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Botond Penke, and Lı́via Fülöp
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Volume 2014, Article ID 175062, 9 pages

The Role of Wnt Signaling in the Development of Alzheimer’s Disease: A Potential Therapeutic Target?,
Wenbin Wan, Shijin Xia, Bill Kalionis, Lumei Liu, and Yaming Li
Volume 2014, Article ID 301575, 9 pages

Inhibitory Effects of Edaravone in β-Amyloid-Induced Neurotoxicity in Rats, Feng He, Yan-Ping Cao,
Feng-Yuan Che, Lian-Hong Yang, Song-Hua Xiao, and Jun Liu
Volume 2014, Article ID 370368, 7 pages

Impairment in Preattentive Processing among Patients with Hypertension Revealed by Visual Mismatch
Negativity, Cuiping Si, Changjie Ren, Peng Wang, Hetao Bian, Haiming Wang, and Zhongrui Yan
Volume 2014, Article ID 945121, 8 pages



Editorial
Advances in Alzheimer’s Disease: From Bench to Bedside

Teng Jiang,1 Raymond Chuen-Chung Chang,2 Hanna Rosenmann,3 and Jin-Tai Yu1,4,5

1Department of Neurology, Qingdao Municipal Hospital, Nanjing Medical University, Nanjing 210006, China
2Laboratory of Neurodegenerative Diseases, Department of Anatomy, LKS Faculty of Medicine, The University of Hong Kong,
Pokfulam, Hong Kong
3Department of Neurology, The Agnes Ginges Center for Human Neurogenetics, Hadassah Hebrew University Medical Center,
Ein Karem, 91120 Jerusalem, Israel
4Department of Neurology, Qingdao Municipal Hospital, School of Medicine, Qingdao University, Qingdao 266000, China
5Department of Neurology, Memory and Aging Center, University of California, San Francisco, San Francisco, CA 94143, USA

Correspondence should be addressed to Jin-Tai Yu; yu-jintai@163.com

Received 16 September 2014; Accepted 16 September 2014

Copyright © 2015 Teng Jiang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In 1906, Alois Alzheimer first documented the case of
Auguste Deter, a patient with a combination of cogni-
tive deficits, psychiatric symptoms, and microscopic brain
lesions. This histopathological and clinical constellation was
then designated by Emil Kraepelin as Alzheimer’s disease
(AD) [1]. Nowadays, AD became the most common pro-
gressive neurodegenerative disease and the most common
form of dementia among the elderly [2, 3]. In the clinic,
the late-onset AD (LOAD) accounts for 95% of all AD cases
and is currently considered as a genetic complex disorder
that is probably caused by a combination of multiple risk
alleles and environmental factors [4]. To date, APOE is the
only unequivocally established susceptibility gene for LOAD
[5]. However, it has been estimated that the variations of
APOE account for less than 50% of LOAD risk, suggesting
that there are additional genetic risk factors which remain to
be uncovered. Recent advances in genetic approaches led to
the identification of numerous risk genes for AD, which has
greatly extended our knowledge on the genetic components
of this disease [6]. In this special issue, the paper entitled
“Clinical Genetics of Alzheimer’s Disease” by Z. Zou et al.
outlined these novel susceptibility genes, such as CLU, CR1,
CD33, PICALM, BIN1, TREM2, and PLD3. More importantly,
they summarized the recent evidence regarding the functions
of these genes as well as their association with phenotypes
and pathogenesis of AD. This allowed readers to get a good
understanding on the research advances in the genetic basis
and pathological mechanisms of this devastating disease.

Regarding the neuropathology, AD is mainly charac-
terized by the formation of extracellular neuritic plaques
containing the amyloid-𝛽 peptide (A𝛽) and intraneuronal
accumulation of neurofibrillary tangles constituted by hyper-
phosphorylated tau protein. In 2002, John Hardy proposed
“amyloid hypothesis,” which emphasized A𝛽 accumulation
as the initial pathological events in the progression of AD
[7]. Therefore, therapeutic strategies against A𝛽, especially
A𝛽-induced neurotoxicity, have attracted a lot of attention
in recent years. In the current issue, by employing primary
neuron culture, C.-F. Lau et al. provided the first evidence
that testosterone could protect against A𝛽-induced synap-
tic dysfunction and degeneration in “Protective Effects of
Testosterone on Presynaptic Terminals against Oligomeric
𝛽-Amyloid Peptide in Primary Culture of Hippocampal
Neurons.”These exciting findings emphasized testosterone as
a potential endogenous target of drug development, which
might open up a new avenue for the prevention and treatment
of AD. Additionally, in this issue, another original paper enti-
tled “Inhibitory Effects of Edaravone in 𝛽-Amyloid-Induced
Neurotoxicity in Rats” by F. He et al. provided preclinical
evidence concerning the beneficial effects of edaravone, a
free radical scavenger mainly used for stoke treatment, in an
AD model induced by A𝛽 injection. For the first time, they
showed that edaravone could attenuate A𝛽-induced increase
of voltage-gated calcium channel currents and cholinergic
neurons losses, which subsequently improved learning and
memory performance. Their interesting finding implied that
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edaravone might have a practical clinical use for AD pre-
vention and treatment, emphasizing the notion that many
therapeutic agents possessed pleiotropic actions in addition
to their main applications.

In addition to its own neurotoxicity, A𝛽 as the central
pathological factor also initiates a series of secondary events
in AD progression, such as neuroinflammation. Activation
of microglia, the main immune cell in the brain, is consid-
ered as a central event in A𝛽-induced neuroinflammation.
Actually, several lines of evidence suggested a “double-edged
sword” function of microglia during the progression of
AD [8]. On one hand, long-term A𝛽 stimulation results
in the dysfunction of microglia in the brain, which is
characterized by the overproduction of proinflammatory
cytokines, subsequently leading to the bystander neuronal
and synaptic damage. On the other hand, activated microglia
participates in the phagocytosis of A𝛽 through its phagocytic
activity and thus prevents the deposition of A𝛽 and the
formation of amyloid plaques. In this special issue, a review
article entitled “Microglia in Alzheimer’s Disease” by Y. Li
et al. summarized the recent advances concerning microglia
during AD progression. Meanwhile, they also introduced
the recent basic and clinic efforts regarding how to prevent
and treat this disease via precise modulation of microglial
functions. Their contributions will greatly help the readers
to get a better understanding on the role of microglia and
neuroinflammation in the mechanisms and therapeutics of
AD.

In summary, the articles in this issue cover the recent
progress in the genetic basis and molecular mechanisms
underlying AD pathogenesis, accompanied with the devel-
opment of diagnostic approaches and therapeutic strategies
for this disease. We hope that the reader will extend their
knowledge about the basic and clinical aspects of AD through
this collection of articles.

Teng Jiang
Raymond Chuen-Chung Chang

Hanna Rosenmann
Jin-Tai Yu
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Alzheimer’s disease (AD) is a familiar neurodegenerative disease in the elderly. In this paper, we will review current viewpoints
of microglial activation, inflammatory regulatory systems, and their relationship with AD pathology and etiology. Microglia cells
are macrophage and representative of the innate immune system in brain. AD brain is marked by obvious inflammatory features,
in which microglial activation is the driving force. 𝛽-amyloid protein sedimentation activates microglia cells, which causes the
inflammation in AD. Microglia cells have dual roles: they provoke the release of inflammatory factors and cytotoxins leading to
neuronal injuries and death; on the other hand, they have the neuroprotective effects. Through this, we hope to illustrate that the
anti-inflammatory defenses of neurons can be practiced in the future strategy for recuperating the balance between the levels of
inflammatory mediators and immune regulators in AD.

1. Introduction

Alzheimer’s disease (AD), also called primary Alzheimer’s
disease, which lives in the global the third lethal disease,
is a kind of nervous system degenerative disease. Memory,
judgment, thinking ability, sports andmood, feeling reaction,
along with the social aging process, have become a serious
threat to human life and health. The main mental derange-
ment of this disease is characterized by nerve fibers tangles
(NFT) in cells, extracellular senile plaques (SP), and a large
number of neurons lost. Then, inflammation is one of the
causes of Alzheimer’s disease. AD may be a chronic inflam-
mation of the central nervous system reactions, including
focal brain injury and highly refractory beta-amyloid (A𝛽)
sedimentation; AD inflammation theory was presented. In
recent years, the study found that microglia cells (MG) play a
core role in the pathogenesis of AD, which is currently one of
the hot topics in the study of the nervous system degenerative
disease.

2. Microglia

Glial cells in the brain include astrocyte, oligodendrocyte, and
microglia. Oligodendrocyte involves in the formation of the
myelin sheath. For neurons in brain cells, astrocytes have a
key role for sustaining normal and stable internal environ-
ment and tissue homeostasis. After brain damage, form and
quantity of astrocyte and microglia change obviously.

As a kind of fine cell, microglia (MG) make central ner-
vous system (CNS) perform an immune activity of scavenger
sample, which is the vital element of the brain immune
surveillance and the exercise of defense function in the brain.
In the cells of central nervous system (CNS) they are 5∼
20%. Microglia originated from mesoderm bone marrow
precursor cells in embryonic period, namely, the mononu-
clear phagocyte system. In adulthood, microglia in the brain
become the innate immune cells, involved in inflammation
and immune response. Kim et al. [1] found that microglia
cells distribution density of the midbrain substantia nigra
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compacta is uneven and significantly higher than other
regions; he also found that the midbrain neurons in the
substantia nigra neurons are more likely to be affected than
other brain area in neurodegenerative disease, which showed
that the sensitive degree of nerve toxicity of the neurons may
depend on the distribution density and quantity of microglia.
Usually, in order to maintain the normal function of nervous
system, microglia in resting state are characterized by small
cell body and extend to all directions extensions of morpho-
logical characteristics. One of the most significant features of
MG is very sensitive to the external environment stimulation,
which is considered to be receptors in pathological cases
in CNS [2]. Slight changes of central nervous system will
cause microglia reaction, and the change of their forms is
generally accepted as a symbol of pathology in the brain.
When the brain tissue lies in the pathological state, MG are
activated from the stationary state into the active state, cells
body swell, synaptic disappearance, and then amoeba-like
shape formation. Activate their control signals as “on” and
“off”, the regulation of microglia as [3] “on” signal is a kind of
newmolecules, which is very obvious to identifying activated
microglia; “off” signal is to maintain the signal to hamper
microglia, as the default sets; the interrupt signal means the
alarm sounded. The study found that the role of microglia
in the development of the AD is a two-way street, that is,
the immune damage and nerve protective effect, and the
excessive activation can cause or aggravate neuron damage.
Microglia participate in a variety of nervous system degener-
ative diseases and the occurrence and development of the dis-
eases’ process. In recent years, studies have shown that exces-
sive microglial cells activation often occurred in a chronic
condition, which produces a large number of cytokines and
ROS production. The abnormal activation of microglia and
the induced inflammation are a common link of the process
which is caused by dopaminergic neuron damage.

Looking from the ultrastructure, microglia into phago-
cytes can remove necrotic neurons and then protect the
integrity of the necrotic neurons surviving around them.
From the point of views of function, microglia can be acti-
vated by releasing oxygen free radical, nitric oxide, protease,
and inflammatory cytokines and take the cytotoxic effect.
At the same time it also can secrete nerve growth factor for
supporting tissue repair [4].Many signalmolecules including
many cytokines in the central nervous system of normal
brain development process play an important role in neural
immune regulation, which also participate in the neural
pathological immune reaction in neurodegenerative diseases.
These related molecules in cell surface or internal can be
used as a marker of microglia and differ from the other
cells in the central nervous system, such as ILB4, CD11b,
and so forth. Aging and the brain A beta deposition are
considered to be the major risk factors for the nerve degen-
eration of AD and associated with the activation of microglia
(Figure 1). A beta activatemicroglial cells to produce a variety
of inflammatory factors and make neurotoxic effect, cell
inflammatorymolecules which include tumor necrosis factor
(TNF alpha), interleukin 1 beta (IL-1 beta), interleukin 6 (IL-
6), chemokine macrophage inflammatory protein-1 (MIP-1),
monocyte chemotactic protein 1 (MCP-1), complement and

reactive oxygen species (ROS), and so forth [5].These injured
neurons and nerve toxic substances can cause microglia
activation, which trigger a long-standing neurotoxicity cycle
referred as a reactive cycle to microglial cells. Microglia
activation prompts nerve injury to sustain the development
for a long time, leading to reactive microglia cycle, which
will exist permanently. As a result, the damage in neurons is
a long-term chronic process, and it eventually leads to the
development of AD. Microglia neurotransmitter receptors
also express receptors, such as glutamate receptor, GABA
receptors, dopamine receptor; neural hormone receptor,
neuromodulation receptor, histamine receptor, cannabinoid
receptor, opioid peptide receptor, chemokine receptors, TNF
alpha receptors, interleukin receptors, and so forth; some
recognition receptors: toll-like receptor; other receptors:
formyl peptide receptor (FPR), calcium receptor, leukotriene
receptor, notch receptors, and so forth. A lot of slow release of
these factors may be involved in the substantia nigra striatum
dopaminergic neuron degeneration necrosis of the system.
A lot of studies of this view confirm that their application
of dexamethasone, indomethacin, and minocycline against
inflammation can protect in the model of AD dopaminergic
neurons necrosis [6].

On the other hand, microglial can remove the depositing
A beta by phagocytosis cells and express on the gene of
antioxidant, in addition, and can secrete neurotrophic factor
of nerve protection. Activated microglia can quickly increase
the expression of major histocompatibility complex and then
turn into antigen presenting cells and have stronger phagocy-
tosis. Microglia express the antioxygens of heme oxygenase-1
(HO-1) and nuclear factor erythroid-related factor 2 (Nrf 2),
which play a critical role in cell survival [7].

3. MG in Inflammatory Injury

There are many evidences that nerve cells apoptosis is
closely related to the activation of MG; A beta activate MG,
which mediate immune inflammatory reaction and cause the
occurrence of AD which is characteristic of cells apoptosis
and the cognitive decline [8]. Long-term activation of MG
through the secretion of active cytokines and molecules can
increase the formation of age spots and the contents of the
tau protein hyperphosphorylation, which promote the nerve
tangles [9]. The study indicated that N end of A beta is a
necessary structure of MG to cohere; it can capture MG to
age spots, and C terminal of A beta is induced by MG, which
plays the role of toxic peptides. MG surface can combine with
A beta receptors, such as scavenger receptors and advanced
glycosylated end products receptor. Combined with A beta,
microglia can be activated and produce toxic products such
as free radical, cytokine, and glutamate agonists, which will
accelerate neuronal death [10]. Activated MG can secrete
and release TNF-alpha, IL-1, IL-6, CD40, colony stimulating
factor, ring oxidase 2, prostaglandin (PG), and some chemical
chemokines. These generated cytokines in turn affect the
glial cells and neurons to promote the production of other
inflammatory molecules for forming a positive feedback
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Figure 1: A beta activates inflammatorymediators and the complement system onmicroglia and then generates free radicals andmakes toxic
effects on neurons; on the other hand glial cells phagocytize A beta chips.

loop in the body; then inflammatory factors increase, and
eventually lead to neuronal degeneration necrosis [11].

3.1. IL-1𝛽. It is generally believed that A beta stimulate mi-
croglia to produce IL-1 beta, which can prompt the synthesis
of APP and A beta deposition. IL-1 beta can increase the con-
centration of Ca2+ in neurons and cause neuron dysfunction
or death. Halle et al. [12] showed that as a cytoplasm receptor,
NALP3 inflammatory body is involved in regulating the
activation and secretion of IL-1 beta. After being swallowedby
microglia, A beta fibers activate NALP3 inflammatory body,
and caspase 1, eventually, produces and releases proinflam-
matory cytokines IL-1 beta. A beta can activate IL-6 and IL-
1; TNF alpha then releases cytokines, such as complement,
chemokines, and adhesion molecules induced production
increasing. These immune inflammatory factors, on the
contrary, activate microglia, form a positive feedback loop
in the body and produce inflammation cascade amplification
effect, eventually lead to neuronal degeneration necrosis and
inflammation and neurons injury in the brain [13].

3.2. IL-6. IL-6 is a kind of pleiotropic cytokine, it is mainly
produced by the lymphocytes, fibroblasts, endothelial cells,
neurons, and glial cells, which are activated by inflammation
or other factors. IL-6 can prompt cute proteins to deposit
in the neuritis spot and adjust the synthesis of APP. The
compounds of IL-6 and sIL-r can enhance the transcription
and expression of APP [14, 15]. Studies had found that IL-6
in the transgenic mouse can promote the reactive glial cell
hyperplasia. At the same time, IL-1 alpha/beta, TNF alpha,
intercellular adhesion molecule 1 (ICAM 1), and acute phase
response proteins EB 22/5, 3 genes also raised obviously;

IL-6 can further promote the neuron to degenerate in the
acute phase reaction. Therefore, IL-6 plays a key role in the
development of AD.

3.3. TNF-𝛼. TNF alpha is the one of the cytokines which
are secreted by the activated MG; it plays a central role
in inflammatory cytokine network; its toxic effects may
induce expression and secretion of a variety of the related
inflammation factors through activating the cell apoptosis;
it can strengthen the N-methyl-D-aspartate (N-methyl-D-
aspartate, NMDA) receptor and mediate the neural toxicity
and increase the glutamate which may injury the nerve cells
[16]; it can also induce the colony stimulating factor (CSF)
and further enlarge the inflammation reaction. In addition,
it can affect the neuron membrane potential and lead to the
disorder of intracellular Ca2+ balance for a long range, which
are associated with the abnormal cell function in the process
of inflammation [17, 18].

3.4. CD40. CD40 is a member of the TNF alpha receptor
superfamily; it was foundon the surface of the antigen cell like
B lymphocytes, dendritic cells, and activated macrophages;
its natural ligands CD40 L and CD154 express on the surface
of the activated T cells [19]. The role of CD40 molecules in
the proinflammatory response caused by MG has aroused
the attention of many scholars, since it was found that
CD40 interacts with its related ligand CD154, which leads to
secrete cytokines and neurotoxic substances. Cytokines, such
as interferon gamma (IFN-gamma), induce the abnormal
expression of microglia by TNF alpha and facilitate the CNS
neural immune cascade reaction [20]. Therefore, inhibiting
the expression of CD40 can relieve the inflammatory reaction
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and nerve damage; eventually will be good for the treatment
of nerve inflammatory diseases in the CNS.

3.5. Complement. Study found that A beta can activate the
classic and bypass complement way; after activating the
complements C3a, C4a, and C5a are produced; these small
fragments have the characteristic of the inflammatory stimuli.
C5a combines with the receptors on the membrane of MG
and then causes a strong breathing outbreak and produces
a large amounts of toxic superoxide free radicals and makes
neurons damage [21]. In addition that the complement can
release an amount of the inflammatory factors and cause the
inflammatory reaction in the brain, it can activate MG. The
inflammatory reaction can promote A beta to deposit and
aggravate to form nerve plaques and then result in a vicious
cycle, eventually develop AD [21].

Overall, the beneficial roles of cytokines which are pro-
duced by activated MG are very limited; the main effect is to
amplify the inflammatory process and the cytotoxic effect in
the different stages of AD, eventually, leading to a selective
brain regions degeneration and cholinergic neuron death
through the chronic and local inflammation.

4. The Damage of Inflammatory Medium

4.1. ROS. ROS is a kind of vivid oxygen free radicals which
are produced in the aerobic metabolism process of cells
and the material which can be converted into free radicals,
mainly includes hydroxyl free radical (OH) and superoxide
anion (O

2

2−) and hydrogen peroxide (H
2
O
2
), and so forth.

ROS in the low-medium concentration play an important
physiological role in body; they participate in the process
of the body’s immune and resist the damage to body such
as exogenous bacteria and microbes. They also can be
used as the second messenger to regulate and control the
gene expression and the signal transduction pathway and
participate in the cell growth, differentiation, andmany other
functions. In the condition of inflammation or trauma, too
much ROS are produced and induce the cell injury and
apoptosis, which is due to the excessive accumulation of the
oxidation product of lipid, carbohydrate, protein and DNA,
and the antioxidant system defect. ROS can be generated
through various channels, but their main way is catalyzed
by NADPH oxidase [22]. The NADPH oxidase is the main
enzyme body, which is the origin of AD oxidative stress
and is involved in the occurrence and development of AD
process. The compounds of NADPH oxidase are stationary
under normal circumstances; A beta deposition canmake the
NADPH enzyme activation. Studies have found that in AD
the NADPH oxidase activity increased [23]. It indicated that
it played a potential role to prompt the activation of NADPH
oxidase of microglia in AD development.

