is the
result of mutations in the genes APR PSENI
and PSENZ2, located in chromosomes 1, 14 and
21. These tend to be early-onset cases that are
transmitted in an autosomal dominant man-
ner. In most of the cases, however, AD seems to
be caused by an interaction involving a variety
of still poorly understood genetic and environ-
mental factors, primarily including advanced
age, a history of cranial trauma or cerebral vas-
cular accidents, certain toxins, and being a car-
rier of the &4 allele of apolipoprotein E. The risk
of developing AD is four times higher among
heterozygous carriers and ten times higher for
homozygous ApoE4 carriers (Mayeux, 1998).

Some evidence points to a possible connec-
tion between inflammatory mechanisms and
AD. There seems to be an activation of microglial
cells in the brains of patients with AD, especially
in the senile plaques. This has led some research-
ers to suggest a relationship between inflamma-
tory processes that take place in the early phases
of life or chronic inflammatory processes associ-
ated with age and the subsequent development
of AD (Finch, 2005).

Recently, genome-wide association studies
(GWAs) have revealed an association between
AD and the CLU gene, which is located on chro-
mosome 8 and encodes apolipoprotein J, vari-
ants of which reduce the risk of developing AD
by 15%, and the PICALM and CRI genes, which
are located on chromosomes 11 and 1 (Harold
et al., 2009; Lambert ez al., 2009), although the
relationship between AD and these genes seems
to be much less significant than the relationship
between AD and ApoF4.

Alzheimer’s disease and
evolutionary biology

Several factors make AD especially suited
to an evolutionary approach. Firstly, it is a
very common disease with a substantial genetic
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component in which numerous genes seem to
play a role and, with the exception of the rare
case of autosomal dominant mutation, onset
almost always occurs at an advanced age, suggest-
ing that AD may be an example of antagonistic
pleiotropy. Secondly, some studies suggest that
the incidence of AD is significantly higher in
developed countries than in traditional societies.
If this is true, it would support the hypothesis
that certain factors related to industrialised soci-
eties could favour the development of the dis-
ease, which would suggest that genome lag could
play a role in AD. The term genome lag (Eaton
et al., 1988b) refers to the fact that the human
genome, which determines our anatomy, physi-
ology, impulses, emotions and cognitive capacity,
developed slowly in the ancient environments in
which our ancestors lived and which were radi-
cally different from our current environment. For
the greatest part of our over two million years of
existence, members of the genus Homo were for-
agers and hunter-gatherers. The human environ-
ment changed drastically about 10,000 years ago
with the development of agriculture, and the rate
of change has been multiplying exponentially
since the industrial revolution 200 years ago.
This has led to an increasingly greater imbalance
between a genome adapted to an environment
that no longer exists and a current environment
that has nothing to do with the one in which our
species evolved. This gap may contribute to the
development of different physiological and emo-
tional disorders (Eaton ez a/., 1988a, b, 2002).
Thirdly, AD is very common in elderly
humans and very uncommon in other mammals.
Since the beginning of the 20th century numer-
ous comparative anatomy studies have been
conducted on the brains of different species of
mammals in zoos and laboratories. These stud-
ies, which include detailed microscopic examina-
tions, have detected only a single case of a non-
human brain manifesting the criteria that define
AD. A high percentage of non-human primates
and some carnivores present AP deposits at an
advanced age, but unlike humans, these animals
present few neuritic plaques. Undil very recently
NF tangles had not been documented in any
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other species. It seemed, therefore, that AD was
specific to Homo sapiens, although some species
of mammals, like non-human primates, may have
developed an incomplete form of Alzheimer’s
(Cork et al, 1988; Price 1993; Walker 1993;
Gearing ez al., 1994, 1997; Poduri et al., 1994;
Erwin et al., 2001; Head ez al., 2001).

A captive chimpanzee of advanced age and
with high blood cholesterol levels was recently
found to also have cerebral amyloid deposits and
neuronal NF tangles, lesions practically identi-
cal to those found in human AD. This is the
only recorded case of AD in animal species other
than humans, although it should be noted that
the disease occurred in the species evolutionar-
ily closest to our own, whose brain structure and
function in many respects is similar to that of
humans (Rosen ez al., 2008).

AD seems to be extremely uncommon in
other animals, whereas in humans it is extremely
prevalent in old age. This suggests that the
genetic changes which underlie alterations in
cerebral structure and function that have taken
place over the course of human evolution may
significantly increase the susceptibility of our
species to factors that lead to the development of
AD (Bufill & Blesa, 20006).

Finally, the possibility cannot be ruled out
that in their initial phases both AR deposits and
NF tangles act as defences against factors such
as oxidative stress and infection, and only when
they are produced in excess or adopt certain
structures do they take on neurotoxic proper-
ties and contribute to the development of AD
(Smith et al., 2000; Soscia et al., 2010).

Approaching the subject of AD from an evo-
lutionary perspective requires answers to the fol-
lowing questions.

1) What evolutionary legacies explain our sus-
ceptibility to AD? Could AD be related to
the genetic changes underlying the altera-
tions in cerebral structure and function that
have taken place over of the course of the
evolution of genus Homo?

2) Why do these genes related to AD still ex-
ist today? Could these genes be beneficial
at a juvenile and reproductive age and
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potentially harmful at an advanced age (an-
tagonistic pleiotropy)?

3) Do new environmental factors contribute
to the development of AD? Could the phe-
nomenon of genome lag play a role in the
development of AD?

4) Do deposits of abnormal peptides represent
the cause of AD, or are they only a product
of it, or do they initially act as a defence
against factors that can contribute to the
development of the disease?

Although the causes of AD are not yet
known, the evolutionary approach to the dis-
ease can provide insight into understanding why
human beings have an elevated vulnerability to
this disorder. The data currently available allow
the following hypotheses to be posed:

1) Certain genetic changes which have led to
structural and functional alterations in the
brain which took place over the course of
the evolution of the genus Homo have made
us vulnerable to different factors which can
lead to AD (evolutionary legacies).

2) These changes are essential for the human
brain to function correctly in youth and
adulthood but can become harmful at an
advanced age under certain circumstances
(antagonistic pleiotropy).

Evolutionary legacies

Structural changes

The size of the human brain has increased
significantly over the course of human evolution:
3 million years ago it measured 450 cubic cen-
timetres whereas in modern humans it measures
1,345 cubic centimetres. The human brain does
not seem to have increased in size over the last
200,000 years.