4.2. NO. NO is an important endogenous medium of vascu-
lar activity and immune characteristics. In the central ner-
vous system, as a special neurotransmitter NO is involved in
synaptic plasticity and neuronal growth, learning and mem-
ory and behavior, andmany other physiological mechanisms.

But if it is released excessively, it will damage the membrane
structure, protein and DNA through various channels and
lead to neuronal necrosis or apoptosis [24], which eventually
damage the nervous system. Nitric oxide synthase (NOS)
is the unique enzyme for generating endogenous NO; it
is mainly expressed by iNOS in pathological situation. Its
expression is not only one of the symbols of reactive glial cell
proliferation but also related to neuronal damage. INOS can
continuously and catalytically catalyze to produce NO; exces-
sive amount of NO has the potential neurotoxicity, which
is an effective source of oxidative stress in the pathological
process of AD.

4.3. Drd2. Dopamine receptor is a vital member of the
dopamine signal system of the neurotransmitter in the brain
and plays a key role, including emotion, the neural activity of
addiction, voluntary movement, and many other advanced
functions. The studies suggest that dopamine D2 receptor
(Drd2) is also expressed in microglial cells [25] and can affect
the activation of CD4+ T lymphocyte; 18 elderly people’s aver-
age level of Drd2 declined obviously [26, 27], which indicated
that Drd2 may participate in the regulation of innate immu-
nity of the central nervous system. In 2009, in the United
States, Dr. Glass said that, in the inflammatory response
process induced by bacterial endotoxin LPS, microglial
cells were first activated, and then astrocytes accepted the
immune signal of microglia and were passively activated; in
both, mutual cooperation ultimately promoted the neuronal
damage and degradation [28] (Figure 2). There is a kind of
Cryab protein expressed in astrocytes; Cryab protein is a
kind of small molecular heat shock protein, which plays the
role of inhibiting inflammation and neuroprotection [29].
In the condition of outside harmful stimulations, due to
the inhibitory effect of proinflammatory factor expression of
Cryab, inflammation can be controlled within a certain range
when the Drd2 signaling pathways of microglia to astrocytes
are weakened; Cryab expression level is reduced when the
outside world harmful stimulus arrives, microglia could not
effectively cope with and lose effective restriction for the
inflammatory response and then involve in the neuronal
degeneration and aging process.

5. MG’s Theory of Beta-Amyloid

A𝛽, which is generated by the APP, plays a key role in AD.
A𝛽 itself perhaps has no neurotoxicity; it does not cause
obvious neurologic symptoms, until the inflammatory factors
and A beta synergistically affect microglia and induce A beta
obvious toxic effects on neuron [30]. The formation of senile
plaques is due to the abnormal sedimentary of A𝛽, that is,
the typical pathologic characteristics of the AD. A𝛽

1−40
and

A𝛽
1−42

are the most common subtypes of A𝛽, which is the
main component of senile plaques. They are two kinds of
forms; one is the higher aggregation degree A beta [5]; the
other one is a kind of smallermolecular weight of the soluble-
A beta oligomers [31]. White [8] thinks that two forms of A
beta have important roles in the development process of AD.
Oligomers play a main role in the early stages of the disease,
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Figure 2: In physiological and pathological conditions, microglia
transmit signal to astrocytes and astrocytes inhibit inflammation
by dopamine receptors. In degenerative brain disease, microglia
activation weakened, astrocytes’ Drd2 signals descend too, resulting
in excessive inflammation expression. DA: Dopamine.

while A beta in the fiber form also play an important role in
lasting the inflammatory response. The study found that the
activated microglial cells can produce a lot of glutamic acid,
which are excited by N-methyl-D-aspartic acid (NMDA)
receptor through the signaling pathways, then, generating
toxicity [31]. A𝛽 can be prompted to increase the deposition
by the activated NMDA receptor outside the synapse [32].
Microglia surface has a variety of receptors combined with
A𝛽, such as scavenger receptor (SR) and the receptor of
advanced stage glycosylation end production (RAGE) [33],
which participate in the chemotaxis tomicroglia. In addition,
a kind of soluble medium, macrophage colony-stimulating
factor (M-CSF) also participated in the chemotaxis, which is
activated by A𝛽 and secreted by microglia. The chemotactic
factors, for example, MCP-1 (monocyte chemoattractant pro-
tein), prompt microglia to cluster in the deposition of A𝛽; on
the contrary, these chemokines of the increase recruit more
microglia to which A𝛽 gathered [34]. Activated microglia
may phagocytose A𝛽 through SCARA, CD36 and hydrolyze
A𝛽 through the release of metalloproteinases, alpha secrete-
enzymes, insulin hydrolytic enzymes, and so forth [35].

6. The Influence of Microglia in Tau Protein

Neurofibrillary tangle is one of themain pathological features
of AD, under normal circumstances; the tau protein com-
bines with tubulin, which is soluble to promote the micro-
tubule polymerization and stability. In patients of AD, tau
protein is in ana-phosphorylation; when it dissociates away
frommicrotubules it may be from the soluble tau protein into
insoluble protein, which will cause neurofibrillary tangles
[36]. In animal models of tau protein, such as P301Stau
transgenic mice, someone found that there gathered a large
number of reactive microglia surrounding tau protein nerve
cells [37]. Other studies have shown that the inflammation

factor can change the activity of related kinase which caused
the tau phosphorylation [38]. Sy et al. [39] found in AD
transgenic mouse, the change of tau protein from soluble to
insoluble was related to the inflammatory response because
of the increase of the activity of GSK-3.

7. MG of Nerve Protective Effect

In the AD brain, MG can remove not only the necrotic and
apoptosis cellular debris but also the A beta deposition. It was
proved that A beta fibers in MG’s cytoplasm are acquired by
themselves [40]. Research has now been confirmed in the
cerebral cortex of MG. It indicated that the fibers in MG
are obtained by their own phagocytosis. They injected the A
beta antibody in the treatment of AD and then significantly
reduced the levels of A beta in the brain; for the further
study of the mechanism of reducing, they found that A beta
antibody can activate microglia, which then phagocytose
A beta [41]. Someone queried why the activated microglia
in the brain cannot effectively phagocytose A beta for the
patients of AD; at present, the researchers point out that
inflammatory factors are inhibiting its phagocytosis [42].
MG can also release some bioactive substances; it especially
can secrete growth factors beta to support tissue repair and
can limit damage and inhibit forming astrocytes scar, which
have a protective effect on neurons. When brain is infected,
microglia will activate and play natural immune functions,
including induction of the inflammation and cytotoxic effect,
and T lymphocyte antigen presenting adjustment reaction,
which constitutes a defense against pathogens [43]. Activated
microglia may destroy the invading microbes and remove
potentially toxic cell debris and secrete growth factors to pro-
mote tissue repair; they can also synthesize a great quantity
of cytokines, nutritional factors, which act as protection or
injury to adjacent cells; In addition, they can also interact
with other immune cells, especially with T cell in the area
of inflammation in the central nervous system [44]. MG
participate in the realization of the function of maintenance
and repair of brain homeostasis through rapid response to
physiologic and irritable stimulus.MG also play an important
role for the regeneration and reconstruction of synapses, and
this effect depends on the release of nerve growth factors and
cytokines, and then nerve growth factor can inhibit the MG
macrophage migration, local activation and help reduce the
expanding lesions and inhibit the formation of new lesions.

8. Conclusions

More and more evidences indicate that there is a mutual pro-
moting relationship between neuron damage and microglia
activation. On the one hand, neuron damage can promote
small glue toxicity to activate cells, paracrine of cytokines, and
autocrine signaling; all that can lead to sustained activation
of microglia. On the other hand, the chronic activation of
microglia can be used as brain cytokines in the organization
and continuing source of active free radicals; these factors
promote together into neurons damage and form a vicious
circle; it has been considered a chronic neural degeneration as
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an importantmechanism in the process of sexual disease.The
present study showed that drugs inhibiting the activation of
microglia can protect dopaminergic neurons to some extent;
this is also a great significance in the process of the loss
of dopaminergic neurons injury from the side of microglia
activation.

9. Expectation

The pathogenesis of AD is not yet clear at present; most
scholars think the AD should be caused by a variety of
reasons, and possibly in a variety of the complex pathological
process of chronic ways. At present, A beta directly or
indirectly affect the neurons by microglial, which is also in
the debates. In a word, inflammation (immune) mechanism
in AD pathological evolution may play a critical role, and
NSAIDs may open up new avenues for AD prevention.
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Neuropsychiatric symptoms (NPS) such as depression, apathy, aggression, and psychosis are now recognized as core features of
Alzheimer’s disease (AD), and there is a general consensus that greater symptom severity is predictive of faster cognitive decline,
loss of independence, and even shorter survival. Whether these symptoms result from the same pathogenic processes responsible
for cognitive decline or have unique etiologies independent of AD-associated neurodegeneration is unclear. Many structural and
metabolic features of the AD brain are associated with individual neuropsychiatric symptoms or symptom clusters. In addition,
many genes have been identified and confirmed that are associated with symptom risk in a few cases. However, there are no single
genes strongly predictive of individual neuropsychiatric syndromes, while functional and structural brain changes unique to specific
symptoms may reflect variability in progression of the same pathological processes. Unfortunately, treatment success for these
psychiatric symptomsmay be lowerwhen comorbidwithAD, underscoring the importance of future research on their pathobiology
and treatment. This review summarizes some of the most salient aspects of NPS pathogenesis.

1. Introduction

The recent establishment of a professional interest area (PIA)
within the International Society to Advance Alzheimer’s
Research and Treatment (ISTAART) devoted to the neu-
ropsychiatric symptoms (NPS) of Alzheimer’s is a sign of the
emerging consensus among researchers and clinicians alike
that these symptoms are major components of Alzheimer’s
disease (AD) and significant influences on both patient and
caregiver quality of life (QOL) [1]. Indeed, neuropsychiatric
symptoms such as apathy, depression, aggression, agitation,
sleep disruption, and psychosis are now recognized as core
symptoms of AD that are expressed to varying degrees
throughout the course of the illness [2]. In addition to pro-
viding insight into AD pathology, specific neuropsychiatric
and behavioral anomalies during the early prodromal phase
of mild cognitive impairment (MCI) may have prognostic
values. For example, late-life depression increases AD risk
by 2-fold [3]. In this review, the major neuropsychiatric and
behavioral symptoms of AD are reviewed with emphasis on
how these symptoms may illuminate disease pathogenesis or

provide prognostic information. Alzheimer’s dementia is the
end result of multiple pathogenic processes including aber-
rant amyloid processing [4, 5], changes in lipid metabolism
due to apolipoprotein E (APOE) risk alleles [6, 7], tau hyper-
phosphorylation [8], protein misfolding and endoplasmic
reticulum (ER) stress [9], vascular dysfunction [10], oxidative
stress and mitochondrial dysfunction [11, 12], neurotrophic
factor dysregulation [13], disrupted leptin signaling [14],
fibrin clots [15], and processes mediated by a myriad of other
AD-associated gene [16], and the pathogenic processes also
occurred in major neuropsychiatric symptoms (Figure 1). It
is likely that these processes target nonoverlapping neural
networks, accounting for difference in disease progression
and the variability in neuropsychiatric symptoms.

The neuropsychiatric symptoms and behavioral anoma-
lies of AD have a significant impact on patient QOL and
are thought to be predictive of eventual (or more severe)
dementia [17, 18], more extensive neurodegeneration [19],
loss of functional independence and institutionalization [20],
and early death [21]. Thus, there is general agreement that
these neuropsychiatric symptoms and behavioral anomalies
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Figure 1: Possible mechanism linking the neuropsychiatric symptoms (NPS) with AD. NPS such as depression, apathy, aggression, and
psychosis shared some pathogenic processes (in red color) with AD, while they also have their unique pathogenic processes.

are predictive of poor outcome, although symptom incidence,
progression, and prognostic significance are highly variable
across studies, possibly due to the different neuropsychiatric
instruments used or clinical definitions. Moreover, despite
recent identification of noninvasive biomarkers related to AD
[22] and advances in imagingAD-associated plaques [23, 24],
AD is still a diagnosis that can only be confirmed at autopsy,
so most such studies relate neuropsychiatric symptoms to
“presumed AD.” Another uncertainty is whether these neu-
ropsychiatric and behavioral abnormalities such as depres-
sion and psychosis are etiologically similar in patients with
and without AD or constitute clinical entities unique to AD.

2. Depression

Depression is a common comorbidity in AD, with preva-
lence estimates ranging from 25% to 74.9% in a group
of recent studies [23–28]. This variability is likely due to
the multitude of instruments used for diagnosis, including
the DSM, Neuropsychiatric Inventory Depression subscale
(NPI-D), and Geriatric Depression scale (GDS). Indeed, one
study reported rates in the same cohort of 10.5% using
the NPI-D (significant), 56.4% based on the NPI-D (any),
30% based on the Geriatric Depression scale (GDS), and
16% based on antidepressant usage [24]. A French Network
on AD (REAL.FR) study following several hundred AD
patients without depression or antidepressant use over 4 years
reported an incidence of 17.45%/year [27]. Thus, about 40%
of AD patients are expected to show symptoms of clinical
depression within 5 years. Moreover, voluminous evidence
indicates that AD with depression results in worse clinical
outcome [20].

Based on studies in depressed non-AD populations, early
studies on the pathophysiology of depression in AD focused
on serotonergic transmission. One of the earliest studies
reported an association between major depression in AD at
baseline and 5-HT (2A) and 5-HT (2C) receptor polymor-
phisms, with CC carriers of the 5-HT (2A) C102 allele five
timesmore likely than heterozygotes and 5-HT (2C) Ser allele
carriers 12 times more likely than 5-HT (2C) Cys allele carri-
ers to develop depression [29]. Moreover, reduced 5-HT (1A)
receptor expression was specifically correlated with depres-
sive symptoms [30]. In contrast, Pritchard and colleagues
found no significant association between depression in AD
and either the C allele/CC genotype of the T102C variant
of 5HT (2A) or the cys23ser variant of 5HT (2C) receptor,
although these alleles were associated with psychosis and
aberrant motor behavior [31]. Moreover, no association was
found between depression in AD and alleles of the serotonin
transporter (SERT) [32]. Similarly, although SERT expression
was reduced in the frontal cortex of AD patients, there was no
difference in expression in patients with or without comorbid
depression [33]. It is possible that serotonergic dysfunction
may be heterogeneous among brain regions across patients,
accounting for these differences in association. In addition to
5-HT signaling, elderly subjects destined to exhibit signs of
major depressionweremore likely to harbor theGGgenotype
of the tumor necrosis factor (TNF)-alpha 308 (G/A) SNP
variant, implicating inflammation in late-onset MD [34].

Early studies also examined the relationship between
depression and molecules implicated in general AD pathol-
ogy, particularly A𝛽 and APOE 4, the strongest risk allele
for AD. Early onset depression was associated with a higher
serumA𝛽40/A𝛽42 ratio [19], suggesting that depressionmay
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be associated with AD pathogenesis. One early small sample
study found no association between APOE genotype and
depression in AD [35], although subsequent studies have
demonstrated that APOE genotype can modify the effects of
other genes associated with the neuropsychiatric symptoms
of AD (see below). A higher serum concentration of A𝛽
at baseline predicted both depression and AD over 5 years
suggesting shared etiology [36]. Plasma GABAwas positively
correlated with depression and apathy scores on the NPI in
AD patients [37].

In addition to gene association studies, the pathogenesis
of AD has also been examined by various neuroimag-
ing modalities, which have revealed morphological and
metabolic signs of neurodegeneration in the AD brain specif-
ically associated with depression. Compared to nondepressed
AD patients, those with depression exhibited hypoperfusion
in the left frontal lobe on single-photon emission com-
puted tomography (SPECT) images [38] and reduced glucose
metabolism in the dorsolateral prefrontal regions as revealed
by (18)F-fluorodeoxyglucose PET [39]. Correlation analysis
of brain SPECT and NPI score revealed a region in the
left middle frontal gyrus (Brodmann area 9) specifically
associated with depressive symptoms [40]. Depression in
AD has also been associated with specific neurochemical
changes; GDS scores but not agitation scores were correlated
with choline/creatine ratio in left dorsolateral prefrontal
cortex [41]. Cortical atrophy associated with depression
was observed in wide regions of the prefrontal cortex and
temporal cortex [42] and decreased graymatter volume in the
left inferior temporal gyrus was confirmed in an independent
study [43]. Depressed AD patients also exhibited greater
white matter atrophy in frontal, temporal, and parietal lobes
than AD patients without depressive symptoms [44]. One
study also reported lesions in the caudate nucleus and
lentiform nucleus of AD patients with late-onset depression
[45]. Expansion of the lateral ventricles was also correlated
with depression, general cognitive decline, and poor outcome
[46]. Thus, depression is associated with both gray and
white matter atrophy, particularly in specific regions of the
prefrontal cortex.

However, it remains unclear if depression results from
AD or conversely if geriatric depression is a risk factor for
AD. In the first case, depression may be a psychological
response to AD or result from the same pathogenic processes
that lead to the other symptoms of AD (e.g., aberrant
amyloid A𝛽 processing, tau hyperphosphorylation, etc.) [47].
Depression in AD is associated with accelerated cortical
regression and white matter atrophy, particularly in frontal
and temporal areas. It has been proposed that AD-associated
degeneration may eventually damage regions involved in
regulation of mood, a finding consistent with the high rates
of depression in severe AD. Nonetheless, several genetic risk
factors for major depression appear to increase the risk of
depression in AD but not AD without depression, so the
emergence of depression may not be entirely dependent on
AD pathogenesis. For example, the tryptophan hydroxylase-
1 (TPH1) A218C allele, monoamine oxidase A (MAOA) vari-
able number tandem repeat (VNTR), and BDNF Val66Met
allele were associated with depression in females with AD,

with significantly increased likelihood of comorbid AD and
depression in homozygous TPH1 A-allele andMAOAVNTR
carriers [48]. In this same study, there was also a significant
association between the chaperone FK506 binding protein 5
(FKBP5) rs1360780 SNP and depression in all AD patients.
In addition, homozygous carriers of the rs10410544T allele
of the SIRT2 gene (encoding an NAD-dependent deacetylase
possibly involved in cell cycle regulation) may have reduced
depression risk in AD [49]. Aside from the Val66Met allele
of BDNF, the C allele of the SNP G11757C and the A allele
of G196A were also more common in AD patients with
depression [50]. One of the strongest associations with late-
onset AD and depression is that with the transforming
growth factor 1 (TGF-1) gene the CC genotype of the +10 T/C
SNP was associated with AD and conferred a 5-fold increase
in depression in AD as well as an increase in depression
severity [51]. Finally, the presence of the APOE 4 allele
increased depression in women with AD by 4-fold [52]. In
contrast, another study reported that APOE 4 was associated
with anxiety but not depression [53], while others have
found no association between APOE 4 and neuropsychiatric
symptoms [35].

Whether depression increases AD risk in premorbid or
MCI patients is still a matter of debate. In an Italian study,
newly diagnosed AD patients with persistent depression
exhibited a greater cognitive decline over one year, and
patients with incident depression demonstrated the greatest
drop in cognitive function, while cognitive decline in cases
with resolved depression was not different from nonde-
pressedADpatients [54]. Late-onset depression does increase
the risk of progression to MCI, but chronic depression
was associated with only a modest increase in the risk of
MCI-to-AD transition. Another Italian study reported that
apathy but not depression was associated with MCI to AD
transition [55]. In contrast, the Honolulu-Asia Aging Study
using the Center for Epidemiological Studies depression scale
(CES-D) reported that depression was an independent risk
factor for cognitive decline in AD. Moreover, the effect was
independent of pathological progression, such as increases
in the number/density of neurofibrillary tangles (NTs), Lewy
bodies, or ischemic lesions [56]. These differences in the
reported prognostic value of depressionmay depend on diag-
nostic criteria; for example, the Vienna Transdanube Aging
study did report an association with AD emergence over a
5-year period in 75-year-old individuals with no history of
depression, but only 1 of 9 depression subsyndromes, “loss of
interest,” was associated with AD risk [57]. Another report
concluded that depression does appear to increase the risk of
transition fromMCI to dementia, but this effect was stronger
for all-cause dementia and vascular dementia than AD [3] or
exclusive to vascular dementia [58].