In Homo sapiens changes have also taken place in
cerebral organisation, such as an increase in the size
of the neocortex at the expense of the temporal asso-
ciation, prefrontal and parietal areas; a prefrontal
increase in white matter compared to grey matter,
which indicates an increase in neuronal connections;
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a considerable increase in connections between the
prefrontal lobe and temporal and parietal association
areas; and an increase in prefrontal area 10, which is
related to planning behaviours and episodic mem-
ory (Rilling & Insel, 1999; Semendeferi ez a/,, 2001;
Bruner 2003; Schoenemann ez /., 2005; Bruner &
Holloway, 2010). As Bruners work demonstrates,
the brains of anatomically modern humans are
characterised above all by an increase in the size of
the parietal lobes. This increase in parietal volume
seems to begin as far back as Australopithecus, prior
to the increase in frontal volume. The parietal lobes
are multimodal association areas that are involved
in the integration of different sensory modalities, in
spatial coordination, in attention and in the internal
representation of reality. The fronto-parietal system
is a complex network that is the foundation for
higher human mental faculties such as the capacity
to reason (Bruner, 2010).

Human pyramidal neurons in the association
areas, particularly in the prefrontal area, have
more dendritic spines and are more complex
than pyramidal neurons in non-human primates
(Elston et al., 2001).

Changes in brain development

The human brain also develops much more
slowly than the brains of non-human pri-
mates. The neocortex is myelinated in newborn
macaques but not in humans, for whom myeli-
nation begins after birth. In macaques, neocor-
tical myelination is complete at two years old,
whereas in humans, myelination in the prefron-
tal areas continues well into the third decade of
life (Parker & McKinney, 1999).

A neuron is only functionally mature after
its axon is myelinated. The more evolutionarily
recent association areas, such as the prefrontal and
temporoparietal areas, are organised more simply
than the primary areas. They are also the last to
myelinate, and many of their neurons remain
poorly myelinated throughout life (Braak ez al,
2000). These neurons, therefore, seem to retain
juvenile characteristics into their adult lives.

The rate of growth of the human brain in the
postnatal period is much higher than that of the
great apes, such as chimpanzees (Leigh 2004).
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A human brain therefore not only undergoes a
much longer growth period than other primates,
but also has a much higher postnatal growth rate.

Changes in cerebral metabolic expenditure

Whereas at rest metabolic expenditure in
humans does not differ from that of other mam-
mals of our size, a much higher proportion of
human metabolic energy is used by the brain
than in other mammals, including non-human
primates. The adult human brain uses between
20 and 25% of its metabolic energy at rest, while
apes use between 11 and 13% and other mam-
mals use between 2 and 8% (Mink ez a/., 2007).
The proportion of metabolic energy used by
the brain is positively associated with diet qual-
ity. The fossil record indicates that at the time
Homo erectus was evolving, around 1.8 million
years ago, substantial changes took place both
in diet and in brain size. These changes seem to
be related to the transition to a hunter-gatherer
economy and an increase in the consumption
of meat, which improved the quality of the diet
and allowed for the ingestion of large quantities
of long-chain polyunsaturated fatty acids such
as docosahexaenoic acid and arachidonic acid
which, along with other factors, led to an increase
in brain size (Leonard ez /., 2007). The increase
in human brain size has been associated with a
decrease in the length of the intestinal tract, an
increase in body fat reserves and less muscle mass
compared to other primates (Aiello & Wheeler,
1995; Leonard et al., 2007).

Although the increase in the energetic
expenditure of the human brain may be due
solely to its large size, the length of its axons and
its high number of synapses, recently discovered
data that we will discuss in greater depth later,
show that the neurons of certain cortical areas
retain an elevated synaptic activity and a high
metabolism into adulthood, which would con-
tribute to the elevated expenditure of cerebral
energy found in our species.

Changes in gene expression
A considerable portion of the genetic changes
that took place over the course of the evolution
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of the human brain seem to have occurred as
the result of an increase in the expression or in
the number of copies of certain genes and not
through structural changes. The key phenotypic
differences between the human brain and that
of the chimpanzee may be the result of changes
in the promoter and regulatory regions of vari-
ous genes associated with neuronal activity. The
general level of neuronal activity and the under-
lying metabolic processes related to it are mark-
edly higher in the human cerebral cortex than in
non-human primates. In the human cerebral cor-
tex, studies have found the increased expression
of genes that encode proteins related to synaptic
plasticity, such as thrombospondins and CaMK2,
as well as to synaptic transmission, axonal trans-
port along microtubules, and lipid metabolism,
which could play a role in neuronal membrane
synthesis and turnover. This increased expression
has also been documented in genes related to
neuroprotection and the control of protein fold-
ing (chaperone proteins), which offer protection
against the build-up and deposit of abnormal pro-
teins. The most significant differences between
humans and non-human primates in terms of
genetic expression in the brain are found in the
association cortex (Cdceres et al., 2003, 2007).

Neuronal aerobic metabolism is markedly
higher in humans than in other primates and it
is higher in non-human primates than in other
mammals. Although compared to other animals
it is high in both humans and chimpanzees,
neuronal metabolism is considerably higher in
humans than in chimpanzees. Many of the genes
involved in the mitochondrial electron transport
chain (ETC) have seen not only an increase in
expression but also positive selection for some
of their variants, which may have contributed
to an increase in the speed of electron transport
and to a reduction in the production of free
radicals, in other words, oxidative stress. Genes
related to complex IV (cytochrome c oxidase)
and genes that encode the proteins that transport
electrons between complexes I1I and IV (CYCS)
are among the ETC genes whose expression has
increased in humans over the course of evolution
(Uddin et al., 2004).
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A large part of the genes whose expression
has increased in the human brain are related
to synaptic plasticity and activity. Many of the
changes in cerebral genetic expression which
occurred over the course of human evolution,
especially in the cortical association areas, seem
to be adaptations for the purpose of maintaining
high levels of neuronal activity over a long life-
time, especially increased synaptic activity and
plasticity (Caceres ez al., 2003, 2007).

Heterochrony and synaptic plasticity

A recent study compared the expression of
7,958 genes in the prefrontal cortex and caudate
nucleus of humans, chimpanzees and macaques.
In different regions of the prefrontal cortex of
adult humans, a high percentage of genes were
found to have levels of expression similar to those
of a young chimpanzee. However, these changes
in expression did not affect the entire transcrip-
tome; rather most of the genes whose expression
had increased in humans were related to cerebral
growth and development, suggesting a mosaic
evolution (Somel et 4/, 2009).

Local cerebral glucose metabolic rates
(LCMRglc) have been found to be considerably
higher in childhood and development than in
adulthood in several species of mammals studied
(rats, cats, dogs and especially non-human pri-
mates). This also occurs in humans. A direct rela-
tionship has been found between LCMRglc and
synaptogenesis, synaptic activity and dendritic
reorganisation. The child’s brain, therefore, is
characterised by increased neuronal metabolism,
synaptic plasticity and activity compared to the
adult brain (Jacobs ez al., 1995; Chugani 1999).

In Homo sapiens an increase has not only
taken place in the expression of genes related
to neuroplasticity; the selection of alleles which
improve the capacity for plasticity and synaptic
repair also seems to have occurred. E apolipopro-
teins (ApoE) are involved in the transport and
uptake of cholesterol and play a significant role
in the phospholipid homeostasis of the neuronal
membrane, taking part in the processes of repair-
ing these membranes and therefore playing a role
in synaptic plasticity as well as neuroprotection.
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Humans are the only mammals that present
a polymorphism for the gene that encodes ApoE,
with three alleles: €2, €3 and £4. Numerous stud-
ies have confirmed that the presence of allele ¢4
is the most important risk factor for the develop-
ment of AD after advanced age. However, the ¢4
allele is an ancestral variant that is very similar to
what is found in non-human primates, and €3 and
€2 are mutations produced from that allele whose
expansion seems to have taken place within the
last 200,000 years (Fullerton er al., 2000). Allele
€3 is the most widespread in all human popula-
tions, with frequencies at or above 60%. A con-
siderable body of clinical and neuroradiological
data, as well as data from neuronal cultures, sug-
gest that carriers of alleles €3 and &2 possess an
elevated capacity for synaptic plasticity and repair,
which may indicate that their selection is at least
partly due to neuroprotective action and increased
neuroplasticity (Bufill & Carbonell, 2004, 2006).
Other factors, like the adapration to a diet rich in
meat and animal fats may have also been involved
in the selection of €3 (Finch & Stanford, 2004).

Both the morphology and the function of
certain human neurons belonging to the cerebral
association areas indicate that these areas may
have retained juvenile characteristics into adult-
hood, such as incomplete myelination, increased
synaptic activity and plasticity, and enhanced
neuronal metabolism. Over time, this increase
in metabolism can lead to enhanced oxidative
stress which may accelerate neuronal aging. Over
the course of the evolution of the human brain,
an increase in the expression of neuroprotective
genes and the mitochondrial electron transport
chain may have occurred in response to selective
pressures to prevent cellular damage as a conse-
quence of oxidative stress (Bufill ez 2/, 2011).
The increase in the expression of both these
genes and their variants or alleles can vary from
individual to individual, meaning that certain
people may be better protected than others from
factors capable of increasing oxidative stress.

Heterochrony and brain’s default mode network
Cerebral glucose metabolism is mainly
used to supply energy by means of oxidative
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phosphorylation. When glucose metabolism
exceeds that used in oxidative phosphorylation,
in the presence of oxygen, acrobic glycolysis takes
place. Aerobic glycolysis is involved in cellular
proliferation, and in the brain it may be related
to cell development in foetuses and to activity-
dependent synaptic changes in adults. Cerebral
aerobic glycolysis seems to play a critical role in
biosynthesis and synaptic activity and plasticity.
In humans, aerobic glycolysis represents 35% of
the glucose used in the brain of a newborn and
19% of the glucose used in the brain of an alert
adult (Vaishnavi ez al., 2010).

Certain association areas in the human brain
retain elevated levels of aerobic glycolysis in adult-
hood, which suggests the possibility that elevated
synaptic activity and plasticity persist in these
areas in later stages of life (Buckner ez al., 2008;
Vaishnavi et al, 2010; Vlassenko ez 2/, 2010).
Aerobic glycolysis in the adult human brain is
significantly elevated in cortical areas related to
cognitive functions which have undergone major
modifications during the evolution of the human
species, such as the dorsolateral prefrontal cortex,
which is associated with working memory, and
in a set of areas that make up the brain’s default
mode network, which display elevated activity
when the individual is at rest and not engaged
in any purposeful activity. These areas are the
ventromedial prefrontal cortex, the dorsomedial
prefrontal cortex, the posterior cingulate cortex,
the inferior parietal lobe, the lateral temporal
cortex and the hippocampus and adjacent areas
(Buckner et al., 2010; Vaishnavi et /., 2010). An
increase in resting activity has also been detected
in areas of the chimpanzee brain that would cor-
respond to the brains default mode network
in humans, but whether an increase in aerobic
glycolysis takes place in those areas is unknown
(Rilling ez al., 2007). The brain’s default mode
network has been related to the coordination
of the activity among different brain regions
and to autobiographical memory, planning and
functions related to social interaction, such as
the theory of mind and moral decision making
(Buckner ez al, 2008; Vaishnavi et a/, 2010).
This system allows humans, and perhaps to a
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certain extent the great apes, to travel mentally
in time, to project the ego into the personal past
and future (Seeley e al., 2007).

Could the functional and structural changes
which took place over the course of the evolu-
tion of the human brain be related in some way to
humans’ increased vulnerability to certain neurode-
generative diseases, particularly Alzheimer’s disease?

Evolutionary legacies and
Alzheimer’s disease

In and of themselves, neither brain size nor
longevity can be the cause of human vulner-
ability to AD. Neither elephants nor cetaceans
develop the lesions characteristic of AD, despite
the fact that they live long lives and have large
brains (Bartzokis, 2004).

Myelination, heterochrony and AD

The parietal lobe manifests a decrease in glucose
metabolism in the very early phases of AD. The
parietal lobe has undergone considerable expan-
sion during the evolution of the human brain and
it is 20 times larger than that of the macaque. The
parietal lobe, along with certain areas of the pre-
frontal lobe, is one of the last areas of the human
brain to myelinate and many of its neurons remain
litcle myelinated for the entire lifespan, which may
explain their vulnerability to factors capable of
triggering AD (Jacobs ez al., 2012).