Regardless of this etiological relationship, it is clear
that AD-associated depression markedly reduces cognitive
capacity, QOL, and activities of daily function (ADF). Thus,
treatment of depressive symptoms is expected to benefit AD
patients. However, there have been relatively few controlled
clinical trials on antidepressant therapy for depression in
AD and clinical response is generally poor to modest [59–
64]. The uncertain relationship between AD and depression
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undoubtedly arises in part from diagnostic uncertainty. As
mentioned, AD is only confirmed at autopsy while estimates
of depression vary marked depending on the instruments
used. Furthermore, only certain depressive symptomsmay be
associated with AD [57]. In sum, depressionmay be amodest
risk factor in premorbid patients [59–64] for additional
reviews but when present it markedly reduces cognition,
QOL, and ADL in AD patients.

3. Apathy

Apathy is defined by a cluster of motivational deficits such
as loss of goal-directed cognition, action, and emotion [65].
Like other neuropsychiatric symptoms associated with AD,
persistent apathy is predictive of more rapid cognitive decline
compared to AD without apathy. Apathy and depression are
often comorbid. In one relatively large cohort (255 patients),
47.9% of the study group had depression, 41.6% apathy,
and 32.4% both, with smaller prevalence of depression and
apathy alone (15.4% and 9.4% resp.) [23]. A similar pattern
has been reported in other studies (e.g., 23% depression
only, 23% depression + apathy, and 20% apathy only) [66,
67]. This frequent comorbidity suggests shared etiology.
Indeed, like depression, apathy is generally associated with
hypofrontality as well as serum GABA [37]. However, apa-
thy was specifically correlated with hypometabolism in left
orbitofrontal areas while depression was associated with
hypometabolism in left dorsolateral prefrontal regions [39].
Scores on the frontal assessment battery (FAB) for execu-
tive function are decreased by both apathy and depression
alone, but the largest decrease was observed in comorbid
patients [68]. This hypofrontality has been correlated with
AD-associated pathogenesis [68]. Retention of the (11C)
Pittsburgh compound-B (PIB) under PET to reveal A𝛽
plaques was higher in the bilateral frontal cortex of patients
with apathy as determined by the NPI apathy subscale than
in AD patients without apathy, and apathy scores were
positively correlated with PIB signal in bilateral frontal and
right anterior cingulate cortices. No correlations were found
between PIB and any other NPI subscale, including depres-
sion [68]. This same study found no correlation between
apathy and morphometric changes by MRI. A larger scale
study of the Alzheimer Disease Neuroimaging Initiative
database found that cortical thinning in temporal cortex was
associated with more severe apathy over time after correcting
for multiple covariates such as sex, age, APOE genotype,
premorbid intelligence, memory performance, processing
speed, antidepressant use, and AD duration [69]. Studies of
white matter atrophy in AD patients with apathy [70] have
reported significantly reduced fractional anisotropy (FA) val-
ues in the genu of the corpus callosum, negative correlations
between apathy scores and FA values in the left anterior and
posterior cingulum, right superior longitudinal fasciculus,
splenium, body and genuof the corpus callosum, andbilateral
uncinate fasciculus [69] or right anterior cingulate cortex,
right thalamus, and bilateral parietal cortex.

Possible genetic associations specific for apathy have
not be investigated as extensively as possible depression-
associated genes. In AD patients, T allele carriers of

the 3UTR prion-like protein were more likely to exhibit
apathy, although scores were increased for many other NPI
subscales [71]. While apathy is often comorbid with depres-
sion, apathy and depression may have different prognostic
significance. Apathy but not depression was strongly associ-
ated with the transition from MCI to AD; MCI patients with
amnestic-MCI and apathy were seven times more likely to
progress to AD compared to amnestic-MCI patients without
apathy after adjusting for covariates, including depression,
while depression alone did not increase risk of transition [72].
Also distinct from depression, depression tends to stabilize
during AD progression while apathy tends to increase [73].

4. Agitation and Aggression

Agitation and aggression are significant dangers both to
patients and caregivers. Like other behavioral and neu-
ropsychiatric abnormalities, rates of agitation and aggression
correlate with cognitive decline, loss of independence, and
other metrics of poor outcome [74]. Aggression and agitation
are more common in male patients [75]. Among nursing
home residences, the severity of cognitive decline/dementia
was correlated with physical agitation and verbal aggression
as measured by the Cohen-Mansfield Agitation Inventory
(CMAI). The intensity of dementia disorders is associated
most strongly with physical agitation and verbal aggres-
sion. Aggression- and (or) agitation-specific changes in
neurochemistry and neuropathology have been observed.
Based on the well-established correlation between frontal
lobe serotonergic dysfunction and aggression, many stud-
ies have investigated the correlations between aggression
presence/severity and 5-HT signaling molecules. Among the
first such studies reported a significant association between
aggression in AD and the more highly expressed serotonin
transporter long variant (5-HTTPRL) [76]. Male AD patients
with a history of agitation/aggression were also more likely to
harbor the C allele of the 5-HT synthetic enzyme tryptophan
hydroxylase A218C intronic polymorphism [77]. Aggressive
patients also exhibited an altered 5-HT6 receptor to choline
acetyltransferase (ChAT) ratio in frontal and temporal cor-
tices [78] and reduced 5-HT1A binding in temporal cortex
after controlling for dementia severity [79]. However, others
have found a much more complex interaction among gender,
dementia severity, aggression, and serotonergic function [80].
Serotonin transporter polymorphisms have also been linked
to a combined aggressive/psychotic phenotype [81]. Poly-
morphisms of dopamine receptor alleles also confer complex
associations among psychotic symptoms and aggressiveness.
Psychosis and aggression were more frequent in DRD1 B2/B2
allele carriers [82]. In a subsequent study, carriers of theD1 B2
allele were more prone to aggression and (or) to experience
hallucinations, while carriers of the DRD3 1 allele were more
likely to experience delusions [83]. In fact, there is a strong
correlation between psychosis and aggression. Delusions are
among the strongest predictors of aggression [84], possibly
because aggression is driven by specific delusions of persecu-
tion [85, 86].

The CMAI scores, but not GDS scores, were negatively
correlated with the N-acetylaspartate (NAA) to creatine ratio
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in the left posterior cingulate gyrus [41], indicating neuro-
chemical changes specific to the aggressive AD phenotype.
Moreover, only agitation/irritability scores were correlated
with A𝛽42 accumulation [87] and only Behavioral Pathology
in Alzheimer’s Disease (Behave-AD) aggressiveness subscale
scores correlated with serum BDNF [70] in AD and MCI
patients. One study demonstrated a correlation between
aggressive symptoms and the magnitude of locus coeruleus
damage, suggesting a role for reduced norepinephrine or
compensatory changes in adrenergic receptors in aggression
[88]. In fact, a test of 𝛽

2
receptor function, the growth

hormone (GH) response to clonidine, was blunted in aggres-
sive patients compared to nonaggressive AD patients [89].
Higher NPI Agitation and Aggression subscale scores were
associated with greater atrophy in a large number of regions
of interest in the frontal and cingulated cortices as well as the
insula, amygdala, and hippocampus [90]. The phospho-tau
to tau ratio was also higher postmortem in the frontal lobe of
AD patients with aggression compared to those without [91].
Similarly, hippocampal NTs and hypoperfusion in the mesial
temporal lobe [92] were associated with aggressive symptoms
inAD.The frequency of the APOE 4 allele was also associated
with aggression [93].

Neuroleptics and other antipsychotics may be modestly
effective in treating aggression and agitation, but longer-term
treatment is associated with a significant increase in adverse
events [94].

5. Psychosis

Psychotic symptoms, including delusions and hallucinations,
are obviously the most salient and serious neuropsychiatric
symptoms associated with AD, also generally the least fre-
quent symptoms during the early stages of AD [80]. Like
depression, the emergence of psychotic symptoms predicts
greater or more rapid cognitive decline [44, 95]. Halluci-
nations are among those noncognitive AD symptoms, also
including cognitive impairment level, physical aggression,
and depressive symptoms, strongly predictive of institution-
alization [96]. A longitudinal study found that psychosis
in AD (observed in 7.8% of patients) was associated with
greater initial cognitive dysfunction, more accelerated cog-
nitive decline, and greater mortality [97]. Like aggression, to
which it is strongly correlated, psychosis is associated with
difference in the 5-HT system, such as a higher frequency of
the C allele and CC genotype of the T102C variant of 5HT
(2A) receptors in patients with hallucinations and delusions
[31]. There may also be an association between the SERT
long form and psychosis in AD [96]. Moreover, psychosis is
associated with CSF tau, suggesting more severe tauopathy
in psychotic patients [98] and with greater intracellular
accumulation of hyperphosphorylated tau [99]. The APOE
4 allele also increases psychosis risk [100]. In general, AD-
associated psychosis follows the severity of AD-associated
neurodegeneration and cognitive dysfunction [101]. 18F-
Fluorodeoxyglucose positron emission tomography revealed
reduced metabolic activity in the right lateral frontal cortex,
orbitofrontal cortex, and bilateral temporal cortex in patients
with delusions, overlapping with areas associated with loss

of memory and insight [102]. Atrophy of the supramarginal
cortex of the parietal lobe was predictive of increasing
hallucinations over time. Active psychosis is associated with
hypofrontality, particularly in orbitofrontal regions [102],
and thus is strongly correlated with disruption in executive
function, particularly working memory [103]. Another study
found lateral frontal, lateral parietal, and anterior cingulate
atrophy in AD patients with psychosis, with the lateral
frontal region most severely degenerated [104]. Individual
delusions may be associated with specific abnormalities in
neural processing as evidence by PET imaging [105], with
delusions of persecution associatedwith hypoperfusion in the
precuneus and hyperperfusion in the insula and thalamus.
Other delusional forms are associated with distinct changes
in perfusion, metabolism, receptor binding, and structural
alternations [106]. Persecutory delusions occur early during
the progression of AD and associate with disruption of
frontostriatal circuits [107]. One study found delusions in
27.4% of AD patients, with paranoid delusions being themost
common (60.3%), followed by misidentification delusions
(19.0%), and then mixed delusions (17.5%), the latter appear-
ing later and associated with greater cognitive impairment
[108]. Psychotic patients show greater A𝛽1-42 at autopsy
[109]. A recent genome wide association study identified
an intergenic region on chromosome 4 (rs753129), SNPs
upstream of SLC2A9 (rs6834555), and within the neuronal
Ca2+-sensor (NCS) proteins VSNL1 (rs4038131) as promising
regions for specific associations with psychosis [110]. Note,
however, that VSNLs are associated with A𝛽 and tau and
so may reflect the overall severity of AD neurodegeneration
rather than psychosis per se. Other possible associations
specific to AD-associated psychosis include that with the
dopamine oxidase A (DOA) gene and muscarinic receptors
in orbital frontal cortex [110].

6. Conclusion

The neuropsychiatric symptoms in the early stages of AD are
predictive of more rapid deterioration of cognitive function.
These symptoms may simply reflect more rapid and exten-
sive neuronal death caused by the myriad of primary and
secondary degenerative processes associated with AD. In this
case, the appearance of different neuropsychiatric symptoms
reflects variability in the progression of neurodegeneration
across neural systems. There are genes associated with spe-
cific symptoms or symptom clusters, but none appear to
exert strong and specific effects. Moreover, many of these
association studies have not been followed up, suggesting
some publication bias for positive results. Regardless of the
dependence of these symptoms on AD pathogenesis and
cognitive decline, the deleterious effect of these symptoms
on both patient and caregiver quality of life warrant further
studies on more effective treatments.
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Alzheimer’s disease (AD) is the most prevalent type of dementia. Pathological changes in the AD brain include amyloid-𝛽 (A𝛽)
plaques and neurofibrillary tangles (NFTs), as well as neuronal death and synaptic loss. Matrix metalloproteinases (MMPs) play an
important role as inflammatory components in the pathogenesis of AD. MMP-2 might be assumed to have a protective role in AD
and is the major MMP which is directly linked to A𝛽 in the brain. Synthesis of MMP-9 can be induced by A𝛽, and the enzymes
appear to exert multiple effects in AD in senile plaque homoeostasis. The proaggregatory influence on tau oligomer formation in
strategic brain regions may be a potential neurotoxic side effect of MMP-9. MMP-3 levels are correlated to the duration of AD and
correlate with the CSF T-tau and P-tau levels in the elderly controls. Elevated brain levels ofMMP-3might result in increasedMMP-
9 activity and indirectly facilitate tau aggregation. At present, the clinical utility of these proteins, particularly in plasma or serum,
as potential early diagnostic biomarkers for AD remains to be established. More research is needed to understand the diverse roles
of these proteases to design specific drugs and devise therapeutic strategies for AD.

1. Introduction

Alzheimer’s disease (AD) is the most prevalent type of
dementia. Deposition of improperly processed A𝛽 peptides
has been suggested to be the main causative factor for AD.
Several lines of evidence indicate that theremay be an inflam-
matory component to the pathology of AD. Matrix metallo-
proteinases (MMPs) remodel the pericellular environment
by regulating the cleavage of extracellular matrix proteins,
cell surface components, neurotransmitter receptors, and
growth factors. The confused abilities of several MMPs to
degrade amyloid precursor protein (APP) leading to aggre-
gation of A𝛽, as well as the increased expression of MMPs
in postmortem brain tissue of AD patients, indicating
that MMPs play an important role in the pathogenesis of
AD. Their activities are determined through the induc-
tion of transcription by inflammatory mediators, through

posttranslational modification by free radicals or cytokines
and through inhibitory proteins such as tissue inhibitors of
metalloproteinases (TIMPs) [1].

As a part of a larger super family ofmetzincins,MMPs are
Zn2+ andCa2+ dependent endopeptidases. Subdivided on the
basis of protein-domain structure and substrate preference,
metalloproteinases constitute a family of at least 28MMPs,
which can all degrade various components of the extracellular
matrix (ECM). MMPs can be further divided into six main
subgroups [2]. Gelatinases (such as MMP-2, 9) degrade
molecules in the basal lamina around capillaries, enable
angiogenesis and neurogenesis, participate in inducing cell
death, and play a prominent role in injury and repair.
Stromelysins (such as MMP-3, 10, 11) metabolise compo-
nents of the extracellular matrix, but not the triple helical
fibrillar collagens. Collagenases (such as MMP-1, 8, 13, 18)
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degrade triple helical fibrillar collagens of bones and cartilage.
Membrane-typeMMPs (MT-MMPs, MT1, 2, 3, 4, 5, 6-MMP)
act at the cell surface and have several functions, including
activation of other proteases and growth factors. Matrilysines
(such as MMP-7) act on collagen type IV, glycoproteins,
and gelatin. Other uncategorized MMPs (such as MMP-12,
19, 20, 23, 27, 28) act on amelogenin, aggrecan, and elastin
[2]. Several MMPs, including all of the membrane-anchored
versions, contain a furin motif (MMP-11 andMT1, 2, 3-MMP,
among others) that mediates intracellular activation of the
proteinase prior to its appearance outside of the cell. The
activation of the other MMPs requires extracellular proteo-
lytic processing of the secreted zymogens into the active
enzymes, a process performed by MMPs or specific protein-
ases [1]. Most MMPs are secreted as pro-MMP, an inactive
zymogen that has an autoinhibitory propeptide in its N
terminus and is proteolytically activated by serine proteases
or some activated MMPs. The tasks and effects of MMPs
are complex; their beneficial effects include neurogenesis,
angiogenesis, myelinogenesis, axonal growth, and apopto-
sis inhibition, whereas examples of detrimental effects are
apoptosis induction, blood-brain barrier disruption, and
demyelination. Many researches have been published on
MMPs in AD. However, a comprehensive discussion of
the emerging roles of MMPs and their interactions is not
available. Therefore, their multiple roles in AD are discussed
in this review, especially MMP-2, MMP-3, and MMP-9.

2. Effects of Gelatinases in AD:
MMP-2 and MMP-9

Previous study has revealed that both MMP-2 and MMP-
9 are induced by the presence of A𝛽 and highly expressed
and secreted by astrocytes [3]. It has been demonstrated
that MMP inhibitor II, which is reportedly highly selec-
tive for MMP-2, 9, blocks A𝛽-induced release of lactate
dehydrogenase in primary cultured neurons, indicating that
MMP-2, 9 contribute to A𝛽-induced neuronal cell death [4].
Estrogen treatment markedly increases the appearance of
the active forms of both MMP-2, 9 in the culture medium,
modifying MMP-9, but not MMP-2 proactive form. This is
not surprising as MMP-2 is constitutively expressed at high
levels in neuronal cells whereas MMP-9 is barely expressed
in basal conditions but is highly inducible [5]. In the study of
Merlo S, estrogens cause induction and activation of neuronal
MMP-2/9, responsible in turn for enhanced A𝛽 degradation,
highlighting an additional mechanism through which they
can contribute to preserve neurons from A𝛽 toxicity [6].
MMP-2 is the major MMP which is directly linked to A𝛽
in the brain and dysfunction in this enzyme may influence
the processing of A𝛽

1-40/42 in vitro and in vivo, because its
deletion resulted in a greater A𝛽 accumulation compared
with MMP-9 knockout [7]. From this it follows that MMP-2
is likely to be the major kind of gelatinase in the progression
of AD.

2.1. MMP-2 in A𝛽 Pathology. MMP-2 might be assumed
to have a protective role in AD. There was an increase of

MMP-2 expression in astrocytes surrounding senile plaques
in transgenic mice brain. MMP-2 is released in a latent form
(pro-MMP-2) that requires activation by MT1-MMP. MT1-
MMP was the first MMP to be identified as an integral
membrane protein with a single transmembrane domain and
a short cytoplasmic C-terminal tail. MT1-MMP is inhibited
by the endogenous TIMP-2 and recruits pro-MMP-2 forming
a ternary complex. Then, adjacent uninhibited MT1-MMP
cleaves the tethered pro-MMP-2 to become MMP-2 [8].

Advanced glycation endproducts (AGEs), products of
nonenzymatic glycation, and oxidation of proteins and lipids
accumulate in diverse biological settings including inflam-
mation, aging, and AD. AGEs play an important role in the
relationship between MMP-2 and AD. Receptor for AGEs
(RAGE), a multiligand receptor in the immunoglobulin
superfamily, binds a broad repertoire of ligands, includ-
ing AGEs, A𝛽, S100/calgranulin family of proinflammatory
cytokine-like mediators, and amphoterin [9]. RAGE expres-
sion in neurons and human brain microvascular endothelial
cells is increased on treatment with A𝛽 [10]. The interaction
between A𝛽 and RAGE triggers an intracellular signaling
cascade that disrupts tight junction (TJ), leading to the break-
down of BBB integrity. By using potent inhibitors, it is con-
firmed that the A𝛽-RAGE-CaN-MMP cascade is an impor-
tant mechanism of BBB disruption and AD pathogenesis [11].
Ligand-receptor interactions of A𝛽 and RAGE initiate cellu-
lar signaling, leading to increased levels of MMP-2 protein,
in which activation of c-Jun N-terminal kinase (JNK) MAP
kinase and extracellular-signal-regulated kinases (ERK) is
involved [12]. It can be proved by such two experiments as
follows. Inhibitors of ERK and JNK significantly decreased
A𝛽-induced MMP-2 expression in brain endothelial cells
(BECs). Additionally, antibody neutralization of the RAGE
effectively blocked A𝛽-induced activation of ERK and JNK
and their contribution to elevatedMMP-2 expression inBECs
[12]. Furthermore, Li et al. found that AGEs could induce tau
hyperphosphorylation at multiple AD-related sites and spa-
tial memory deficits. AGEs upregulated RAGE and activated
GSK-3 with inhibition of Akt, and simultaneous blockage of
RAGE or inhibition of GSK-3 attenuated the AGE-induced
tau hyperphosphorylation and improved the memory of the
rats. AGEs inhibited LTP through RAGE/GSK-3 signaling
pathway with significantly decreased levels of several postsy-
naptic proteins and dendritic spines [9]. It has been suggested
that soluble oligomeric A𝛽 correlates better with dementia
than insoluble fibrillar deposits, indicating that oligomeric
A𝛽 may represent the primary toxic species in AD [13]. The
soluble APP contains an inhibitor of MMP-2 and sites to
interact with several components of the extracellular matrix;
this secreted protein fragment is assumed to protect the
extracellular matrix from the MMP-2-catalyzed degradation.
The inhibitor is localizedwithin the ISYGNDALMP sequence
corresponding to residues 586–595 ofAPP770 and a synthetic
decapeptide containing this sequence, named APP-derived
inhibitory peptide (APP-IP), has MMP-2 selective inhibitory
activity. This mode of interaction is probably essential for
the high MMP-2 selectivity of the inhibitor because MMPs
share a common architecture in the vicinity of the catalytic
center, but whole structures of their substrate-binding clefts
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have sufficient variety for the inhibitor to distinguishMMP-2
fromotherMMPs [14].The common feature of amyloid fibrils
is the 𝛽-pleated sheet structure perpendicular to the fibril
axis with a hairpin loop at the C-terminus. The conversion
of soluble A𝛽 to fibrillar amyloid is accompanied by an
increased resistance to proteolytic degradation. A𝛽 fibrils
were observed to bemore resistant to degradation byMMP-2
in AD [15]. While oligomeric A𝛽 directly downregulates
MMP-2 expression and activation in astrocytes, it also
induces production of proinflammatory cytokines, mainly in
microglia surrounding amyloid plaques, including increased
mRNA levels of cytokines IL1𝛽 and TGF-𝛽, which serve
as strong stimulators for MMP-2. Therefore, the ultimate
outcome of the oligomeric A𝛽 on MMP-2 activation in
astrocytes might be the combination of its direct inhibitory
action on MMP-2 and the secondary action of inflammatory
cytokines induced by oligomeric A𝛽 [8] (Figure 1).