The human brain develops heterochrono-
logically. The association areas myelinate much
later than other areas and many of the neurons
in these areas remain incompletely myelinated
in adulthood. In other words, they permanently
retain juvenile characteristics.

The lesions that are characteristic of AD ini-
tially appear in poorly myelinated neurons in
limbic system areas related to memory and learn-
ing, such as the hippocampus and neighbouring
areas, and the association cortex. Highly myeli-
nated neurons in primary areas are only affected
in the final phases of the disease, and to a much
lesser degree. High levels of myelination increase
the speed of nervous transmission and reduce the
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expenditure of neuronal energy, which is much
more elevated in neurons with longer projec-
tions, multiple connections and poor myelina-
tion, present in large number in the association
areas (Braak ez 4/, 2000). This increase in energy
expenditure in these neurons may have an influ-
ence on humans’ elevated susceptibility to devel-
oping AD.

The myelin in the central nervous system is
comprised of oligodendrocytes, which are the
brain cells most vulnerable to the various differ-
ent factors related to AD, such as oxidative stress,
chronic hypoperfusion, hypertension, traumas
and toxins. Oligodendrocytes play a key role in
maintaining functional synaptic plasticity, syn-
aptogenesis and dendritic growth in adulthood,
and therefore their destruction would negatively
affect those functions (Bartzokis, 2004).

Oligodendrocytes contain  high concen-
trations of iron, which is released upon their
destruction. Some evidence has indicated that
the soluble form of B-amyloid has a chelating
effect on iron, but an excess of this metal can give
rise to the oligomerisation of f-amyloid, which
has a neurotoxic effect. The combination of an
elevated lipid and iron content and elevated met-
abolic activity makes oligodendrocytes especially
vulnerable to oxidative stress. The little myeli-
nated neurons of certain association areas are the
most vulnerable to this oxidative stress and are
first to experience dysfunction and myelin break-
down (Bartzokis 2004; Bartzokis et al., 2007).

The loss of neurotrophic factors secondary to
oligodendrocyte destruction negatively affects the
underlying neurons. The unique pattern of mye-
linisation that occurs in the human brain may
contribute to the susceptibility of certain neurons
to the factors capable of triggering the onset of
AD (Bartzokis, 2004; Bartzokis et /., 2007).

Heterochrony, synaptic activity and plasticity and AD

Children that carry €4 allele of ApoE have a
thinner entorhinal cortex and parahippocampal
region, which are related to memory and are also
the areas of the brain in which the NF tangles
characteristic of AD first appear (Shaw, 2007).
The possibility cannot be ruled out that children
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who are carriers of €4, who consequentially have
a reduced capacity for plasticity and synaptic
repair, are predisposed to developing synaptic
dysfunction relatively early in their lives.
Multiple bodies of evidence have shown that
oxidative stress is not only always associated with
Alzheimer’s disease, but that it is one of the first
events that occurs in the development of the
disease (Shi et al, 2007; Su et al., 2008). The
increase in aerobic metabolism in certain human
neurons that retain juvenile characteristics into
adulthood, such as incomplete myelination and
elevated synaptic activity and plasticity, can make
these neurons more likely to exhibit greater oxi-
dative stress with age, and can make them more
vulnerable to that stress. The distribution of the
extracellular B-amyloid plaques found in subjects
with AD coincides almost exactly with the brain’s
default mode network, which suggests that ele-
vated synaptic activity and plasticity could pre-
dispose individuals to developing the deposits
of abnormal peptides characteristic of AD. The
presence or absence of these peptides, and their
degree of accumulation if they are present, may
be dependent on the metabolic efficiency of each
individual, on the possession of certain neuro-
protective gene variants and certain endogenous
and exogenous factors, such as cerebral ischemia,
cranial trauma, exposure to toxins, inflammation
or infections, which vary from person to person
(Buckner et al., 2008; Vlassenko et al., 2010).
The use of Pittsburgh compound-B positron
emission tomography (PIB-PET) has revealed
that B-amyloid deposits in the cerebral cortex
are associated with a decrease in the functional
connectivity of certain areas of the brain’s default
mode network. The regions in which a decrease
in functional connectivity occurs in AD are the
mid-temporal lobe, the posterior cingulate cor-
tex, the ventromedial prefrontal cortex and the
angular gyrus. In other areas, however, such as the
dorsal prefrontal cortex, deposits of B-amyloid
are related to increased functional connectivity.
This increase in functional connectivity may be
compensatory, due to aberrant hyperactivation,
or both, or may occur because certain regions of
the default mode network are more vulnerable
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than others to the neurotoxic action of f-amyloid
deposits (Mormino ez al., 2011).

A recent study has shown that an excessive
increase in synaptic activity in turn increases the
production of B-amyloid in the cerebral intersti-
tial fluid in transgenic mice, which tend to pro-
duce B-amyloid plaques as they age. The elevated
synaptic activity and plasticity of the human
brain’s default mode network may therefore be
the cause of most of the lesions characteristic of
AD that appear in the areas of the brain that make
up this system. In fact, carriers of the ¢4 allele of
ApoE, who also carry a higher risk of develop-
ing AD, have been found to have a higher rate
of activity in the brain’s default mode network
when at rest than non-carriers of that allele (Bero
et al, 2011; Walter & Jucker, 2011). As the
abnormal peptide deposits characteristic of AD
develop, synaptic plasticity and activity decreases
in certain areas of the default mode network and
compensatory hyperactivation occurs in others.
The retention of juvenile characteristics such as
increased synaptic plasticity and activity in cer-
tain neurons of the human brain may make them
more vulnerable to the multiple factors that can
trigger the onset of AD (Bufill ez al,, 2011).

Epigenetic changes and AD

An analysis of the frontal cortex of a group of
individuals between 26 and 106 years old showed
a significant reduction in the expression of cer-
tain genes starting at 40 years of age, while the
expression of other genes increased from that age
onwards and many others were seemingly unaf-
fected. Among the genes whose expression dimin-
ished significantly were those involved in synaptic
plasticity and mitochondrial function, including
CaMK2a, Cdk5 and p35, as well as protein encod-
ing genes involved in stabilising microtubules
and in axonal transport, such as kinesins. The
decreased expression of these genes was caused by
epigenetic changes in the DNA of the promoter
region of the gene, which exhibited increased
vulnerability to oxidative stress. The degree of
reduction in this genetic expression varied greatly
from one individual to the next and does not
seem to occur with age in chimpanzees and other



144

non-human primates. Other studies have shown
that decreased genetic expression occurs primar-
ily in the association areas and hardly ever in the
primary areas, the cerebellum or other phyloge-
netically older cerebral areas. At the same time,
the expression of neuroprotective genes increases
with age, especially those with antioxidant activ-
ity Bowling ez al., 1993; Lu et al., 2004).

Epigenetic changes consist of potentially
reversible biochemical modifications in DNA
or histones - proteins that constitute the main
component of the chromatin in chromosomes
- which activate or deactivate the affected gene,
or increase or decrease the expression of that
gene. These epigenetic changes mainly affect
the promoter region of the DNA. The methyla-
tion of the promoter zone of the DNA translates
to the deactivation or decreased expression of
the gene, whereas histone acetylation translates
to the activation or increased expression of the
gene. A multitude of factors such as hormones,
drugs or environmental toxins can induce epige-
netic changes (Griff & Mansuy, 2008; Prak &
Petronis, 2008).

Oxidative stress can also induce epigenetic
changes by means of hypermethylation of the
promoter region of certain genes, including vari-
ous genes related to synaptic plasticity (Bowling
et al., 1993: Lu er al., 2004). Hypermethylated
genes seem to be more susceptible to the toxic
action caused by the B-amyloid peptide, which
would further increase oxidative damage to
DNA (Zawia et al., 2009). Oxidative stress can
also, by means of epigenetic changes, activate
certain gene pathways, such as those related to
inflammation, which are hyperactive in AD (Shi
& Gibson, 2007).

Several studies conducted over the last dec-
ade have found a reduction in histone acetyla-
tion in animal models which present neurode-
generation with diminished cognitive capacity.
A relationship has recently been found between
histone deacetylase 2 (HDAC2), an enzyme that
reduces histone acetylation, and the cognitive
deficiencies manifested in mice that overexpress
the p25 protein, which leads to the production
of B-amyloid and hyperphosphorylation of tau.
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HDAC2 was especially elevated in the neurons
of the hippocampus of these mice and caused
the compaction of chromatin, which particularly
affects different genes related to synaptic plastic-
ity, producing a reduction in their expression.
Reducing HDAC?2 levels promoted histone acet-
ylation and increased the expression of mRNA in
the genes related to neuroplasticity. The reduc-
tion of HDAC2 also improved the cognitive
capacity of the mice with neurodegeneration
(Graff et al., 2012).

In vitro studies have exposed neurons of the
hippocampus to stimuli associated with AD,
such as hydrogen peroxide and B-amyloid oli-
gomers. Both treatments resulted in an increase
in HDAC2 with a reduced expression of genes
related to synaptic plasticity (Griff ez al., 2012).

A significant increase in HDAC2 has been
found in brain samples from patients who have
had AD, especially in the hippocampus and
entorhinal cortex (Griff et al, 2012). The find-
ings of these studies show that epigenetic changes
induced by HDAC2 which block the expression
of different genes related to neuroplasticity can
contribute to the development of AD, that these
epigenetic changes may be triggered by oxidative
stress or B-amyloid, and that, in animal models,
the memory disorders associated with these epi-
genetic changes may be reversible through the
inhibition of HDAC2.

Several genes associated with AD encode
proteins involved in synaptic plasticity, includ-
ing the genes that encode the amyloid precursor
protein or APD, presenilins 1 and 2 and E apoli-
poproteins. AD may be a syndrome that is the
product of the dysfunction of multiple proteins
whose expression increased as the brains of our
human ancestors evolved. This would have made
them more vulnerable to oxidative stress and
probably to other factors as well, such as infec-
tions, traumas or toxins. A significant proportion
of these proteins would be related to synaptic
plasticity. Each individual’s metabolic efficacy
— in which genes involved in the mitochondrial
electron transport chain play an important role —
and the environmental factors with which each
individual comes into contact throughout his
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or her life would determine whether the charac-
teristic deposits of abnormal peptides associated
with AD appeared or not, and to what extent.

Reelin signalling pathway and AD

Among the proteins associated with neuro-
plasticity that may be related to AD, proteins
involved in the reelin signalling pathway are of
special interest. Reelin is a large extracellular
matrix protein that shares the same membrane
receptors as E apolipoproteins, with which it
very likely interacts. ApoE genes may modu-
late the action of reelin and &3 and €2 and do
so more effectively than e4. Reelin and ApoE
modulate synaptic plasticity in the adult brain,
inducing changes in the neuronal cytoskeleton
by means of the phosphorylation of proteins like
Dabl, CdK5 and p35, genes whose expression
frequently diminishes with increased age (Fig. 1).

Reelin is expressed in Cajal-Retzius neu-
rons during cerebral development before birth
and regulates neuronal migration and position-
ing during this stage of the life cycle. In the
adult brain, reelin expression remains in the
GABAergic neurons and is involved in func-
tions such as neuroplasticity and synaptogenesis.
Increased synthesis of reelin may have contrib-
uted to the expansion of the neocortex which
occurred during the evolution of mammals. In
primate brains this has led to a greater expres-
sion of reelin than in other mammals. Humans
as well as non-human primates, unlike carnivores
and rodents, also express reelin in the pyramidal
neurons of the hippocampus and neocortex, as
well as in GABAergic neurons. The expression of
reelin seems to have increased in direct relation
to the increase in cerebral complexity (Bar ez 4/,
2000; Martinez-Cedefo et al., 2002).

Reelin modulates the activity of NMDA
receptors related to learning, improves the
activity of these receptors and helps to control
synaptic function (Chen ez 4/, 2005; Herz &
Chen, 2006). Reelin can also counteract syn-
aptic dysfunction induced by the B-amyloid
peptide, which suppresses the long-term poten-
tiation and activity of NMDA receptors. When
B-amyloid deposits reach the elevated levels seen
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in AD, reelin loses its capacity to counteract
the functional suppression of synaptic activity
(Durakoglugil ez al., 2009).

Mutant mice with a defective reelin encod-
ing gene, in addition to presenting anomalies in
neuronal positioning, present hyperphospho-
rylation of the tau protein, which is a precur-
sor to the formation of NF tangles in humans.
Oxidative stress induces in vitro fragmentation
of the p35 protein, which is part of the reelin
signalling pathway, resulting in the p25 frag-
ment which induces prolonged activation of the
Cdk5 protein and hyperphosphorylation of tau.
Decreased activity or dysfunction of presenilins
reduces the presence of the CaMK2 protein in
synapses, which also causes dysfunctions in the
reelin signalling pathway, such as the fragmen-
tation of p35, the formation of p25 and hyper-
phosphorylation of tau. By interacting with the
immature form of APP, p25 may also contribute
to an increase in amyloid deposits (Patrick ez 4/,
1999, Saura et al., 2004).