2.2. Multiple Roles of MMP-9 in AD. Consideration empha-
sis is placed on the complicated roles of MMP-9 in AD.
Expression of MMP-9 was observed in the cytoplasm of
neurons, neurofibrillary tangles, senile plaques, and vascular
walls of hippocampus and cerebral cortex of AD patients
[16]. The proteolytic activities of MMP-2 and MMP-9 in
postmortem human frontal and parietal cortical tissues
obtained from subjects with a clinical diagnosis of AD, mild
cognitive impairment (MCI), or no cognitive impairment
were compared using gelatin zymography in the research,

which demonstrated higher activity of MMP-9, but not
MMP-2, in AD and MCI brains when compared to cogni-
tively healthy brain samples. Moreover, there were inverse
correlations between the Global Cognitive Score and the
Mini-Mental State Examination (MMSE) score and MMP-9
activity [17]. Serum levels ofMMP-9 were also found elevated
in AD compared to controls and patients suffering from
mild cognitive impairment [18]. Under these conditions, the
increase in MMP-9 expression tends to be characteristic of
AD.

The activation of pro-MMP-9 is controlled by a cascade
of steps involving other MMPs and the plasmin system. Pro-
MMP-9 can form a complex with TIMP-1, which involves
interaction of the C-terminal (noninhibitory) domain of
pro-MMP-9 and the C-terminal (noninhibitory) domain of
TIMP-1. Moreover, low-density receptor-related protein can
act as a receptor for MMP-9, which mediates internalization
and degradation of the enzyme [19]. The presence of an
imbalance between MMP-9 and TIMP-1 in AD patients is
further supported by the association between high levels
of CSF tau and high MMP-9/TIMP-1 ratios in AD group
[20]. Synthesis of MMP-9 and TIMP-1 can be induced by
A𝛽, and the enzymes appear to play a role in senile plaque
homoeostasis. N-methyl-D-aspartate (NMDA) receptors are
important mediators of synaptic plasticity that are central to
the neurobiological underpinnings of emotionality, learning,
and memory. The cognate ligand for the NMDA receptor is
glutamate, an excitatory neurotransmitter that may take part
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Figure 2: MMP-9 and MMP-3 in AD pathology.

in the acceleration of AD. Activation of NMDA receptors is
also involved in A𝛽-induced expression of MMP-9 in vivo. A
recent study identified MMP-9 as a physiologic regulator of
NMDA receptor-dependent synaptic plasticity and memory.
These effects of MMP-9 on NMDA receptors are mediated
by an integrin 𝛽1-dependent pathway [21]. ApoE4 is a major
genetic risk factor for AD and is associated with Down’s
syndrome dementia. Some other studies show that apoE4
significantly dampens A𝛽-induced MMP-9 levels, possibly
by downregulating the Rho-Rho kinase (ROCK) pathway,
and reduction of astrocytic MMP-9 by apoE4 may affect
A𝛽 clearance and promote A𝛽 deposition in AD [22, 23].
These data indicate that A𝛽 and NMDA receptors exert
their possibly positive effects in variation of MMP-9, whereas
apoE4 is reverse. The explicit mechanisms remain to be
worked out (Figure 2).

MMP-9 induces A𝛽, degrades A𝛽 and compact plaques,
and is released, along with proNGF, in an activity depen-
dent manner [24]. A𝛽-induced MMP-9 involvement in BBB
disruption has also been demonstrated and so does the
involvement of MMP-9 in the degradation of TJ proteins,
such as ZO-1 [25]. Koronyo-Hamaoui et al. found that
immunization of APP/presenilin 1 double-transgenic mice
with an altered myelin-derived peptide (MOG45D), loaded

on dendritic cells, led to a substantial reduction of parenchy-
mal and perivascular A𝛽-plaque burden and soluble A𝛽

1-42
peptide levels as well as reduced astrogliosis and levels of a
key glial scar protein (chondroitin sulphate proteoglycan).
Furthermore, the levels of MMP-9, an enzyme shown to
degrade A𝛽 and is associated with glial scar formation [26].
MMP-9, like MT1-MMP, cleaves between residues A30-I31.
This site is exposed on the surface of A𝛽 fibrils allowing
access for cleavage by MMP-9 and MT1-MMP [27]. But
the increase in MMP-9 may alter the ratio from proNGF
to mNGF by enhancing the degradation of mNGF in a
context where pro-NGF conversion to mNGF is already
diminished [27]. The molecular consequence of this shift
in the balance from mNGF to proNGF may result in
proapoptotic signaling via binding to the p75NTR receptor
with proNGF, which could promote neuronal apoptosis
perhaps involving a p75NTR/sortilin mediated mechanism
[27]. Hence, increased MMP-9 and proNGF concomitant
with reduced TrkA early in the progression of AD may
result in a shift away from cell survival to proNGF apoptotic
signaling. TrkA reduces and p75NTR activates 𝛽 secretase
cleavage of the APP, which requires NGF binding and
activation of the second messenger ceramide [28]. Previous
studies report that reduced cortical TrkA levels are positively
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associated with lower cognitive performance and increased
cortical proNGF levels negatively correlate with cognitive
impairment. Thus, the concomitant accumulation of cortical
MMP-9 and proNGF, along with the reduction of TrkA, may
represent a group of early pathobiological markers of the
onset of AD [28] (Figure 2).

Pathological changes in the AD brain include amyloid-𝛽
(A𝛽) plaques and neurofibrillary tangles, as well as neu-
ronal death and synaptic loss. Recent neuropathologic study
reports that elevated MMP-9 activity correlates with Braak
stage but not with NIA-Reagan diagnosis. The major differ-
ence between Braak stage and the NIA-Reagan criteria is that
the former only evaluates presence of tau pathology, whereas
the latter evaluates presence of both tau and amyloid pathol-
ogy [29]. Tau is a substrate of both MMP-3 and MMP-9.
Increasing evidence demonstrates that small oligomers rather
than the histopathologically observable large tau deposits like
NFTs may be the most relevant toxic aggregate species for
cells. Frost et al. recently demonstrated that proaggregatory,
extracellular tau protein, can be incorporated by neurons and
induce neurotoxic intracellular tau aggregation, which then
spreads to other cells [29]. Sung et al. demonstrated that
extracellular 𝛼-synuclein exerts increased cytotoxicity after
cleavage with MMP-3. The elevated brain levels of MMP-3
may result in increased MMP-9 activity, since MMP-3 was
demonstrated to cleave pro-MMP-9 to its active form. While
MMP-3 and the nonspecific proteinases PK and trypsine
reduce DMSO induced tau aggregation, cleavage by MMP-9
results in enhanced oligomer formation [30–32]. MMP-9
cleavage sites are mainly located in the N-terminal region
and close to the C-terminus. MMP-9 may thus liberate the
repeat domain of protein tau, facilitating oligomer formation.
In accordance with this hypothesis, two possible fragments
containing almost the whole repeat domain including the
two hexapeptide motives were identified in all samples
after limited cleavage with MMP-9, but not MMP-3, PK,
or trypsine. The tau cleavage pattern of MMP-9 facilitates
aggregation, while the other investigated enzymes reduce
or abolish tau aggregation by degrading regions of the
protein crucial to oligomer formation.Thus a proaggregatory
influence on tau oligomer formation in strategic brain regions
may be a potential neurotoxic side effect of MMP-9 [30]
(Figure 2).

3. Stromelysin-1 in AD: MMP-3

MMP-3 levels are correlated to the duration of AD.MMP-3 is
expressed in brain cells (astrocytes, microglia, and endothe-
lial cells) and immune cells (T-cells and macrophages) and
primarily around plaques in the parietal lobes in AD. The
main physiological substrates of MMP-3 are fibronectin,
laminin, and various collagens. Due to the fact that MMP-3
andMMP-10 are similar in structure and substrate specificity,
one could speculate of a similar intracellular function of
MMP-10 [33]. TIMP-1 is a direct inhibitor of MMP-3; and
TIMP-1 has been shown to be elevated in CSF of AD patients,
possibly as a reaction to the elevated MMP-3 levels [34].

MMP-3 in AD was significantly elevated in plasma and
there was a trend towards increase in CSF [35]. Proteins
including S100𝛽 and MMP-3 interacting with CSF A𝛽

1-42
may be related to A𝛽 brain pathology in brain atrophy,
whereas proteins (including P-tau and apolipoprotein D)
associated with atrophy even after adjusting for CSF A𝛽

1-42
may be related to A𝛽-independent mechanisms [36]. On
the other hand, genetic findings indicate a potential role of
MMP-3 in the promotion of AD. In previous studies, the
5A allele of a functional polymorphism (5A/6A) of MMP-3
showed an increased risk of AD in association with the
apolipoprotein E 𝜀4 allele. It also has an impact on the
risk of dementia in apolipoprotein E 𝜀4 noncarriers [37].
Furthermore, MMP-3 is overexpressed in astrocytes and
neurons exposed to A𝛽

1-40, activating a microglial response.
Microglia can bind to accumulated A𝛽 via specific recep-
tors, resulting in glial cell activation and transition into a
proinflammatory state [38].Microglia belongs to the family of
tissue macrophages. Monocytes/macrophages are prominent
cells at sites of chronic inflammation and have been shown
to produce MMPs, when activated by agents such as LPS,
Con A. The increase of A𝛽

1-42 by aging or genetic disorder
(Alzheimer’s susceptible person) may gradually upregulate
the production of MMP-12 and MMP-13 by microglia and
MMP-3 in astrocytes, neurons, and also microglia. By using
chemical inhibitor, Ito et al. have herein shown the A𝛽-
induced activation of MMP-3, MMP-12, and MMP-13 to
be correlated with the activation of the PI3 K/Akt signaling
cascades in the microglia [39]. Accompanied with these
cascades, MMP-12 has been shown to activate other MMPs
such as MMP-2 and MMP-3, by which MMP12 exacerbates
the cascade of proteolytic processes [39]. These findings
suggest that MMP-3 takes its complicated roles in MMPs
family; in other words, its effects in AD may also be double-
edged.

In addition, the CSF MMP-3 correlates with the CSF T-
tau and P-tau levels in the elderly controls [40]. MMP-3, PK,
and trypsine may yield multiple cleavage sites in the repeat
domain of tau protein, a region known to constitute the core
of tau fibrils. Cleavage sites of PK and trypsine appear to be
evenly distributed over the whole protein sequence, which
is expected given the broad number of potential cleavage
sites of these proteinases. Notably, PK and trypsine yield
cleavage sites in at least one of the two hexapeptide motives
known to be crucial for tau fibril formation. It can thus be
speculated that cleavage by these proteinases may inhibit tau
aggregation by fragmenting the protein’s assembly domain
[32]. Incubation of purified tau protein with active MMP-9
and MMP-3 resulted in limited proteolysis by both metallo-
proteinases [32]. In addition, tau fragments obtained from
limited cleavage demonstrated a distinct cleavage pattern
for both MMP-3 and MMP-9. MMP-3 produced multiple
cleavage sites in the repeat domain of the tau protein, which
is a core region of tau fibrils [32]. In contrast, MMP-9
cleavage sites were mainly located in the N-terminal region
and close to the C-terminus, liberating this repeat domain of
tau protein [32]. This finding suggests that the tau cleavage
pattern of MMP-9 facilitates its aggregation, while MMP-3
decreases oligomer aggregation by degrading tau in regions
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that are crucial to the formation of fibrils. Additionally,
because MMP-3 was demonstrated to be an activator of
pro-MMP-9, it was suggested that the elevated brain levels
of MMP-3 might result in increased MMP-9 activity and
indirectly facilitate tau aggregation [32] (Figure 2).

4. Roles of Other MMPs and TIMPs in AD:
MMP-1, MT1-MMP, and TIMP-1

Evidence has been found that enhanced MMP-1 activity in
AD may contribute to the blood-brain barrier dysfunction
seen in AD, but it is suggested by Lorenzl et al. that MMP-
1 does not correlate with AD diagnosis or risk factors for
future development of AD [18]. The MT1-MMP, which is
a physiological activator of the zymogen form of MMP-2,
was also expressed in reactive astrocytes in a mouse model
of AD, specifically in regions with amyloid deposits [41].
More specifically, recombinant MT3-MMP showed multiple
cleavage sites on A𝛽PP within the A𝛽 domain. Mass spec-
trometry data showed anMT1-MMP cleavage site at the H14-
Q15, which is the same as an MT3-MMP shedding site on
A𝛽PP. Although the shedding pattern for MT1-MMP and
MT3-MMP is very similar, A𝛽 peptide was not degraded by
recombinant MT3-MMP or by cells expressing MT3-MMP.
Therefore, regarding MT-MMPs the A𝛽 degradation activity
appears specific to MT1-MMP. MT5-MMP was also reported
to have 𝛼 secretase-like shedding activity on A𝛽PP which
would preclude A𝛽 formation.

The activities of almost all MMPs are susceptible to
TIMPs inhibition, and some members of a disintegrin and a
metalloproteinase family are also inhibited by these inhibitors
[42]. Metalloproteinases and TIMPs form tight complexes at
a 1 : 1 molar stoichiometry.There are four knownmammalian
TIMPs: TIMP-1, TIMP-2, TIMP-3, and TIMP-4. TIMP
molecules are approximately 40% identical [43]. TIMP-1
promoted cell proliferation, and this effect was confirmed
in primary cultured astrocytes induced by rTIMP-1 and
A𝛽
25-35. Furthermore, the proliferative effect of A𝛽

25-35 was
enhanced by the presence of TIMP-1, which suggested that
TIMP-1 is mainly secreted by injured neurons and plays
a role in astroglial reactivity [30]. Plasma levels of TIMP-
1 and C-reactive protein in patients with AD treated with
acetylcholinesterase inhibitors (AChEIs) were significantly
lower than those in nontreated patients with AChEIs [44].
The potential reduction in the TIMP-1 level by AChEIs
may be beneficial in AD, as elevated CSF levels of TIMP-
1 have been previously detected in patients with AD [44].
Moreover, TIMPs can activate pro-MMPs. The interactions
of proenzymes with TIMPs are specific: pro-MMP-2 interacts
with TIMP-2, TIMP-3, or TIMP-4, whereas MMP-9 interacts
with TIMP-1 or TIMP-3 [43]. However, their functional
significance is still unclear, with the exception of the pro-
MMP-2-TIMP-2 complex. The pro-MMP-2/TIMP-2 com-
plexes do not involve theN-terminal domain of the inhibitory
molecule; thus, the complexes have the ability to interact with
a second MMP molecule. This activation is completed by an
autolytic cleavage by MMP-2 [43].

5. Potential Values of MMPs as Biomarkers in
AD Diagnosis

AD is often clinically diagnosed far after significant synaptic
and neuronal loss has already occurred. The examination
of postmortem brain tissues from patients with AD and
pathological findings such as neurofibrillary tangles and
senile plaques (as well as the expression of MMPs) only
provides a postmortem confirmation of the diagnosis of AD.
The identification of protein markers in biological fluids,
such as plasma or CSF, could help diagnose AD at an early
stage to allow for therapeutic intervention. In particular, the
identification of blood biomarkers of AD is ideal, because this
type of sample is easy to access and less invasive to obtain in
patients.

In one study, assessment of the concentrations of various
metalloproteinases and AD biomarkers of A𝛽

1-42, T-tau, and
P-tau181, which were assayed simultaneously using luminex
ELISA technology in the CSF, revealed significant decreases
in MMP-2 and MMP-3 levels in the CSF in the samples
with significantly reduced A𝛽 levels [45]. In the group of
healthy elderly individuals, Stomrud et al. observed that
the individuals with risk markers for possible future AD,
that is, AD-supportive CSF biomarkers (tau and A𝛽

1-42)
or presence of the APOE 𝜀4 allele which is one gene
shown to increase the risk of developing AD, have higher
CSF MMP-3 and MMP-9 levels and a higher CSF MMP-
3/TIMP-1 ratio compared with the individuals without risk
markers [40]. It has been proved in CSF by multiplexing
techniques that concentrations of MMP-9 and TIMP-1 in
AD patients were significantly lower than those in the
subcortical vascular disease group, whereas MMP-10 levels
were significantly higher in AD patients compared to healthy
controls. After determining protein levels in the CSF, data
analysis was performed using a multivariate discriminant
algorithm, which identified specific CSF concentrations of
MMP-2, 9 and TIMP-1 as the proteins that contributed the
most to the separation between SVD and AD, with high
sensitivity (89%), specificity (90%), and area under the ROC
curve (0.92) [19]. A comparison of VaD with AD patients
revealed significantly higher CSF levels of MMP-9 activity in
VaD patients compared to those with AD or control subjects.
Activities of MMP-2 and the concentrations of TIMP-1 and
TIMP-2 were similar in both patient groups and controls
[46]. Based on our expertise in this field and literature,
MMPs cannot be applied for the routine diagnostics of AD
yet. Implementation of the determination of these proteins
requires development of immunoenzymatic tests that would
be applicable on commonly used laboratory platforms for in
vitro diagnostics, not only for scientific research.

6. Conclusions

Taken together, MMPs exert multiple effects in AD. In
addition to the function of MMPs in AD states, these
enzymes have many roles in physiological processes, such
as angiogenesis and neurogenesis. In the majority situation,
their confused traits are unpredictable.Therefore, the clinical
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utility of these proteins, particularly in plasma or serum,
as potential early diagnostic biomarkers for AD, remains to
be established. To date, a large number of MMP inhibitors
based on hydroxamic acid derivatives or other synthetic
inhibitors have been designed. However, none of them has
been developed successfully as anti-ADdrugsmainly because
of deleterious side effects; the broad specificity of the MMP
inhibitors must be a stiff obstacle for developing safe and
effective drugs. The dual action of MMPs complicates efforts
at treatment with broad-spectrum MMP inhibitors. More
research is needed to understand the diverse roles of these
proteases to design specific drugs and devise therapeutic
strategies for AD.
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Several animal models of Alzheimer’s disease have been used in laboratory experiments. Intrahippocampal injection of fibrillar
amyloid-beta (fA𝛽) peptide represents one of the most frequently used models, mimicking A𝛽 deposits in the brain. In our
experiment synthetic fA𝛽

1−42
peptide was administered to rat hippocampus. The effect of the A𝛽 peptide on spatial memory and

dendritic spine density was studied. The fA𝛽
1−42

-treated rats showed decreased spatial learning ability measured in Morris water
maze (MWM). Simultaneously, fA𝛽

1−42
caused a significant reduction of the dendritic spine density in the rat hippocampus CA1

region.The decrease of learning ability and the loss of spine density were in good correlation. Our results prove that both methods
(MWM and dendritic spine density measurement) are suitable for studying A𝛽-triggered neurodegeneration processes.