The human reelin gene includes the repeti-
tion of GGC tandem triplets in the non-encod-
ing region of 5’UTR. The number of these tri-
plets varies between 4 and 13. The alleles with
the most GGC triplets have a lower expression of
reelin, so the possibility cannot be ruled out that
carriers of these alleles might experience a greater
decrease in the expression of reelin if they have
undergone epigenetic changes induced by oxida-
tive stress or other factors (Persico et al., 20006).

Depletion of reelin is detectable long before
the onset of B-amyloid pathology in the murine
hippocampus and in a pre-clinical AD stage in
the human frontal cortex. This suggests the pos-
sible causative role of reelin decline in the pre-
cipitation of AD (Herring ez al., 2012).

The dysfunction and changes in the expres-
sion of the genes that encode the proteins that
participate in the reelin signalling pathway,
which are involved in synaptic plasticity, could
contribute to the accumulation of the deposits of
abnormal peptides characteristic of AD. It seems
highly unlikely, however, that dysfunction of this
pathway would be the only cause of these lesions,
although all the data suggest that the dysfunction
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Fig. 1 - The reelin signaling pathway. The increase in synaptic plasticity requires coupling Reelin
receptorand Dab1-Src/Fyn complex to the NMDA receptor. These induces increase of input of Calcium
through NMDA receptors which increases the phosphorylation of CREB and influences learning and
memory. Prolongued activation of Cdk5 by oxidative stress induces TAU hiperphosphorilation.

of several proteins related to synaptic plasticity is
associated with the onset of AD.

Over the course of the evolution of the
human brain, some juvenile characteristics have
been retained into adulthood (such as increased
aerobic metabolism, synaptic activity and plas-
ticity and incomplete myelination) in certain
neurons in areas involved with complex cogni-
tive functions, like autobiographical memory,
long-term planning, moral decision-making and
social interaction. The cost of these evolutionary
legacies may be increased oxidative stress, which
could result in damage to the oligodendrocytes
and myelin breakdown in poorly myelinated
neurons and foster epigenetic changes in the
promoter regions of certain genes, increasing
the expression of some, such as genes related to
inflammation, while diminishing the expression
of others, such as those related to synaptic plastic-
ity, some of which have seen increased expression
over the course of the evolution of our species. In
the long run these changes in genetic expression
could lead - depending on the metabolic efficacy
of each individual - to the deposit of abnormal
peptides characteristic of AD. This, together

with the increase in longevity, which began in the
Upper Palacolithic and has risen extraordinarily
over the last century, would make the brain of

Homo sapiens especially vulnerable to developing
AD in old age (Fig. 2).

Antagonistic pleiotropy

The brain of any animal is, like its anatomy
and physiology, a reflection of the ancestral sur-
roundings in which its predecessors lived. The
ecological and social conditions the animal was
exposed to contributed to the selection of genes
that favour survival and reproduction in those
surroundings.

In most species, the genes that have been
selected are those that promote adaptation to the
surrounding environment. Some species, however,
are able to modify their surroundings, creating
a new ecological niche to which they can adapt.
By developing technology, language and sym-
bolic culture, and by increasing social complex-
ity, our human ancestors developed a cognitive
niche, which probably led to the selection of genes
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Fig. 2 - Evolutionary legacies and Alzheimer’s disease.

that contributed to augmenting certain cognitive
capacities (Barrett ez al, 2007). These include
genes related to language, memory and learning,
many of which are involved in synaptic plasticity
and activity. In preliterate societies the storage and
transmission of ideas and knowledge depended
solely on individual cerebral capacity, which makes
the existence of intense pressure for the selection
of genes related to learning, long-term memory
and the transmission of information by means of
language highly likely (Bufill & Carbonell, 2004).
The human variant of the gene FoxP2, for exam-
ple, which is related to language, increases synaptic

plasticity and connectivity, which in turn increases
cognitive flexibility and the processing and coding
of information — functions of great importance to
human survival, which depends so heavily on lan-
guage, learning and the accumulation of knowl-
edge (Lieberman, 2009).

Adapration to the cognitive niche demanded
increased cerebral activity, without which the
cognitive traits that characterise us as humans
would never have developed. This may have
led to the retention of juvenile characteristics in
certain neurons into adulthood, which allowed
high levels of activity and synaptic plasticity
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to be maintained over a lifetime, at the price
of increased aerobic metabolism and oxidative
stress with age (Bufill ez 4/, 2011).

The promoter region of some genes, like
those related to synaptic plasticity and mitochon-
drial function (several of which have increased
their activity over the course of the evolution of
human brain), seem to be extremely vulnerable
to oxidative stress and to other factors such as
toxins and ischemia, which would diminish their
expression by means of epigenetic changes. The
decrease in the expression of some of these genes
such as reelin (re/n), CaMK2, presenilins and
others could lead to the abnormal peptide depos-
its that are characteristic of AD. In our species,
the elevated activity of these genes is essential for
the brain to function correctly, and the effects
of their dysfunction do not appear until post-
reproductive age, at which time the education of
grandchildren would be complete, so no selec-
tion against them would have occurred. Genes
that are useful in youth and middle age, given
their vulnerability, can in certain cases become
harmful in old age. Therefore, AD may be an
example of antagonistic pleiotropy and the price
humans pay for longevity and advanced cogni-
tive capacities.

Gene selection that contributes to prolonged
longevity seems to have occurred in intelligent
social animals like elephants, some cetaceans,
non-human primates and especially in Homo
sapiens, given the importance of preserving
knowledge and skills and transmitting these to
children over an extended period of time. This
may explain the selection of neuroprotective
genes in humans. Depending on the presence
of alleles in these genes, some people would be
more protected than others from potentially
harmful factors associated with age.