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder characterized by deficit of learning process,
severe memory loss, and complex behavioural changes [1–
5]. Neuropathological hallmarks of AD include the cerebral
accumulation of extracellular senile plaques containing vari-
ous forms of amyloid-beta (A𝛽) peptide assemblies and the
presence of intracellular neurofibrillary tangles containing
tau protein [6–8]. Other features of AD are neuroinflam-
mation, cerebrovascular alterations, activated astrocytes, and
microglia as well as synaptic and neuronal loss in specific
brain regions [9–11]. The affected brain regions are forebrain
and medial temporal lobe structures like the hippocampus
(HC), the entorhinal cortex, and the amygdala [11]. Synapse
loss is strongly correlated with cognitive impairment; thus
synapse number is the best indicator of cognitive decline
in AD [1, 12]. The senile plaques are associated with local
synapse and dendritic spine loss [13, 14]. Moreover, the
fibrillar deposits are surrounded by a halo of oligomeric
A𝛽 assemblies [15]. Extracellular oligomeric A𝛽 associates

with dendritic spines covering their surface [15]. In addition,
intracellular A𝛽 may also contribute to AD pathology by
tau hyperphosphorylation and synaptic dysfunction [16].The
toxic effects of different aggregation forms of A𝛽 (oligomers,
protofibrils, and fibrils) have not been revealed completely
yet.

Dendritic spines are cellular compartments containing
the molecular machinery important for synaptic trans-
mission and plasticity [17]. In pyramidal neurons of the
hippocampus, there is an almost one-to-one relationship
between the number of dendritic spines and excitatory
synapses [17, 18].The loss of dendritic spines and the presence
of dystrophic neurites have been reported both in the amyloid
precursor protein (APP) overexpressing transgenic mouse
model of AD and in the AD-affected human brain [2, 8, 19,
20]. The spine density of prefrontal cortex neurons is greatly
reduced in aged monkeys as a hallmark of cognitive decline
[21]. Neurocortical pyramidal neurons have extensive apical
and basilar dendritic trees to integrate information from
excitatory and inhibitory synaptic inputs. In the neuronal
network, dendritic spines represent the principal receptive
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sites for the excitatory inputs to the neurons. The strength,
stability, and function of the excitatory synaptic connec-
tions constitute the basis of cognitive function [22]. In
the cerebral cortex of mammals, the rapid synaptogenesis
during early postnatal life is followed by a substantial loss
of synapses/spines that extends through adolescence. In
adulthood, the number of spines remains relatively stable
and then decreases progressively with aging [22, 23]. Spines
appear and disappear through life, but their turnover rate
declines with the age and is regulated by the neuronal activity
[18]. Dendritic spines undergo structural modifications when
the synaptic strength is experimentally modified (e.g., by
evoking long-term potentiation or long-term depression) [18,
22, 24].

Extracellular delivery of A𝛽 peptides can initiate synaptic
loss in rodent brains [25]. Intrahippocampal (IHC) admin-
istration of A𝛽 is a widely used animal model to study AD
[4, 25–38]. The injection of A𝛽 into murine brain rapidly
establishes the symptoms of AD. This method is suitable
for studying the effects of the different aggregates of A𝛽.
There are conflicting results about the neurotoxicity of 𝛽-
amyloid plaque depositions [39]; however, the toxic effect of
A𝛽 peptides on synapses has been widely acknowledged.

Reduction of dendritic spine density has been shown in
cell cultures after A𝛽 treatment [40–43]. Furthermore, IHC
administration of fibrillar A𝛽

1−40
has been shown to decrease

spine density [25, 28]. Interestingly, no experiments have
been performed using well characterized A𝛽

1−42
, the most

toxic form of A𝛽 peptides. Thus the aim of this study was to
assess the impact of fibrillar A𝛽

1−42
(fA𝛽
1−42

) administration
on spatial memory of rats and dendritic spine density in the
hippocampus. Our hypothesis was that IHC injected syn-
thetic, fibrillar formofA𝛽

1−42
could simultaneously influence

and reduce the learning process and dendritic spine density.
Since hippocampal dendritic spines are the key elements
in acquisition and retention and have been implicated in
learning and memory processes [44, 45], we also compared
the correlation between the changes of dendritic spine density
(induced by fA𝛽

1−42
administration) and the spatial memory

of rats.

2. Materials and Methods

2.1. Animals. Male Charles-River Wistar rats (𝑛 = 24),
weighing about 210–230 g at the beginning of the experiment,
were used as subjects. Two groups, control (𝑛 = 12) and
fA𝛽
1−42

-treated (𝑛 = 12), were formed. They were housed in
groups of three under constant temperature, humidity, and
lighting conditions (23∘C, 12 : 12 h light/dark cycle, lights on
at 7 a.m.). Standard rat chow and tap water were supplied ad
libitum. All behavioural procedures were conducted during
the light phase. Handling was done daily at the same time.
Experiments were performed in accordance with the Euro-
pean Communities Council Directive of 22 September 2010
(2010/63/EU on the protection of animals used for scientific
purposes). Formal approval to conduct the experiments was
obtained from the Animal Experimentation Committee of
the University of Szeged.

Figure 1: Representative electron microscope photomicrograph of
the injected amyloid-beta fibrils.

2.2. Synthesis of A𝛽
1−42

and Preparation of the Fibrillar
Peptide Aggregates. The synthesis was performed as reported
earlier in Bozso et al. [46]. The fA𝛽

1−42
was prepared as

described by He et al. [4]. Briefly, A𝛽
1−42

was dissolved
in hexafluoroisopropanol (HFIP, Sigma Aldrich) to 1mM;
HFIP was removed in vacuo. The peptide was suspended to
make a 5mM solution in dimethyl sulfoxide (DMSO, Sigma
Aldrich). The fibrillar form was prepared diluting the DMSO
stock solution of the peptide with a 100mMHEPES buffer to
a final concentration of 222𝜇M. The solution was incubated
at 37∘C for 7 days. After the aggregation period the sample
was centrifuged for 10min at 15000 g at room temperature.
The pellet containing the freshly prepared fibrillar A𝛽

1−42

was resuspended in 100mMHEPES buffer (pH 7.5) and used
in the experiment. The samples containing A𝛽 fibrils were
characterized by transmission electron microscope (Philips
CM10, FEI, Eindhoven, Figure 1).

2.3. Surgery. Rats were anaesthetized with an intraperitoneal
injection of a mixture of ketamine (10.0mg/0.1 kg) and
xylasine (0.8mg/0.1 kg). The animals were then placed in a
stereotaxic apparatus, a midline incision of the scalp was
made, the skin andmuscles were carefully retracted to expose
the skull, and a hole was drilled above the target area. The
solution was injected with a Hamilton syringe into the right
HC unilaterally at a rate of 1.0 𝜇L/min, beginning 2min after
the needle was lowered. The needle was removed very slowly
2min after the end of injection. The following coordinates
were used (from Bregma point): AP: −3.6; ML: −2.4; DV:
−2.8 [47]. Rats were randomly injected either with the
fibrillar form of A𝛽

1−42
(222𝜇MA𝛽

1−42
) or with vehiculum

(physiological saline). The A𝛽
1−42

-injected and the control
animals were treated with antibiotics and analgesics after the
surgery.

2.4. Spatial Navigation in the Morris Water Maze. Spatial
learning and memory were assessed in a Morris water maze
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(MWM) on days 14 to 20 after IHC fA𝛽
1−42

administration.
Behavioural testing was carried out in a room illuminated
by three lamps giving diffuse light of approximately equal
intensity at all points of the maze. The maze consisted of
a circular pool (𝑑 = 180 cm, ℎ = 60 cm) filled with water
(23 ± 1∘C) and made opaque with milk. A black curtain
was positioned around the pool with distal cues. A video
camera was mounted on the ceiling directly above the
test apparatus and relied to a video tracking system. The
behaviour of the animals was automatically recordedwith the
software EthoVision 2.3 (Noldus Information Technology,
The Netherlands, 2002).

Memory acquisition trials (training period) were per-
formed daily during the light phase, in blocks of 4, for 6 days
[4]. The pool was divided into four virtual quadrants, and an
invisible escape platform (diameter: 10 cm) was submerged in
themiddle of one of the four quadrants 1.5 cmbelow thewater
surface. At each trial, the rats were allowed to swim freely for
a maximum of 120 sec until they found the platform and were
then allowed to stay on it for 10 sec. If the rat failed to find the
platform within 120 sec, it was guided to or was placed on the
islandmanually for 10 sec.During the acquisition period, four
different starting points were used and the starting positions
were varied pseudorandomly over the trials. Twenty-four
hours after the last acquisition trial, retention was assessed
in a 120 sec probe trial, with the platform removed.

The data recorded by video tracking were used to calcu-
late the time to reach the platform, swim speed, and swim
path length (distance) during acquisition trials as well as
percent time spent in each of the 4 virtual quadrants and time
spent and number of crossings over the platform’s position
during the probe test.

2.5. Quantification of Dendritic Spine Density Using Golgi
Impregnation. FDRapidGolgiStainKit (FDNeuroTechnolo-
gies, Consulting & Services, Inc., USA) was used according
to the manufacturers’ instructions. Rats (𝑛 = 6, 3 per group)
were deeply anesthetized before the brain was removed from
the skull. The sacrificing was made after 29 days of the IHC
injection. The brains were removed quickly and handled
carefully to avoid damage of the tissue, and then tissue
blocks including hippocampus (approximately 0.7-0.8 cm)
were cut from the brain. The tissue blocks were immersed
in the impregnation solution (A + B solution) and stored
at room temperature for 2 weeks in the dark. After the first
impregnation period the brains were transferred into the
second solution (C) and stored at 4∘C in the dark for at least
48 hours.

100 𝜇m coronal sections were cut with a vibration micro-
tome (Zeiss Microm HM 650V) and were mounted on
gelatin coated glass slides. After the staining procedure (D, E
solution) and dehydration, the slides were coverslipped with
DPX mountant for histology (VWR International).

2.6. Quantitative Analysis. The Golgi sections were studied
by inverse light microscopy, using oil immersion objectives.
A total of 25 pyramidal neurons from the dorsoventral
hippocampalCA1 (stratum radiatum)were studied fromeach

of the 6 animals (75 dendritic shafts per groupwere analyzed).
The spine density of the proximal apical dendrite area was
analyzed (minimum 100𝜇m from soma). For each examined
neuron, one 100 𝜇m long segment from a second- or third-
order dendrite (protruding from its parent apical dendrite)
was chosen for spine density quantification as previously
described [48]. The dendrites were selected under a 100x oil
immersion lens and the images of these apical dendrites were
captured through a camera (AxioCam MRC V5, program:
AxioVision 40V. 4.8.1.0 Carl Zeiss Imaging SolutionsGmbH)
connected to a light microscope (Zeiss Observer Z1, with
10x ocular magnification) and a computer. Serial images
were made from each dendrite in the whole of the analyzed
segment (Z-stack). The captured multiple photomicrographs
fromone dendrite were then stacked into one file. To stack the
images and determine the spine density, ImageJ 1.44 software
(National Institute of Health, Bethesda, USA) was used.

2.7. Statistical Analysis. Behavioural data were analyzed by
repeated measures ANOVA, followed by Fisher’s LSD post
hoc tests for multiple comparisons. For the evaluation of the
results of Golgi impregnation, Student’s 𝑡-test for indepen-
dent samples was used. Statistical significance was set at 𝑃 <
0.05. The data were expressed as the means ± (S.E.M.).

3. Results

3.1. Spatial Learning and Memory in the Morris Water Maze.
MWMwas used to test spatial learning andmemory each day
on days 14 to 20 after IHC administration of fA𝛽

1−42
. Escape

latency to find the platformwas used as ameasure for evaluat-
ing spatial memory.The results showed that the performance
of both groups (fA𝛽-treated and untreated) improved from
day to day, reflecting long-term memory. However, learning
was slower each day in the fA𝛽

1−42
-treated compared to

the control group: escape latencies were significantly longer
in rats with fA𝛽

1−42
treatment than in the control animals

analysed by repeated measures ANOVA (𝐹
1,94
= 6.450; 𝑃 =

0.013) (Figure 2(a)). A significant difference was observed
between the groups also for swimming distance (repeated
measures ANOVA: 𝐹

1,94
= 6.840; 𝑃 = 0.010) (Figure 2(b)).

Despite the significantly slower learning in the fA𝛽
1−42

-
treated group, performance at the probe test (given 24 h
after the learning phase) indicated that spatial memory
was not impaired, as the time spent in quadrants and the
number of crossings over the virtual platform’s position were
comparable in the two groups (𝑡

22
= −1.247; 𝑃 = 0.226 and

𝑡
22
= 0.745; 𝑃 = 0.464, resp.) (Figures 3(a) and 3(b)).

3.2. Dendritic Spine Density. The Golgi staining method
labelled a subset of neurons in the hippocampus. In gen-
eral, 20–30 fully impregnated CA1 pyramidal cells could
be detected per slice. There was no difference between the
groups in staining.

We investigated all types of spines but solely focused
on determining dendritic spine density. Spine numerical
density was different between the two groups (t

28
= 14.415;

𝑃 < 0.0001). In the fA𝛽
1−42

-treated group decreasing
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Figure 2: fA𝛽
1−42

-injection induced learning deficit in the Morris water maze test. (a) fA𝛽
1−42

-injection resulted in slower learning during
the acquisition phase compared to control group (𝑃 = 0.013); (b) fA𝛽

1−42
-treated animals swam longer distance than the controls to find the

platform (𝑃 = 0.010). Each value represents the mean (±S.E.M.) (𝑛 = 12 rats per group).
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Figure 3: Injection of fA𝛽
1−42

did not affect performance in the Morris water maze probe test. (a) In the target quadrant, the amyloid-treated
animals spent time comparable to controls. (b) fA𝛽

1−42
-injection did not have a significant effect on the number of crossings over where the

virtual platform had been in the maze. Each value represents the mean (±S.E.M.) (𝑛 = 12 rats per group).

spine density (spine number) was detected compared to the
controls (Figure 4). Each column represents the mean value
of the dendritic spine number of 75-75 pyramidal neurons.

Photomicrographs of the pyramidal neurons from con-
trol, nontreated rats (Figures 5(a) and 6), and fA𝛽

1−42
-treated

rats (Figures 5(b) and 7) clearly demonstrate the difference in
dendritic spine density in the two experimental groups.

4. Discussion

The present study explored the effects of fA𝛽
1−42

on spatial
behaviour and on hippocampal dendritic spines in nontrans-
genic rats. A𝛽 accumulation in the specific brain regions is
a hallmark of AD pathology; however, the role of amyloid
plaques has been debated. Depositions of fA𝛽 in plaques
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Figure 4: Golgi staining revealed changes in spine density after the fA𝛽
1−42

-injection (A). Apical dendritic spine density analysis showed that
the amyloid treatment induced a decrease in spine density (𝑃 < 0.0001). In each experimental group 75 dendritic shafts of 3 animals were
studied. The values represent the mean (±S.E.M.) (𝑛 = 3 rats per group).

(a) (b)

Figure 5: Representative photomicrograph of a CA1 subfield pyramidal neuron from a control (a) and an amyloid-treated (b) rat.

and the surrounding oligomeric A𝛽 are considered as trigger
signals to induce dendritic spine loss and synapse dysfunction
in AD. A𝛽 assemblies are synaptotoxic: they can be bound to
axons and membrane proteins, resulting in Ca2+ influx into
the neurons [49]. The synapse and dendritic spine loss are
strongly correlated with cognitive impairment in AD, and A𝛽
has been shown to target synapses [40, 50].

Numerous studies have reported significant changes after
IHCadministration of various types and aggregation forms of
A𝛽 [4, 25–38]. Some studies reported that synapse dysfunc-
tion was triggered by A𝛽 oligomers [49, 51]. Other studies
proposed fA𝛽 deposits as causative factor for the local synap-
tic abnormalities since decrease of dendritic spine densitywas
detected nearby the A𝛽 plaques [13, 52–54]. However, it has
not been clear how the nondiffusible, immobile A𝛽 fibrils
interact with neuronal structure. As of today, senile plaques
are considered mostly as nontoxic “outburns” sequestering
toxic A𝛽 species to nontoxic fibrils. However, bilateral IHC
injection of fA𝛽

1−42
results in reduction of neuronal density

and increases of glial fibrillary acidic protein intensity, with
simultaneous appearance of numerous A𝛽 deposits and
behavioural performance deficits [4, 26]. IHC administration

of shorter form of A𝛽 (A𝛽
1−40

) results in decreased density of
dendritic spines in hippocampus [25, 28].

Our current findings demonstrated that synthetic fA𝛽
1−42

simultaneously decreased spatial learning abilitymeasured in
MWM (Figure 2(a)) and reduced dendritic spine density in
the rat hippocampus CA1 region (Figures 4–6). According
to the literature data, the synthetic fA𝛽 assemblies have also
a surrounding of A𝛽 oligomers [55], in accordance with the
law of chemical equilibriums. After fA𝛽 injection, diffusible
A𝛽 oligomers could be formed in the rat hippocampus and
initiate dendritic spine density loss. The measured spine loss
in HC CA1 region may explain the decreased learning ability
since the presence and maturation of dendritic spines on the
CA1 pyramidal cells are necessary to evolve the spatial mem-
ory unit [56]. It is generally accepted that misfolded proteins
initiate dendritic spine reduction and memory decline. A𝛽
and 𝛼-synuclein oligomers decrease the amount of synaptic
proteins and vesicles and via tau hyperphosphorylation
initiate the loss of dendritic spines [57, 58]. The instability
of dendritic spines leads to progressive neocortical spine loss
in a mouse model of Huntington’s disease [59]. Our results
support the theory that decreasing spine density in AD can
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(a) (b)

(c)

Figure 6: Representative photomicrographs of oblique dendritic segments from hippocampal CA1 pyramidal neurons of three control rats
((a), (b), and (c)). The dendritic spine density of vehiculum treated animals was significantly higher compared to the fA𝛽

1−42
-treated rats.

(1000x).

(a) (b)

(c)

Figure 7: Representative photomicrographs of oblique dendritic segments from hippocampal CA1 pyramidal neurons of every amyloid-
treated Golgi impregnated rat ((a), (b), and (c)). The fA𝛽

1−42
locally reduced the spine density in the fA𝛽

1−42
-injected group (1000x).
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cause or contribute to the memory decline: dendritic spines
are the site of most excitatory synapses and their loss is in
good correlation with the cognitive dysfunction.

Abbreviations

AD: Alzheimer’s disease
APP: Amyloid precursor protein
A𝛽: Amyloid-beta
DMSO: Dimethyl sulfoxide
fA𝛽
1−42

: Fibrillar A𝛽
1−42

HC: Hippocampus
HFIP: Hexafluoroisopropanol
IHC: Intrahippocampal
MWM: Morris water maze.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contribution
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Increasing lines of evidence support that testosterone may have neuroprotective effects. While observational studies reported an
association between higher bioavailable testosterone or brain testosterone levels and reduced risk of Alzheimer’s disease (AD),
there is limited understanding of the underlying neuroprotective mechanisms. Previous studies demonstrated that testosterone
could alleviate neurotoxicity induced by 𝛽-amyloid (A𝛽), but these findings mainly focused on neuronal apoptosis. Since synaptic
dysfunction and degeneration are early events during the pathogenesis of AD, we aim to investigate the effects of testosterone on
oligomericA𝛽-induced synaptic changes.Our data suggested that exposure of primary cultured hippocampal neurons to oligomeric
A𝛽 could reduce the length of neurites and decrease the expression of presynaptic proteins including synaptophysin, synaptotagmin,
and synapsin-1. A𝛽 also disrupted synaptic vesicle recycling and protein folding machinery. Testosterone preserved the integrity
of neurites and the expression of presynaptic proteins. It also attenuated A𝛽-induced impairment of synaptic exocytosis. By using
letrozole as an aromatase antagonist, we further demonstrated that the effects of testosterone on exocytosis were unlikely to be
mediated through the estrogen receptor pathway. Furthermore, we showed that testosterone could attenuate A𝛽-induced reduction
of HSP70, which suggests a novel mechanism that links testosterone and its protective function on A𝛽-induced synaptic damage.
Taken together, our data provide further evidence on the beneficial effects of testosterone, which may be useful for future drug
development for AD.
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1. Introduction

Cognitive dysfunction or impairment is the major symptom
inAlzheimer’s disease (AD). Loss of synaptic proteins leading
to synaptic dysfunctions and perturbation of cytoskeleton
leading to disturbance of axonal transport may explain the
underlying mechanisms of these cognitive changes [1, 2].
Neurotransmission is a complicated process which involves
multiple steps: synthesis and storage of neurotransmitter in
synaptic vesicles, transmission of synaptic vesicles towards
presynaptic density membrane, docking of synaptic vesicles
to presynaptic membrane, release of neurotransmitter, reup-
take of excessive neurotransmitters, and recycling of synap-
tic vesicles [3]. These processes must be highly regulated.
Dysfunction of any of the above steps will impair normal
neurotransmission, which is indeed a major pathological
change during the progression ofAD [4–6]. It has been shown
that oligomeric 𝛽-amyloid (A𝛽) peptide can impair both
presynaptic and postsynaptic density proteins and receptors
for neurotransmitters in experimental models of AD [7–
10]. Preventing the deterioration of synaptic degeneration
is therefore an important therapeutic approach to delay the
progression of AD.

The reduction of bioavailable testosterone is associated
with increased levels of A𝛽 peptides, hyperphosphorylation
of tau protein, and neuronal cell death. Therefore, the loss of
bioavailable testosterone and its metabolites dihydrotestos-
terone or estrogen has been suggested as a risk factor of
developing dementia and evenAD [11–14].The significance of
testosterone in the development of AD has been extensively
investigated by Pike’s laboratory.They reported that androgen
regulates A𝛽 levels via androgen receptor (AR) and estrogen
receptor (ER) in cell cultures and rodent AD models [15].
Testosterone had been shown to increase neuronal viability
in cultured hippocampal neurons through the AR-dependent
mitogen-activated protein kinase (MAPK)/extracellular sig-
nal related kinase (ERK) signaling pathway [16]. Testosterone
could also elevate the levels of neprilysin to facilitate A𝛽
clearance [17]. Furthermore, it was found that the nonarom-
atizable androgen dihydrotestosterone (DHT), which is con-
verted from testosterone, exerted neuroprotective effects by
activating the AR-dependent cyclic AMP response element
binding protein (CREB) signaling pathway in PC12 cells and
cultured hippocampal neurons [18]. Evidence in AD mice
models showed thatDHT elevated the levels of neprilysin and
reduced A𝛽 levels via AR-independent pathway [19, 20]. A
more recent finding further demonstrated that testosterone
promoted the degradation of A𝛽 through an estrogenic
pathway-independent manner [21]. All these data suggested
that physiological level of testosterone is likely to reduce the
chance of developing AD.

Preventing the loss or degeneration of synapse at early
phase of AD is important [1, 22]. Since it has been suggested
that testosterone is neuroprotective and prevents neurode-
generation, it is reasonable to speculate that testosterone
may elicit a protective role in synapse. It has been well
reported that synaptic vesicle proteins play a curial role in
neurotransmission, and synaptic vesicle proteins recycling
was decreased by oligomeric A𝛽 [9, 23]. Heat shock proteins

are chaperones that help in preventing protein aggregation
and fighting against cellular stress and thus have a potential
implication for neurodegenerative disorders [24, 25]. HSP70
and HSP90 were found to suppress A𝛽 aggregation in vitro
[26]. A study using humanneurons reported that testosterone
increased HSP70 protein levels and consequently attenuated
A𝛽 toxicity [27]. In the present study, we aim to investi-
gate whether testosterone can prevent synaptic degeneration
triggered by oligomeric A𝛽 peptide. We demonstrate that
physiological level of testosterone reversed A𝛽-induced neu-
rite damage, loss of synaptic vesicle proteins, and exocytosis
dysfunction.The synaptoprotective effects of testosterone are
accomplished by an ER-independent pathway.

2. Materials and Methods

2.1. Animals. Animal experimental protocol was approved by
the Committee on the Use of Live Animals in Teaching and
Research of The University of Hong Kong. The Laboratory
Animal Unit of The University of Hong Kong is accredited
by the Association for Assessment and Accreditation for
Laboratory Animal Care (AAALAC International).

2.2. Primary Cultures of Rat Hippocampal Neurons. Primary
cultures of rat hippocampal neurons were prepared from
embryonic day 18 Sprague-Dawley rat embryos by using the
method described previously [28]. Briefly, hippocampi were
dissected in 1X PBS supplemented with glucose (18mM).
They were then mechanically dissociated in minimum
essential medium (MEM) and then seeded onto poly-L-
lysine (25 𝜇g/mL) coated 15mm glass coverslips at density
of 7 × 104 cells/coverslip in neurobasal medium contain-
ing 2% B-27, glutamax (2mM), penicillin (50U/mL), and
streptomycin (50𝜇g/mL) (Gibco-BRL). Deoxyfluorouridine
(dFUR) (Sigma) was added into the neuronal cultures at
day in vitro 2 (DIV 2) at a final concentration of 1𝜇M for
inhibiting proliferating glial cells.Hippocampal neuronswere
cultured for 14 days at 37∘C in a humidified 5%CO

2
incubator

prior to treatment. All treatments were performed in DIV
14 hippocampal neurons. We chose this developmental stage
because it had been shown that neurons developed all
synaptic components such as synaptic proteins and spine after
2 weeks of culture [29, 30].

2.3. Oligomeric A𝛽 Peptides Preparation and Treatment. Oli-
gomeric A𝛽 was prepared according to our previous report
[31]. A𝛽

1–42 peptide was dissolved in 1,1,1,3,3,3-hexafluoro-2-
propanol (Sigma) and then it was dried overnight by air at
room temperature. The peptide pellet was resuspended with
anhydrous DMSO (Sigma) at 2mM as final concentration.
A𝛽 was then bath-sonicated for 30min at room temperature.
Aliquot A𝛽 peptide was stored at −80∘C deep freezer before
use. The working concentration of A𝛽 was 5 𝜇M in all
experiments.This concentration of A𝛽 could induce synaptic
degeneration including the reduction of synaptic proteins but
not apoptosis when applied to hippocampal neurons for 24 h
[28, 31].
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To investigate the neurotoxicity of A𝛽 on primary cul-
tures of hippocampal neurons, A𝛽 was diluted with NB
medium and was added to the cell culture at DIV14 for
24 h. Neuroprotective effects of testosterone were investi-
gated in pretreatment experiments. 10 nM of testosterone has
been considered to be at physiological dose [32]. Previous
reports showed that 10 nM testosterone elicited neuroprotec-
tive effects in primary neuronal cultures [33, 34]. Based on
these findings, hippocampal neurons were incubated with
10 nM of testosterone (Sigma) for 1 h and then cotreated with
oligomeric A𝛽 for 24 h. The control group was treated with
DMSO as vehicle.

2.4. Immunocytochemistry. Immunocytochemical staining
was performed according to our previous publication [35].
Primary cultures of hippocampal neurons were fixed with
4% paraformaldehyde for 20min and then permeabilized
with 0.1% Triton X-100 for 7min at room temperature.
Nonspecific binding of antibody was blocked with 5% bovine
serum albumin (BSA) for 1 h. Neurons were incubated
with primary antibodies MAP-2, synapsin-1 (1 : 400; Cell
Signaling Technology), synaptophysin (1 : 400; Chemicon),
synaptotagmin (1 : 400; Calbiochem), and HSP70 (1 : 400;
Enzo life sciences) for 1 h. The neurons were washed with
TBS and then incubated with secondary antibodies (Alexa-
488; 1 : 400; Molecular Probes, Invitrogen) for 1 h at room
temperature. Neurons were washed with TBS and finally
mounted with ProLong Antifade Kit (Molecular Probes,
Invitrogen). Immunostaining was analyzed using a Carl Zeiss
LSM700 inverted confocal microscopy provided by Faculty
Core Facility, HKU.

2.5. Detection of the Loading and Unloading Capability of
Synaptic Vesicles by Using FM4-64 . The loading and unload-
ing capacity of synaptic vesicles was determined by using
FM4-64 probe (Molecular Probes, Invitrogen), which is a
modified styryl dye widely used for the visualization of
vacuoles and endocytic movement. The FM4-64 protocol
was adopted and modified from previous publication [36].
For the measurement of synaptic vesicles loading capacity,
FM probe (5 𝜇M) in HBSS was added to the neuronal
cultures after drug treatment. Potassium chloride (100mM)
was added simultaneously to stimulate the neurons to induce
endocytosis for 5min. After rinsing with HBSS, the neurons
were fixed with 4% paraformaldehyde and mounted with
ProLong Antifade Kit and images were captured by Carl
Zeiss LSM-510Meta/Axiocam inverted confocal microscope.
Similar procedures were carried out for the measurement
of synaptic vesicles unloading capability. After rinsing with
HBSS, the neurons were further incubated with potassium
chloride (100mM) for 5min to induce complete exocytosis.
The cultured neuronswere thenwashedwithHBSS to remove
potassium chloride, fixed with 4% paraformaldehyde, and
mounted and representative images were captured by the
confocal microscope.

2.6. Statistical Analysis. One-way analysis of variance
(ANOVA) was used to analyze the data for multiple variable

comparisons. Student-Newman-Keuls test was used as a post
hoc test. GraphPad Prism was used as the statistical software.
Results were expressed in fold of control and are shown as
mean ± standard error (SE) from at least three independent
experiments. In each experiment, at least 5 fields were
captured and 5 cells were counted in each treatment group.

3. Results

3.1. Testosterone Prevented Oligomeric A𝛽-Induced Neuritic
Damage and Synaptic Vesicle Proteins Disruption in Hip-
pocampal Neurons. To study the effects of testosterone
against A𝛽-induced damage on neurites, immunostain-
ing of microtubule-associated protein-2 (MAP-2) was per-
formed. Exposure of hippocampal neurons (DIV 14) to A𝛽
caused fragmentation of neurites and reduced their length
(Figure 1(c)) when compared to the control (Figure 1(a)). Pre-
treatment of neurons with testosterone for 1 h attenuated the
damaging effects of A𝛽 on neurites. As shown in Figure 1(d),
there were less fragmented neurites and the architecture of
neurites has been preserved. In order to examine the pro-
tective effects of testosterone against A𝛽 in synaptic regions,
immunocytochemical staining of synaptic vesicle proteins
including synaptophysin, synaptotagmin, and synapsin-1 was
conducted. As shown in Figures 2(a), 3(a), and 4(a), synap-
tophysin, synaptotagmin, and synapsin-1 were shown as fine
puncta along neurites in the control groups, respectively.The
number of puncta and fluorescent intensity of synaptophysin,
synaptotagmin, and synapsin-1 were markedly decreased
after A𝛽 treatment (Figures 2(c), 3(c), and 4(c)). The toxic
effects ofA𝛽were reversed by exposing hippocampal neurons
to testosterone for 1 h (Figures 2(d), 3(d), and 3(d)). Statis-
tical analysis showed that the pretreatment of testosterone
significantly elevated A𝛽-induced reduction of the number
of puncta and fluorescent intensity of synaptophysin and
synaptotagmin (Figures 2(e), 2(f), 3(e), and 3(f)). Testos-
terone also provided protection on synapsin-1, although it
is not statistically significant. All these data suggested that
testosterone reduced A𝛽-mediated synaptic damage and it
preserved synaptic vesicle proteins.

3.2. Testosterone Reversed Oligomeric A𝛽-Induced Exocyto-
sis Dysfunction. Neurotransmission within synapses can be
affected by membrane receptors, ion channels, endocyto-
sis, and exocytosis. In this study, FM fluorescent probe
was applied to the neurons to examine the loading and
unloading function of synaptic vesicles.Thefluorescent probe
was successfully uptaken by synaptic vesicles in all groups
(Figures 5(a)–5(d)). There was no significant difference in
fluorescent intensity between A𝛽-treated group and control
group in FM probe loading experiment (Figure 5 (k)), sug-
gesting that endocytosis was not affected by A𝛽 peptide.

On the other hand, the neuroprotective effects of testos-
terone were revealed in FM probe unloading experiment.
Aggregation of the FM probe was found in A𝛽-treated
neurons (Figure 5(g)), suggesting that A𝛽 caused impair-
ment of the exocytosis process, and hence FM probe could
not be released. However, when neurons were exposed
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Figure 1: Testosterone reduced neurite shortening following oligomeric A𝛽 treatment in primary hippocampal neurons. Primary
hippocampal neurons were treated with 10 nM testosterone for 1 h, followed by exposure to 5𝜇M oligomeric A𝛽 for 24 h. Neurons were
stained with MAP-2 antibody. (a) Control, (b) 10 nM testosterone for 25 h, (c) 5 𝜇MA𝛽 for 24 h, and (d) 10 nM testosterone for 1 h, followed
by exposure to 5 𝜇MA𝛽 for 24 h. Arrows indicate fragmentation of neurites and white dot boxes indicate shortening of neurites.

to testosterone for 1 h prior to A𝛽, the aggregation of FM
probewas significantly reduced comparedwith those without
testosterone (Figure 5(h)). To investigate the neuroprotective
effects of testosterone after blocking of the estrogenic path-
way, an aromatase antagonist letrozole (1 𝜇M) was used for
further experiments [37]. When neurons were exposed to
testosterone and letrozole for 1 h followed by exposure to A𝛽
for 24 h, FM probe fluorescent intensity was also significantly
lower than that of the A𝛽-treated group (Figure 5(l)). The
results suggested that A𝛽-induced exocytosis dysfunction
could be restored by testosterone probably through an
estrogenic-independent pathway.

3.3. Testosterone Retained Heat Shock Protein in Neurons
under A𝛽 Insults. Heat shock proteins are molecular chaper-
ones that play important regulatory roles for the stabilizing
and even facilitate the clearance misfolded or aggregated
proteins via chaperone-mediated autophagy. This is partic-
ularly important for the turnover of presynaptic proteins.

The fluorescent intensity of HSP70 was tremendously
decreased in A𝛽-treated neurons when compared with neu-
rons in the control group (Figures 6(a) and 6(c)). For neurons
exposed to testosterone prior to A𝛽, the fluorescent intensity
of HSP70 was markedly restored (Figure 6(d)). Analysis of
images showed that the level of HSP70 in testosterone treated
group was even similar to the control group (Figure 6(e)).

4. Discussion

Themale sex hormone testosterone has demonstrated its neu-
roprotective effects in various studies [38–40]. In AD, testos-
terone has been shown to improve neuronal viability and
reduce A𝛽 accumulation and AD-like pathological changes
in animal and cell culture models [34, 41]. Based on these
findings, we are interested to further explore the potential
protective effects of testosterone against A𝛽 neurotoxicity.
Specifically, we aim to examine its effects on oligomeric
A𝛽-induced synaptic changes. We found that testosterone
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Figure 2: Testosterone attenuated oligomeric A𝛽-induced reduction of synaptophysin in primary hippocampal neurons. Primary
hippocampal neurons were treated with 10 nM testosterone for 1 h, followed by exposure to 5𝜇M oligomeric A𝛽 for 24 h. Neurons were
stained with synaptophysin antibody. (a) Control, (b) 10 nM testosterone for 25 h, (c) 5 𝜇M A𝛽 for 24 h, and (d) 10 nM testosterone for 1 h,
followed by exposure to 5 𝜇M A𝛽 for 24 h. (e) The number of puncta and (f) the fluorescent intensity were analyzed by Image J software as
described in the above section. ∗𝑃 < 0.05 versus control group, #

𝑃 < 0.05 versus A𝛽 group. White dot boxes indicate reduced number of
puncta along neurites in A𝛽-treated group.
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Figure 3: Testosterone attenuated oligomeric A𝛽-induced reduction of synaptotagmin in primary hippocampal neurons. Primary
hippocampal neurons were treated with 10 nM testosterone for 1 h, followed by exposure to 5𝜇M oligomeric A𝛽 for 24 h. Neurons were
stained with synaptotagmin antibody. (a) Control, (b) 10 nM testosterone for 25 h, (c) 5 𝜇M A𝛽 for 24 h, and (d) 10 nM testosterone for 1 h,
followed by exposure to 5 𝜇M A𝛽 for 24 h. (e) The number of puncta and (f) the fluorescent intensity were analyzed by Image J software as
described in the above section. ∗𝑃 < 0.05 versus control group, ∗∗𝑃 < 0.005 versus control group, and ##

𝑃 < 0.005 versus A𝛽 group.
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Figure 4: Testosterone attenuated oligomeric A𝛽-induced reduction of synapsin-1 in primary hippocampal neurons. Primary hippocampal
neurons were treated with 10 nM testosterone for 1 h, followed by exposure to 5𝜇M oligomeric A𝛽 for 24 h. Neurons were stained with
synapsin-1 antibody. (a) Control, (b) 10 nM testosterone for 25 h, (c) 5 𝜇MA𝛽 for 24 h, and (d) 10 nM testosterone for 1 h, followed by exposure
to 5 𝜇MA𝛽 for 24 h. (e) The number of puncta and (f) the fluorescent intensity were analyzed by Image J software as described in the above
section. ∗∗∗𝑃 < 0.0005 versus control group, #

𝑃 < 0.05 versus control group, and ∗𝑃 < 0.05 versus A𝛽 group. White dot boxes indicate
reduced number of puncta along neurites.
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Figure 5: Oligomeric A𝛽-induced impairment of synaptic vesicle unloading was ameliorated by pretreatment of testosterone. Primary
hippocampal neurons were treated with testosterone or letrozole (aromatase inhibitor) + testosterone, followed by exposure to 5𝜇M
oligomeric A𝛽 for 24 h. Neurons were stained with FM4-64 fluorescent probe. (a)–(d) represent synaptic vesicle uptake FM probe capability.
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𝑃 < 0.01 versus A𝛽 group.
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Figure 6: Testosterone attenuated oligomeric A𝛽-induced reduction of heat shock protein in primary hippocampal neurons. Primary
hippocampal neurons were treated with 10 nM testosterone for 1 h, followed by exposure to 5𝜇M oligomeric A𝛽 for 24 h. Neurons were
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preserved cytoskeletal protein (MAP-2) and synaptic vesicle
proteins in A𝛽-treated hippocampal neurons. Testosterone
also mitigated A𝛽-induced synaptic exocytosis dysfunction
probably through an estrogenic independent pathway. In
addition, we showed that testosterone treatment attenuated
A𝛽-induced reduction of HSP70. Our data suggest that
testosterone is effective in reducing A𝛽-induced synaptic
dysfunction in rat hippocampal neuron, and this may explain
the importance of physiological dosages of testosterone in the
prevention of AD.

Testosterone is known to modulate synaptic plasticity
and is involved in the maturation of spine [42, 43]. It
has been proved that the hormone can reach the brain
via blood circulation, or it can be synthesized locally in
the hippocampus in a low yet sufficient concentration to
modulate synaptic density and synaptic functions [44, 45].
In our study, we have shown that physiological level of
testosterone was able to attenuate devastating changes in the
synapse. It is interesting to note that testosterone mainly
attenuated changes in the presynaptic compartment (preserv-
ing synaptophysin, synaptotagmin, and synapsin-1) from our
results. Since we did not detect obvious changes between
the control and A𝛽-treated groups for postsynaptic proteins
such as postsynaptic density 95 (PSD-95) (Supplementary
Figure 1, see Supplementary Material available online at
http://dx.doi.org/10.1155/2014/103906), we did not further
investigate the effects of testosterone on the postsynaptic pro-
teins. In the study conducted by Ziehn and colleagues, it was
found that testosterone could restore the excitatory synaptic
transmission and the levels of both pre- and postsynaptic
proteins in amousemodel ofmultiple sclerosis (experimental
autoimmune encephalomyelitis, EAE) [46]. They reported
that testosterone restored the levels of PSD-95 during EAE
and attenuated the atrophy of hippocampus. In another study
conducted by Li and colleagues, testosterone replacement in
castrated mice also restores the decreased level of PSD-95
[42]. These studies suggested that testosterone may preserve
the postsynaptic compartment (spine) and it is likely to have
an effect on PSD-95. It is not clear why testosterone could
not preserve oligomeric A𝛽-induced changes on PSD-95 in
our model. Since the two studies were conducted in animals
in which microglia were present to surround neurons, it is
therefore possible that testosterone has an anti-inflammatory
role to mediate its action on PSD-95 through monitoring the
neighboring microglia [46]. In fact, in our in vitro model,
testosterone is likely to have direct effects on neurons because
the growth of microglia was minimized in our preparation
protocol.