Genome lag

Although AD has been found in people of
advanced age in all of the societies studied to
date, the prevalence of AD seems to be consid-
erably lower in traditional agricultural societies
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like those found in rural India than in developed
societies. A study conducted by the same team
of epidemiologists in Nigeria and the United
States found that among people older than 65 of
Yoruba ethnicity in Nigeria the prevalence of AD
was 1.15%, whereas among African Americans
of the same age prevalence was 6.7% (Hendrie
et al., 2001). In rural areas of Latin America, AD
is only one-fourth as prevalent as it is in Western
countries, although in cities like Havana and Sao
Paulo the prevalence of the disease is similar to
that in the West (Qiu et /., 2009).

Cardiovascular diseases

The increase in the prevalence of AD among
the elderly in developed societies could be largely
due to cardiovascular diseases from dietary
changes and because of ever increasing sedentism
in these societies. Hypertension, diabetes, hyper-
cholesterolemia and obesity rates are significantly
higher among inhabitants of industrialised coun-
tries than among traditional agriculturalists or
hunter-gatherers. An alteration in cerebral cir-
culation may contribute to increased deposits of
B-amyloid, accelerating the progression of AD.
Ischemic lesions in white brain matter may also
aggravate or accelerate the onset and progression
of the disease (Stewart 1998).

Dietary changes

The incidence and prevalence of AD has
risen significantly in Rumania since the fall of
the communist regime in 1989. The only factor
significantly associated with this increase is the
change in eating habits, which went from a light
diet composed of industrially unprocessed foods
to an abundant diet made up of industrially pro-
cessed foods containing numerous additives and
rich in saturated fatty acids (Cornutiu, 2011).

The change from a predominantly vegetarian
diet to an omnivorous diet rich in animal fats
which began some 2.5 million years ago could
have had a significant effect on the evolution of
the brain of our human ancestors, leading to an
increase in the size of the encephalon. There may
also be a relationship between the consumption
of meat and AD.



E. Bufill et al.

The study of St/Ca ratios in fossil bones indi-
cates that hominids already had a considerable
proportion of meat in their diet 1,800,000 years
ago. So the human organism has had sufficient
time to adapt to a carnivorous diet. The meat of
wild animals, however, is extremely lean, with
only 1 or 2% fat, and it is very rich in polyunsatu-
rated fatty acids. The development of agriculture
gave rise to significant changes in diet, changes
which became even more pronounced after the
industrial revolution. Domesticated animals not
only have a greater proportion of fat than wild
animals, but these fats also have a very differ-
ent composition. Levels of polyunsaturated fatty
acids, omega 6 and omega 3 are higher in wild
animals than in domesticated animals, in which
monounsaturated fatty acids predominate. In
wild animals, omega 3 accounts for between 8
and 9% of total fatty acids, and the proportion
of omega 6 to omega 3 is 3 to 1. This proportion
is 12 to 1 in domestic animals (Mann, 2000).

Sixty percent of the structural material of the
brain is made up of lipids. The large size of the
human brain and its high degree of interconnec-
tivity require long-chain polyunsaturated fatty
acids that can only be obtained through diet.
Alpha-linolenic acid (ALN, 18: 3w3) and lin-
oleic acid (AL, 18: 200) are the primary precur-
sors for polyunsaturated fatty acids in the neu-
ronal membrane. In the central nervous system
they produce docosahexaenoic acid (ADH, 22:
6®3) and arachidonic acid (AA, 20: 4®6) as end
products (Broadhurst ez al., 2002).

Neuronal signalling systems need these long-
chain polyunsaturated fatty acids to function
correctly. Changes in the balance between omega
6 and omega 3 can affect the fluidity of cellular
membranes. ADH deficiency has been linked to
attention disorders and hyperactivity and to a
less positive clinical outlook in cases of depres-
sion and schizophrenia. In rats given diets rich
in omega 3, an increase was found in the expres-
sion of protein-coding genes involved in synaptic
plasticity, energy metabolism and the metabo-
lism of proteins related to the cytoskeleton, many
of which present alterations in subjects with AD
(Broadhurst et 2/, 2002; Horrocks et al., 2004).
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ADH stimulates the growth of neuronal
extensions and helps to increase synaptic func-
tion. In transgenic mice a diet rich in omega 3
produces a 40 to 50% reduction in B-amyloid
deposits in the hippocampus and parietal cor-
tex. Oxidative stress induces lipid peroxidation
and the loss of polyunsaturated fatty acids in
the neuronal membrane. ADH has antioxidant
activity and may protect against AD, helping to
restore the integrity of the cellular membrane.
Dietary changes that have occurred in developed
countries can lead to alterations in the composi-
tion and metabolism of cerebral lipids, making
them more vulnerable to oxidative stress, which
through changes in the expression of certain
genes, could lead to the abnormal peptide depos-
its characteristic of AD (Farooqui ez al., 1998;
Kitajka ez al., 2004).

However, a study conducted in Canada
found no relationship between AD or dementia
and omega-3 fatty acids and ADH in erythro-
cyte membranes (Kroger e al, 2009). On the
other hand, the higher prevalence of dementia
among Australian aborigines than in the general
Australian population (Smith ez a/., 2008) brings
the hypothesis that a Western lifestyle favours the
onset of AD into question.

Exposure to toxins

The inhabitants of developed societies are
also exposed to certain toxins, which may also
play a role in AD. A recent study has shown that
having been subjected to general anaesthesia
could triple the risk of developing AD (Bufill ez
al., 2009). Pathological conditions that require
surgery with general anaesthesia may confuse
the issue somewhat, but some studies show that
some anaesthetics may increase the oligomerisa-
tion and neurotoxicity of peptides related to AD,
such as the B-amyloid peptide (Eckenhoff ez 4/,
2004). Hypothermia induced by anaesthesia can
also lead to the hyperphosphorylation of tau
(Planel et al., 2007). Reversible hyperphospho-
rylation of tau has been documented in certain
mammals during hibernation, a period charac-
terised by a significant and prolonged reduction
in body temperature.
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Several factors related to changes in lifestyle
in developed societies, like sedentism, a hyperca-
loric diet, contact with certain toxins and, above
all, vascular factors, may increase the risk of AD.
These factors are new to the environment; they
are new developments which our human ances-
tors did not have to adapt to.

The data currently available are, however,
contradictory, and for now there is not enough
information to state with any certainty that
genome lag is the cause of AD. The increase
in vascular risk factors that has taken place in
Western societies might accelerate or aggra-
vate the disease, but more comparative studies
between traditional and developed societies must
be conducted before any definitive conclusions
can be drawn.

Deposits of abnormal peptides in
AD: cause, result or defence?