Testosterone can bind to androgen receptors, or it can
be aromatized locally to estradiol and then bind to estrogen
receptors [17]. We found that the application of letrozole
to block the conversion of testosterone to estradiol did
not repress the protective effects of testosterone against
oligomeric A𝛽, as indicated in our FM probe exocytosis
experiment. The results suggested that it is unlikely for
testosterone to elicit its neuroprotective benefits through
activation of estrogen receptors. In fact, our data showed that
cotreatment of testosterone and letrozole further attenuated

A𝛽-induced reduction in FM probe fluorescent intensity.
The results suggest that testosterone per se is able to revert
impairment of presynaptic functions. The next question is
how testosterone modulates different presynaptic proteins.
Classical signaling for testosterone to exert its effects is to
bind to androgen receptor. This may display different heat
shock proteins (HSP), especially HSP70 and HSP90.

HSP70 and HSP90 are molecular chaperone which reg-
ulates the folding of proteins and recognizes misfolded
polypeptides. HSP are closely related to the pathogenesis
of neurodegenerative diseases including AD and Parkinson’s
disease. It was shown in a pilot study that the protein level
of HSP70 was markedly decreased in the olfactory receptor
neurons of subjects with ADwhen compared to age-matched
controls [41]. In another postmortem brain study, the expres-
sion of HSP70 was significantly increased in the temporal
cortex of patients with AD [47]. These findings suggest that
the level of HSP70 might change with stress. In vivo study
supported the protective role of HSP70 in synapse. The
induction of HSP70 prior to heat shock preserved synaptic
performance deficit from subsequent hyperthermia insult
[48].Moreover, overexpression ofHSP70 could suppress AD-
related phenotypes and reduce synaptic loss in a transgenic
AD mice model [49], further indicating the importance
of HSP70 during AD pathogenesis. In our study, we had
demonstrated that A𝛽-induced decrease in HSP70 protein
level was restored in the testosterone treatment group. This
finding is in linewith those reported byZhang and colleagues,
showing that testosterone and estrogen attenuated neuronal
cell death induced by intracellular A𝛽

1−42
. They reported

that testosterone treated group has increased levels of HSP70
and comicroinjection of HSP70 with A𝛽

1−42
blocks the

neurotoxicity of the peptide [27]. The molecular mechanism
underlying HSP70 neuroprotection against oligomeric A𝛽
toxicity is not clear. Previous studies suggested that HSP70
could prevent the translocation of p53 to the nucleus, thus
inhibiting apoptosis [47, 49]; yet it is still uncertain if this
is involved in the observed synaptic changes. One possi-
ble explanation for the observed improvement in synaptic
vesicle release would be the stabilizing effects of HSP70 on
presynaptic protein expression. In fresh pond water snails,
early induction of HSP70 stabilized presynaptic proteins
(syntaxin I, synaptic vesicle protein 2, and synaptotagmin
I) expression and attenuated hypoxia-induced motor and
sensory impairment [50]. HSP70 may also confer protec-
tion to the presynaptic compartment by stabilizing calcium
concentration and calcium influx. It has been reported that
HSP70 can interact with the cytosolic loop of CaV2.3 R-type
voltage-gated calcium channel [51].The interaction of HSP70
and calciumchannelmight be important for the prevention of
calcium overload during stress condition, thus contributing
to better synaptic transmission [52].

In summary, we have shown that physiological concen-
trations of testosterone protect hippocampal neurons from
oligomeric A𝛽-mediated synaptic toxicity and in the same
time increase the expression of HSP70 in these neurons.
Given that the use of testosterone replacement therapy is
still controversial with safety concern [53], understanding the
downstream effectors of testosterone in the AD brain may
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be helpful for the identification of potential pathway specific
neuroprotective agents.
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The neuropathological features associated with Alzheimer’s disease (AD) include the presence of extracellular amyloid-𝛽 peptide-
containing plaques and intracellular tau positive neurofibrillary tangles and the loss of synapses and neurons in defined regions of
the brain. Dipeptidyl peptidase 10 (DPP10) is a protein that facilitates Kv4 channel surface expression and neuronal excitability.This
study aims to explore DPP10

789
protein distribution in human brains and its contribution to the neurofibrillary pathology of AD

and other tauopathies. Immunohistochemical analysis revealed predominant neuronal staining of DPP10
789

in control brains, and
the CA1 region of the hippocampus contained strong reactivity in the distal dendrites of the pyramidal cells. In AD brains, robust
DPP10

789
reactivity was detected in neurofibrillary tangles and plaque-associated dystrophic neurites, most of which colocalized

with the doubly phosphorylated Ser-202/Thr-205 tau epitope. DPP10
789

positive neurofibrillary tangles and plaque-associated
dystrophic neurites also appeared in other neurodegenerative diseases such as frontotemporal lobar degeneration, diffuse Lewy
body disease, and progressive supranuclear palsy. Occasional DPP10

789
positive neurofibrillary tangles and neurites were seen in

some aged control brains.Western blot analysis showed both full length and truncated DPP10
789

fragments with the later increasing
significantly in AD brains compared to control brains. Our results suggest that DPP10

789
is involved in the pathology of AD and

other neurodegenerative diseases.

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder characterized pathologically by the presence of
extracellular amyloid plaques containing the amyloid-𝛽
peptide (A𝛽) and intracellular neurofibrillary tangles (NFTs)
containing hyperphosphorylated microtubule-associated
protein tau and loss of synapses and neurons in select brain
regions [1–3].The aetiology of AD is complex, with amajority
of cases being sporadic and approximately 10% being inher-
ited. Mutations have been identified in genes encoding
amyloid precursor protein (APP) [4, 5], presenilin 1 (PS1), and
PS2 in a small subset of familial AD cases. In sporadic AD
cases, polymorphisms of apolipoprotein E4 and other genes
have been associated with an increased risk of developing
the disease [6].

Oxidative stress, impaired energy metabolism, and dis-
ruption of neuronal Ca2+ regulation have all been impli-
cated in the cellular pathophysiology. Although experimental
approaches indicate that A𝛽 deposition plays an important
role in the neurodegenerative process in AD [7, 8], the mech-
anism underlying the relentless progression of neurofibrillary
pathology and neuronal death remains to be fully elucidated.
Over the last decade there have been a number of studies
demonstrating that potassium channel dysfunction may be
involved in the pathogenesis of AD [9–13].

Neuronal excitability is finely controlled by variousmem-
branous channels and associated proteins. In the central
nervous system, the rapidly inactivating voltage-gated potas-
sium channels (Kv channels) are the major determinants
of dendritic excitability [14]. In particular, Kv4 channels, a
subfamily of Kv channels, account for a large portion of the
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Table 1: Primary antibodies used in this study.

Antibody/antiserum Species Epitope Source Dilution
DPP10789 (polyclonal) Rabbit DPP10789 𝑁-terminal intracellular domain This lab 1 : 100
Anti-GFP (polyclonal) Rabbit GFP Invitrogen, USA 1 : 3000

AT8 Mouse Specific for tau phosphorylation at Ser 202 and/or Thr
205

Innogenetics,
Belgium 1 : 1000

Tau2 Mouse Phosphorylated and nonphosphorylated tau Novocastra,
UK 1 : 1000

A4 Mouse 𝛽-Amyloid

Professor Colin
Masters,
Melbourne
University

1 : 250

Anti-𝛽III-tubulin monoclonal Ab Mouse 𝐶-Terminus of 𝛽III-tubulin Promega, USA 1 : 10000

somatodendritic inactivating current in neurons in regulat-
ing firing frequency and signal processing in dendrites. The
Kv4 channels are composed of the pore-forming subunits,
various auxiliary subunits, and other interacting proteins
such as Kv channel interacting proteins and dipeptidyl
peptidase-like proteins DPP6 and DPP10 [15–17].

Indeed, potassium channel dysfunction has been demon-
strated in fibroblasts and platelets of AD patients [9, 10]. Post-
mortem studies have also showed alterations of potassium
channel expression in AD brains [18]. Several publications
have demonstrated thatA𝛽 is involved inKv channel function
and may even play a physiological role in controlling neu-
ronal excitability [19, 20]. In addition, Kv channel interacting
protein 3, also known as calsenilin, is a presenilin binding
protein [21] that preferentially interacts with the familial AD
associated 𝐶-terminal fragment of PS2 [22]. Moreover, the
application of A𝛽 peptide to cultured cells increases both Kv
channel interacting protein 3mRNA and protein expression
as well as cell death. The A𝛽 toxicity can be prevented by
blocking expression of Kv channel interacting protein 3 [23].
Furthermore, in a study using a transgenic model of Alz-
heimer’s disease, some potassium channels in hippocampal
neurons were found to be absent [24]. Liu et al. reported that
a potassium channel activator diazoxide ameliorated A𝛽 and
tau pathologies and improvesmemory in the 3xTgADmouse
model [25]. Thus there is a body of research that suggests
that potassium channels or their associated proteins might be
involved in steps leading to the neurodegeneration observed
in AD.

DPP10 belongs to the dipeptidyl peptidase 4 (DPP4)
gene family sharing 59% amino acid sequence similarity with
DPP4, an atypical serine protease [26, 27]. However DPP10 is
missing the nucleophilic Ser residue in the catalyticmotif and
lacks enzyme activity. So far, four splice variants have been
reported for DPP10. As a result of alternate splicing of the
first exon, each variant has a short divergent cytoplasmic𝑁-
terminus. The remaining protein of each variant is identical
and consists of a highly conserved juxtamembrane, trans-
membrane, and large extracellular 𝐶-terminal domain. Kv4
channels containing different DPP10 variants display distinct
inactivation kinetics and voltage dependence at depolarized
potentials, indicating that the cytoplasmic portion of the
DPP10 protein influences the inactivation properties [28].We

have previously cloned the short form of DPP10 (DPP10
789

)
from human brain [27]. To further characterise its function,
we generated an antibody specific to DPP10

789
to examine

the expression of DPP10
789

in human brains. Here we report
that DPP10

789
is predominantly localized to neuronal soma

and dendrites in the neocortex and subcortical grey matter
in control brains and abnormally accumulated in Alzheimer’s
disease and other diseases characterised by tau positive
pathologies.

2. Materials and Methods

2.1. PrimaryAntibodies. The peptide H-MRKVESRGEGGRE-
OH containing the 𝑁-terminus of DPP10

789
was ordered

from MIMOTOPES (VIC, Australia). This 𝑁-terminal
sequence shares no sequence identity with the two other
forms of DPP10 or the𝑁-termini of the four DPP6 isoforms
and therefore will only detect the DPP10

789
isoform of DPP10

[29]. Rabbits were immunised by the peptide mixed with
Freund’s complete adjuvant.DPP10

789
antiserumwas purified

using an affinity column prepared from the respective immu-
nising peptide (ABGENT, Inc., San Diego, CA, USA) conju-
gated to 6% cross-linked beaded agarose. A sequence homo-
logy search was performed using BlastP into the GenBank
database and the peptide sequence only had significant
homology with DPP10

789
. All other primary antibodies, their

source, and the dilution used in the present studies are listed
in Table 1.

2.2. Human Cases. Samples from the hippocampus, the
frontal and temporal cerebral cortex, the entorhinal and
cingulated cortex, and the cerebellum were obtained from
individuals listed in Table 2. Brain tissue was collected by
the National Health Medical Research Council (NHMRC)
Brain Bank of South Australia following NHMRC ethical
guidelines. All diseased cases had a clinical diagnosis while
control cases showed no clinical signs of dementia.

2.3. Cell Culture and Sample Preparation. The human kidney
epithelial cell line 293T was cultured as described previously
[30]. Transfection with GFP-DPP10

789
construct was carried

out by methods previously described using Fugene 6 (Roche,
USA) [27, 30]. After 48 hrs, cell extracts were resuspended in
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Table 2: Human cases analysed in this study.

Brain Bank
number Gender Age Postmortem

delay (h)
Neuropathological

diagnosis
SA0123 M 80 21 AD
SA0126 F 79 31 AD
SA0134 F 69 23 AD
SA0143 M 84 15 AD
SA0148 M 81 14 AD
SA0129 F 88 9 Early AD
SA0087 M 71 15.5 FTLD
SA0069 M 69 31 DLBD
SA0079 F 82 31 DLBD
SA0063 F 81 7 DLBD
SA0094 M 74 24 DLBD
SA0035 F 72 28 PSP
SA0043 F 69 10 PSP
SA0106 M 66 29 PSP
SA0136 F 80 20 PSP
SA0010 M 58 14 Control
SA0013 M 64 23 Control
SA0021 F 72 7 Control
SA0030 M 69 48 Control
SA0031 F 61 8 Control
AD: Alzheimer’s disease, DLBD: diffuse Lewy’s body disease, FTLD:
frontotemporal lobar degeneration, PSP: progressive supranuclear palsy,
F: female, and M: male.

sonication buffer (20mM Tris pH 7.5, 5mM EGTA, 2mM
EDTA and 0.25M sucrose) and sonicated for 3 × 10 sec.
Following sonication cellular debris was removed by a brief
10,000 g centrifugation and then the supernatant underwent
a 30min 100,000 g centrifugation at 4∘C to pellet membrane
proteins. The membrane pellet was solubilized in sonication
buffer containing 0.5% Triton X-100, mixed with 4x sample
buffer (6% SDS, 40% sucrose, 150mM Tris pH 6.8, and
0.03% Bromophenol Blue), and incubated at 37∘C for 10mins
and run on 10% SDS-PAGE. The recombinant GFP-tagged
DPP10

789
protein was detected using either an anti-GFP

antibody (Cell Signaling Technology, USA) or the affinity
purified anti-DPP10

789
antibody described above.

2.4. Tissue Preparation. Brain tissues were fixed routinely by
immersion in a mixture of 4% paraformaldehyde and picric
acid. Series of each frozen section (450𝜇m thick) were cut
on a chilledmicrotome. Paraffin sections were cut (5–20 𝜇m),
mounted on gelatine coated glass slides, and dried in an oven
at 37∘C overnight.

2.5. Immunohistochemistry. Agreen fluorescent proteinGFP-
DPP10

789
construct with GFP fused to the 𝑁-terminus of

DPP10
789

was transiently transfected into 293T cells cultured
on a chamber slide as described previously [27]. After 48 h,
cells were washed with PBS and then fixed with 2% parafor-
maldehyde made in PBS. The affinity purified anti-DPP10

789

Ab was used to detect recombinant DPP10
789

protein. Mouse

anti-rabbit Alexa 596 (Molecular Probes, Eugene, OR) was
used as the secondary antibody for immunofluorescence
studies.

Free-floating sections of human brain (50 𝜇m)were incu-
bated with primary antibody for 48 h at 4∘C. Incubation with
the secondary biotinylated anti-rabbit or anti-mouse IgG was
performed for 1 hr at room temperature. Immunoreactions
were visualised with the avidin-biotin-peroxidase complex
(VECTASTAIN ABC system, Vector Labs, UK) and 3-3-
diaminobenzidine-4 HCl/H

2
O
2
(DAB, D5637 Sigma, USA).

Paraffin-embedded sections were treated similarly after
dewaxing, except that they were heat-treated (105∘C for
10min 1mM EDTA, pH 8.0 at 25∘C) before immunostaining.

Double-labelled immunohistochemistry was performed
on sections from AD cases. Selected free-floating sections
were incubated with both anti-DPP10

789
and AT8 antibody

(anti-phosphorylated tau protein), Tau2 antibody (detects
both phosphorylated and nonphosphorylated tau), or A4
antibody (anti-amyloid-𝛽). Anti-DPP10

789
antibodywas then

visualized by anti-rabbit IgG conjugated with Cy2 (Jackson
ImmunoResearch Laboratories Inc., USA) while anti-tau
antibody or anti-amyloid antibody was detected by anti-
mouse IgG conjugated with Cy3 (Jackson ImmunoResearch
Laboratories).

Whenever the A4 antibody was used, antigen retrieval
was performed before the blocking step by incubating the
sections in preheated sodium citrate buffer (10mM, pH 8.5)
at 80∘C for 30min.

2.6. Quantification of Lesions. Adjacent free-floating sec-
tions of hippocampus or cortex were immunostained with
DPP10

789
, AT8, or A4 antibody separately using the DAB

reaction as described above.The number of lesions was quan-
tified at 200 times of magnification under an Olympus BH-
2 light microscope (Tokyo, Japan) coupled to a MicroPub-
lisher 3.3 RTV digital camera (QIMAGING, Canada). In the
hippocampus, three fields (0.01mm2/field) from each region
of Ammon’s horn (CA1-4) were counted. In neocortical
sections, three fields per case were counted in each of layers
III to V. After each field was captured, the stage was moved
manually to a new field using fiducial landmarks to ensure a
completely nonredundant evaluation.

2.7. Tissue Homogenates. Hippocampuses of five AD cases
and four control caseswere dissected from fresh-frozen brain.
Samples were homogenized in 10 volumes of ice-cold sucrose
buffer (0.32M sucrose, 1mM EDTA, 5mMTris-HCl, and pH
7.4) containing 0.2% Triton X-100 and a protease inhibitor
cocktail (Sigma, USA). The homogenate was centrifuged at
10,000×g for 20min.The supernatant was saved and the pel-
let was then resuspended in ice-cold sucrose buffer and
homogenized again. The homogenate was solubilised for 1 hr
at 4∘C. Insoluble material was removed by centrifugation at
10,000×g for 30 min. The second supernatant was com-
bined with the first as hippocampal solubilised fraction.
After the estimation of protein concentration, aliquots of
homogenates were immediately subjected to incubation with
4 × SDS-PAGE sample buffer (250mM Tris-HCl, 8% SDS,
40% glycerol, 0.4M DTT, 0.04% Bromophenol Blue, and pH
6.8) at 37∘C for 20min. Protein (50 𝜇g) from each sample was
loaded and run on a 10% SDS-PAGE gel.
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(a) (b)

(c)

Anti-DPP10789 Anti-GFP
DPP10789

peptide − −+

150kD

100 kD

(d)

Figure 1: Anti-DPP10
789

antibody characterization.TheGFP-DPP10
789

construct was transiently transfected into 293T cells. DPP10
789

protein
was stained with anti-DPP10

789
antibody followed by Cy3 goat anti-rabbit IgG (a).The green GFP fluorescence (b) and the overlay of the Cy3

and the GFP images (c). Scale bar is 20 𝜇m. Membrane fractions were prepared and run on a 10% SDS-PAGE gel. The transferred membrane
was immunoblotted with DPP10

789
antibody.TheDPP10

789
antibody recognized a 120 kDa band corresponding to the full-length GFP-tagged

DPP10
789

((d) far left lane). This 120 kDa band can be totally blocked with addition of the antigenic peptide for DPP10
789

antibody in the
blocking solution ((d) middle lane).The anti-GFP antibody detected the same band after the membrane was stripped and reprobed ((d) right
lane).

2.8. Immunoblot. Immunoblots were performed as described
previously [27] and incubated with the affinity purified
DPP10

789
antibody (final concentration at 1.25 𝜇g/mL) or

anti-𝛽III-tubulin monoclonal antibody (final concentration
0.1 𝜇g/mL) at 4∘C overnight. Bound antibodies were detected
using the SuperSignal West Pico Chemiluminescent Sub-
strate (Pierce, IL, USA). The membrane was exposed to X-
OMAT diagnostic film (Kodak Scientific Light Systems, NY,
USA) and developed on a Kodak X-OMAT 1000 Processor
(Kodak Australasia, Pty. Ltd.).

2.9. Analytical Methods. The protein concentrations of brain
homogenates were measured using the Bradford assay (Bio-
Rad, USA) according to the manufacturer’s instructions.
Levels of DPP10

789
in brain homogenates were estimated by

immunoblot using the Quantity One (BioRad, USA) image
analysis software package and were adjusted by the level of
neuron specific protein 𝛽-tubulin. An independent 𝑡-test was

performed to compare the expression of DPP10
789

between
control and AD brains.