Because AD is always associated with
B-amyloid deposits and the formation of NF
tangles, and because these seem to have neu-
rotoxic properties, the general opinion of most
researchers is that these abnormal peptides are
responsible for causing the disease. However,
a relatively high percentage of elderly people
develop B-amyloid deposits without ever devel-
oping the consequential cognitive deterioration.
Furthermore, drugs that reduce the production
of B-amyloid, prevent its aggregation or promote
its clearance have not been found to be effec-
tive in phase 3 of the studies carried out to date
(Spetling ez al., 2011; Salomone et al., 2012).

Just because certain symptoms or lesions are
associated with a disease does not necessarily mean
that they cause it. Coughs are usually associated
with respiratory infections, and vomiting with
digestive disorders. However, not only are these
symptoms not the causes of these diseases, they are
actually acting as defences by helping to eliminate
excess bronchial secretions or toxic substances in
the digestive tract (Nesse & Williams, 1994).

A growing body of evidence has shown that
oxidative stress constitutes one of the earliest

manifestations of AD and, as described previ-
ously, this oxidative stress can contribute to the
development of B-amyloid deposits as well as the
hyperphosphorylation of tau, which precedes the
formation of NF tangles. The possibility cannot
be ruled out that B-amyloid deposits and NF
tangles initially serve to protect against oxidative
stress, and only if they are produced in excess or
under certain circumstances - like in the pres-
ence of certain metals, or when amyloid deposits
adopt a fibrillar structure - do they take on neu-
rotoxic properties (Smith ez /., 2000). f-amyloid
also seems to have a chelating effect on the iron
released during the destruction of the oligoden-
drocytes that make up myelin (Bartzokis, 2004;
Bartzokis ez al., 2007).

The results of a recent study show that
B-amyloid peptide has antimicrobial properties
and that the absence of this peptide can lead to
increased vulnerability to infection. Although
the immune system has limited access to the
central nervous system, it seems this could com-
bat invading pathogens by means of different
antimicrobial peptides, including the f-amyloid
peptide. An abnormal accumulation of this pep-
tide could be caused by persistent subacute infec-
tions in the central nervous system, by transitory
infections capable of triggering self-perpetuating
immune responses, by inappropriate inflamma-
tory responses or by an excess of non-infectious
prior factors, like traumas, ischemia, toxins or
anaesthetics. In any case, the generation of the
B-amyloid peptide may have an adaptive func-
tion in its initial phases (Soscia ez al., 2010).

Conclusions

Alzheimer’s disease is extremely common in
humans of advanced age and extremely rare in
other animal species.

AD seems to depend, therefore, on derived
traits specific to Homo sapiens. This disease has a
considerable genetic component, which suggests
that certain genetic changes underlying func-
tional and/or structural changes that took place
over the course of the evolution of the brain of
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the genus Homo have significantly increased the
vulnerability of our species to the factors associ-
ated with AD.

Data obtained to date show that the major-
ity of genes associated with AD are involved in
synaptic plasticity. There is also a great deal of
evidence pointing to a relationship between neu-
ronal oxidative stress and AD.

In the adult human association cortex an
increase has been detected in the expression of
genes directly or indirectly related to synaptic
plasticity, compared to non-human primates.
Juvenile mammals have significantly higher lev-
els of synaptic plasticity and activity than adults.
Although in humans levels of synaptic activity
and plasticity are also much higher in childhood,
our species continues to maintain high levels of
synaptic plasticity and activity throughout adult-
hood, especially in certain cortical areas such as
the brain’s default mode network. The incom-
plete myelination of certain neurons belonging
to the association areas of the human brain has
also been observed. These neurons are the first
and most severely affected by AD.

The price we have paid for increased syn-
aptic activity and plasticity in these neurons is
increased aerobic metabolism, which together
with prolonged longevity, may cause greater neu-
ronal oxidative stress, which in turn may cause
myelin breakdown and epigenetic changes in
the promoter region of genes related to synaptic
activity and plasticity and mitochondrial func-
tion. This may have led to the human brain
being more susceptible to developing certain
neurodegenerative diseases like AD than the
brains of other mammals.

There may well be factors other than oxida-
tive stress associated with elevated synaptic plas-
ticity and activity that increase the vulnerability
of certain neurons to AD. Knowing these factors
could open up new lines of research that would
help in better understanding the disease.

Changes in genetic expression that have
taken place in the brain during the evolution of
our species are essential components to correct
cerebral functioning in human beings. However,
these changes can become harmful in old age
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under certain circumstances, increasing oxida-
tive stress and reducing the expression of certain
genes that are essential for correct neuronal func-
tion. AD can therefore be considered an example
of antagonistic pleiotropy.

Finally, recent data suggest that both hyper-
phosphorylation of tau as well as B-amyloid
deposits may initially have an adaptive function,
providing protection from oxidative stress and
infection. Only under certain circumstances,
like in the presence of some metals, the adop-
tion of certain structural forms or the excessive
production of these peptides, would these neuro-
toxic properties develop, affecting neurons with
elevated synaptic plasticity and metabolism with
greater intensity. An improved understanding of
this issue could have considerable therapeutic
implications.

Some of the conclusions drawn in this article
may be partly hypothetical, but they are based
on proven facts and are experimentally verifiable.
They suggest lines of research to be pursued,
among them the study of epigenetic changes
induced by oxidative stress and other factors such
as toxins and infections in genes related to synap-
tic plasticity or the mitochondrial electron trans-
port chain; the study of the relationship between
the polymorphisms of these genes and AD; and
longitudinal neuroimaging studies of cerebral
regions that present increased neuroplasticity
like the brain’s default mode network, which may
allow AD to be diagnosed in its initial phases.

One promising line of research derived from
these conclusions is the search for treatments
capable of reverting epigenetic changes that take
place in the promoter regions of the genes related
to synaptic plasticity under the influence of oxi-
dative stress or other factors.

Some of these hypotheses could never have
been posed without an evolutionary perspective,
which allows connections to be drawn between
apparently unrelated data from neurology, com-
parative anatomy, genetics, epidemiology, bio-
logical anthropology, primatology and other
disciplines, like the comparison of human and
non-human primate cerebral genomics. Only
through interdisciplinary studies will the causes
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of complex diseases like AD be discovered.
Evolutionary biology, thanks to its holistic vision
and its capacity to integrate, may prove to be a
very useful tool in the biomedical sciences.
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