3. Results

3.1. Specificity of the DPP10
789

Antibody. To confirm the
specificity of the anti-DPP10

789
antibody, we used immun-

ofluorescence and immunoblots to examine the 293T cells
transfected with the GFP-DPP10

789
construct (Figures 1(a)–

1(d)). With immunofluorescence, all cells that expressed GFP
fluorescence were detected by the anti-DPP10

789
antibody

(Figures 1(a), 1(b), and 1(c)), indicating the antibody specifi-
cally bound to recombinant GFP-DPP10

789
chimeric protein.

Our DPP10
789

antibody was designed to detect the𝑁-termi-
nal sequence of DPP10

789
, while the anti-GFP antibody rec-

ognises the GFP protein. On immunoblot (Figure 1(d)), the
DPP10

789
antibody recognised a band around 120 kDa

(Figure 1(d), far left lane), corresponding to the expected
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molecularmass ofGFP-taggedDPP10
789

and being consistent
with our previous studies [27]. The 120 kDa band was also
detected by the anti-GFP antibody (Figure 1(d), right lane)
confirming that the band was the GFP-DPP10

789
chimeric

protein. Because 293T cells are derived from human kidney
epithelial cells that do not express the brain derivedDPP10

789
,

no endogenous DPP10
789

was detected by immunoblot. Thus
these results confirmed that the DPP10

789
antibody was

specific to DPP10
789

.

3.2. DPP10
789

in Control and AD Brains. To document the
cellular localisation of DPP10

789
protein in human brains,

we first immunostained free-floating brain sections from a
selection of control cases and cases with various neurodegen-
erative diseases (Table 2). In control brains, positiveDPP10

789

staining was predominantly associated with neurons in the
CA1 region of the hippocampus (Figures 2(a), 3(a), and 3(b)).
The pyramidal cells were particularly well stained, with
DPP10

789
reactivity extending well into the distal portion of

dendrites (Figures 3(a) and 3(b)).
In contrast, very strong punctate DPP10

789
immunoreac-

tivity was observed in AD brains especially in the hippocam-
pal regions. Close examination revealed that neurofibrillary
tangles and dystrophic neurites were robustly stained with
the DPP10

789
antibody. These positive structures were most

abundant in the hippocampal region, where staining was
most intense in the CA1 and subiculum areas (Figures 2(b)–
2(e) and 2(h)). This immunoreactivity was completely abol-
ished by the DPP10

789
antigenic peptide (Figure 2(i)), and

sections incubated with preimmunization serum omitting
the DPP10

789
antibody did not show any positive stain-

ing (data not shown), further indicating that the observed
immunostaining was specific.

At high magnifications, three types of DPP10
789

positive
neurofibrillary tangle-like structures were observed: (1) gran-
ular staining in the neuronal soma (Figure 2(j)), resembling
pretangle phosphotau aggregates; (2) condensed intraneu-
ronal staining (Figures 2(k), 2(l), and 2(o)), resembling intra-
neuronal tau NFTs; (3) less condensed extracellular staining
(Figures 2(m), 2(n), and 5(h)), resembling extraneuronal tau
NFTs and ghost tangles. In addition, DPP10

789
immunore-

activity was also detected significantly in dystrophic neurites
surrounding amyloid plaques (Figures 2(d), 2(e), arrows, and
2(p)) and in neuropil threads (Figure 2(q)).

The DPP10
789

positive tangles and dystrophic neurites
were also observed in the frontal, temporal, entorhinal, and
cingulate regions as summarized in Table 3. No DPP10

789

positive staining was observed in the cerebellum.
Similar results were also observed in paraffin-embedded

sections. DPP10
789

immunostaining was detected on the cell
body and surface of dendrites of the hippocampal region
in a control case (Figures 3(a), arrows, and 3(b)). DPP10

789

positive staining was also observed in NFTs and plaque-
associated dystrophic neurites in AD brain (Figures 3(c)–
3(h)). Thus the above results suggested that the increased
DPP10

789
staining was primarily accumulated in neurofibril-

lary tangles and dystrophic neurites.

3.3. DPP10
789

in Other Tauopathies. Because neurofibril-
lary tangle and dystrophic neurite pathologies also occur
in neurodegenerative diseases other than AD, including
PSP and FTLD and DLBD, these later cases were further
examined. Some DPP10

789
positive tangles and plaques were

also detected in these cases (Figure 4). Table 3 summarizes
the presence of DPP10

789
positive tangles and dystrophic

neurites. In the fourDLBDcases examined,DPP10
789

positive
tangles and dystrophic neurites were also observed in tem-
poral, hippocampal, and entorhinal cortex regions (Figures
4(b) and 4(e)). A few positive DPP10

789
tangles and plaques

in the hippocampal and entorhinal regions were observed in
PSP cases (Figure 4(c)). Occasionally weak DPP10

789
positive

tangles and plaques were detected in some aged control
brains.

3.4. DPP10
789

Colocalizes with Tau Protein but Not with
Amyloid-𝛽 in AD Brain. Because tau protein is a major com-
ponent of neurofibrillary tangles and dystrophic neurites, we
examined if DPP10

789
protein expression is associated with

tau protein expression. We used the DPP10
789

antibody and
anti-tau antibody (AT8) specific for phospho-Ser202/Thr-
205 to localise DPP10

789
and phosphorylated tau (p-tau)

by double immunofluorescence staining in the brains of
AD. We observed robust colocalization of DPP10

789
with p-

tau in most tangles and dystrophic neurites (Figure 5). In
neurofibrillary tangles, DPP10

789
and p-tau were fully colo-

calized (Figures 5(b), 5(e), and 5(g)). In plaques, DPP10
789

and p-tau were found in the larger sized dystrophic neurites
(Figure 5(d)). DPP10

789
was also present in intracellular

vesicle-like structures (Figure 5(f)) where only weak p-tau
staining was present. In the entorhinal region of the temporal
cortex, some DPP10

789
positive tangle-like structures were

devoid of p-tau staining (Figure 5(h)), indicating that the
DPP10

789
antibody might be able to detect either early or

late tangle stages—ghost tangles which are not detected by
AT8. Double staining using the DPP10

789
antibody and Tau2

antibody (detects both phosphorylated and nonphosphory-
lated tau) also showed colocalization of DPP10

789
and tau in

neurofibrillary tangles and dystrophic neurites (Figures 5(a)
and 5(c)).

The other major pathological hallmark of AD is the
neuritic amyloid plaques located in the extracellular space
of the brain, comprised of an aggregated A𝛽 peptide core
surrounded by dystrophic neurites. As theDPP10

789
antibody

showed strong immunoreactivity in plaque-associated dys-
trophic neurites, it was also examined if DPP10

789
colocalized

with A𝛽 peptide. Double immunofluorescence revealed that
DPP10

789
positive dystrophic neurites were mostly present

in the A𝛽 core of senile plaques. While both DPP10
789

and
A𝛽 positive staining were observed within the same plaque
region, they were not colocalized; the red A𝛽 staining was
distributed as amyloid aggregation, with the green DPP10

789

positive dystrophic neuritesmingling randomly (Figure 5(i)).
The intrahippocampal distribution of DPP10

789
positive

neurofibrillary tangles (NFTs) followed the pattern estab-
lished for p-tau positive ones, with the greatest number of
involved neurons lying within the CA1 region of Ammon’s
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i) (j)

(k) (l) (m) (n) (o) (p) (q)

Figure 2: Immunostaining of DPP10
789

in free-floating sections of control and AD brains. DPP10
789

immunostaining in the CA1 region of a
control brain (a), CA1 and subiculum region (b, c, and d), CA2 (e), inferior frontal cortex (f), cingulated cortex (g), inferior temporal cortex
(h), and inferior temporal cortex section blocked with antigenic peptide (i) in AD brains. DPP10

789
staining was found in granular structures

in the neuronal soma (j), NFT with extensions into dendrites of pyramidal neurons (k), globose NFT (l), extracellular ghost tangle (m), flame
shaped NFT (n), slender tangle of the subiculum with long extension into apical dendrite (o), plaque-associated dystrophic neurites (p), and
neuropil threads (q). Scale bar is 200𝜇m (b), 50 𝜇m (a, c–i), and 10 𝜇m (j–q). Arrows in (d) and (e) indicate staining in plaque-associated
dystrophic neurites in AD brain.
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(a) (b)

(c) (d)

(e) (f) (g) (h)

Figure 3: Immunostaining ofDPP10
789

in paraffin sections from control andADbrains. DPP10
789

reactivity was observed in the frontal cortex
of a control individual (a, b), and arrows indicate the surface staining of DPP10

789
in dendrites. DPP10

789
positive staining was increased in

AD brain (c, d) and in NFTs (e–h). Scale bar is 50 𝜇m (a–d) and 10 𝜇m (e–h).
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(a) (b)

(c) (d) (e)

(f) (g) (h)

Figure 4: DPP10
789

immunostaining in free-floating brain sections of other tauopathies. DPP10
789

positive NFTs were observed in the
hippocampus of FTLD (a, d and g) and PSP (f) and superior frontal brains sections from patients with DLBD (b, e). DPP10

789
staining

in plaque-associated dystrophic neurites in DLBD and PSP brains (c and h, resp.). Scale bar is 50𝜇m (a, b, and f–h) and 10 𝜇m (c–e).
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(a) (b)

(c) (d)

(e)

(f) (g)

(h)

(i)

Figure 5: DPP10
789

and tau colocalization in AD. Immunohistochemical colocalization of DPP10
789

with phosphorylated tau (p-tau) in
tangles and plaque-associated dystrophic neurites. DPP10

789
(green) partially or fully colocalized with p-tau (red) in tangles (a, b, e, and g)

and in plaque-associated dystrophic neurites (c, d). DPP10
789

was also present in intracellular vesicle-like structures (f) where very weak
staining for p-tau was present. DPP10

789
immunoreactivity was also found in some tangles in the entorhinal region which were devoid of

p-tau staining (h). DPP10
789

(green) did not colocalize with amyloid-𝛽 plaques (red) in AD brain (i). Scale bar is 10 𝜇m. (a) and (c) used Tau2
ab and the remaining images are with AT8 ab.
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Table 3: Summary of the DPP10789 positive staining in NFT and plaque-associated dystrophic neurites observed in control and neurodegen-
erative disease cases.

Case number Neuropathological
diagnosis

Frontal cortex Temporal cortex Hippocampus Entorhinal cortex Cingulate cortex
Tangle Plaque Tangle Plaque Tangle Plaque Tangle Plaque Tangle Plaque

1 SA0123 AD − +++ +++ +++ +++ +++ +++ +++ ++ +++
2 SA0126 AD +++ ++ +++ +++ ++ +++ +++ ++ ++ ++
3 SA0134 AD + +++ − +++ +++ ++ N/A N/A + +++
4 SA0143 AD + + +++ ++ +++ +++ +++ +++ + +
5 SA0148 AD +++ +++ − +++ +++ +++ +++ +++ +++ +++
6 SA0129 Early AD + + + + +++ ++ +++ + − −

7 SA0069 DLBD ++ ++ − +++ ++ ++ +++ +++ + ++
8 SA0079 DLBD − − − − − ++ − − − −

9 SA0094 DLBD − − +++ +++ + ++ ++ ++ + +
10 SA0063 DLBD − − + − + + − − − −

11 SA0087 FTLD − − − − +++ + ++ − − −

12 SA0035 PSP − − + − + − N/A N/A − −

13 SA0043 PSP + + + + ++ + ++ ++ + −

14 SA0106 PSP − − − − − − ++ N/A − −

15 SA0136 PSP − − − + − ++ +++ + − −

16 SA0010 Control + − − + − − − − − +
17 SA0013 Control − − − − + − − − − −

18 SA0021 Control − − − − + − + − − −

19 SA0030 Control − − + − − − N/A N/A + +
20 SA0031 Control − − − − N/A N/A N/A N/A − −

The number of lessons was counted at ×200 magnification under an Olympus BH-2 light microscope (Tokyo, Japan).
N/A: sample not available; −: negative; +: 1–5 lesions/field; ++: 5–10 lesions/field; +++: >10 lesions/field.

horn, followed by CA2, CA3, and CA4 (Figure 6(a)). In the
neocortical region, staining was detected mainly in layers
III–V. Approximately 67% of p-tau positive NTFs and 40%
A𝛽 positive neuritic plaques (NPs) contained anti-DPP10

789

immunoreactivity in these regions (Figure 6(b)).

3.5. Truncated DPP10
789

Is Elevated in AD Tissue. DPP10
789

protein levels were analyzed in the hippocampus as it is a
rich source of both NFTs and NPs.TheDPP10

789
Ab detected

three major mobilities: 100 kDa, 50 kDa, and 37 kDa (Figure
7(a)) in immunoblots. The 100 kDa band represents the
full-length DPP10

789
protein [27]. Samples from both AD

and control brains showed similar density of this band. The
50 kDa and 37 kDa bands observed are probably truncated
forms of DPP10

789
which are less than half the size of intact

DPP10
789

and have retained the𝑁-terminus, suggesting that
the DPP10

789
has been proteolytically processed. Noticeably,

ADbrain samples had higher density bands of these two trun-
cated forms compared to control samples. Quantitation of the
immunoblot normalised to tubulin immunoreactivity con-
firmed that there was no significant difference in the 100 kDa
intensity band between AD and control brains. However, the
immunoreactive intensity of 50 kDa, 37 kDa, and 50 + 37 kDa
was all significantly elevated inADbrain compared to control
brain (𝑃 ≤ 0.05%.) (Figure 7(b)), indicating the possibility
that 𝐶-terminal truncated DPP10

789
may be aggregating and

thus may be directly involved in the formation of neurofibril-
lary tangles and dystrophic neurites in AD brain.

4. Discussion

DPP10
789

is a dipeptidyl peptidase-like protein that together
with Kv-channel interacting proteins (KChIPs) forms mul-
tiprotein complexes that underlie subthreshold A-type cur-
rents (𝐼

𝑆𝐴
) in neuronal somatodendritic compartments [28].

This is the first study to assess the expression of DPP10
789

in postmortem brain samples in AD and other major tauo-
pathies. Using immunohistochemistry we reveal predomi-
nant neuronal staining ofDPP10

789
throughout the neocortex

and subcortical greymatterswith high expression in the pyra-
midal cells in control brain tissue. In contrast, in AD brains,
robust DPP10

789
reactivity was also detected in neurofib-

rillary tangles and plaque-associated dystrophic neurites,
most of which colocalized with the hyperphosphorylated
Ser-202/Thr-205 tau epitope. DPP10

789
positive neurofibril-

lary tangles and plaque-associated dystrophic neurites also
appeared in other neurodegenerative diseases such as FTLD,
DBLB, and PSP. Occasional DPP10

789
positive neurofibrillary

tangles and neurites were seen in some aged control brains.
Furthermore using a quantitative analysis we showed that
truncated DPP10

789
fragments increased significantly in AD

brains compared to control brains. These results provide the
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Figure 6: The regional distribution of DPP10
789

positive NFTs and NPs compared with phosphotau positive NFTs and amyloid-𝛽 positive
plaques. The adjacent free-floating sections of hippocampus or cortex were immunostained with DPP10

789
, AT8, or A4 antibody separately

using the DAB reaction. (a) The distribution patterns of DPP10
789

positive NFTs and tau positive NFTs in AD hippocampal sector. Three
fields (0.01mm2/field) per case from each region of Ammon’s horn (CA1-4) were counted. (b) In the cortex sector of AD brain, the number
of DPP10

789
positive NFTs and NPs was compared with tau positive NFTs and amyloid-𝛽 positive NPs. Three fields (0.01mm2/field) per case

were counted in each of layers III to V. Bars reflect mean ± SE (𝑛 = 9; observations from 3 fields/case × 3 cases).
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Figure 7: Truncated 𝑁-terminal DPP10
789

levels were elevated
in AD hippocampus relative to control hippocampus. 50 𝜇g of
solubilised fractions prepared from fresh-frozen AD and control
hippocampus was subjected to immunoblot analysis with DPP10

789

antibody and class III 𝛽-tubulin antibody (a). Quantification of
immunoblot data (b). The value of 𝑦-axis represents the relative
immunoreactivity normalised to tubulin expression level. Bars
representedmean ± SE of duplicate determination from five AD and
four control hippocampal homogenates. “∗” represented one-tailed
𝑡-test 𝑃 ≤ 0.05%.

first evidence that DPP10
789

may be involved in the pathology
of AD and other neurodegenerative diseases.

Our immunohistochemistry studies revealed that in con-
trol brains DPP10

789
immunoreactivity is located in the cell

body of neurons throughout the greymatter of cerebral cortex
and axonal fibre tracts of white matter (Figures 2(a) and
3(a)), suggesting that DPP10

789
protein is widely distributed

in the neuronal cells which is consistent with the expression
of DPP10 mRNA reported in rat brain [28]. In human
there are potentially four DPP10 mRNA isoforms which
all have unique amino acid sequences in the 𝑁-terminal
intracellular domain but identical 𝐶-terminal extracellular
domains [31]. Multiple DPP10 isoforms have been observed
by both Northern blot and reverse transcriptase PCR in
both human brain and pancreas; however it is not known
which transcript on the Northern blot represents DPP10

789

or whether any of these mRNA isoforms are translated into
different forms ofDPP10 protein in vivo [27, 31–33]. Takimoto
et al. demonstrated the presence of four DPP10 mRNA
isoforms in human brain. These isoforms are different only
at the 𝑁-terminal amino acid sequence. When the different
𝑁-terminal forms ofDPP10were co-expressedwith theKv4.3
channel there were no differences in the gating ability of the
channel [31]. In their study DPPYd is equivalent to DPP10

789

and this form was also detected in rat brain. Interestingly
Takimoto et al. were unable to detect DPP10

796
in the adrenal

gland and pancreas of humans or rats. In our laboratory we
have found it extremely difficult to use reverse transcriptase
PCR to amplify the other DPP10 isoforms (data not shown)
from either postmortem brain tissue or neuronal cell lines;
therefore these mRNA transcripts and thus protein isoforms
appear to be present in very low amounts in human tissues.

Throughout the cortex of AD cases, although the back-
ground distribution pattern of DPP10

789
is similar to con-

trols, it was the neurofibrillary tangles and plaque-associated
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dystrophic neurites that, by virtue of their intense DPP10
789

staining, stand out compared to controls (some aged controls
also had a few DPP10

789
tangles). Our data also revealed

that the DPP10
789

positive tangles and plaque-associated
dystrophic neurites are distributed mainly in layers III–V
pyramidal cells of the neocortex and CA1 and CA2 pyramidal
cells of the hippocampus in AD brains, consistent with
the distribution of Kv4.2 and Kv4.3 subunits in brain [34].
DPP10 interacts with both Kv4.2 and Kv4.3 subunits [17,
35]. Additionally, Kv4 channels play important roles particu-
larly in regulating neuronal membrane excitability; therefore
these results indicate that deposition of DPP10

789
protein in

these neurons may contribute to loss of channel function
and lead to neuronal dysfunction and cell death in AD.
Double immunofluorescence staining revealed that most
of the DPP10

789
positive tangles were colocalized with the

hyperphosphorylated phospho-Ser-202/Thr-205 tau epitope.
In addition, the intrahippocampal distribution of DPP10

789

positive NFTs followed the pattern established for phospho-
Ser-202/Thr-205 tau positive NFTs; however the amount of
DPP10

789
positiveNFTswas always less than that of phospho-

Ser-202/Thr-205 tau (Figure 6(a)). This implies that, while
AT8 can detect all six isoforms of human tau protein in brain
[36], DPP10

789
may only be present in tangles containing a

subset of the six isoforms. On the other hand, in the entorhi-
nal cortex region, some DPP10

789
positive tangles were

devoid of either AT8 (Figure 5(h)) or Tau2 (data not shown)
antibody staining, indicating that DPP10

789
did not always

cooccur with tau in tangles and it may on its own be involved
with tangle formation without tau involvement. It is also
possible that our DPP10

789
antibody can detect the late stage

of tangles—the ghost tangles which have lost the phospho-
Ser-202/Thr-205 tau epitope recognised by the AT8 antibody
[37, 38]. Recently Lace et al. reported that the RD3 anti-
body that specifically recognises the 3-repeat tau shows an
increased immunoreactivity in late-state ghost tangles [39].
Do RD3 positive tangles colocalize with DPP10

789
positive

staining? Which tau isoform may be involved in DPP10
789

positive tangle formation? To answer these questions, further
study needs to be done by using different tau antibodies
specific to different tau isoforms.

Tau is a microtubule-associated protein and predomi-
nantly found in axons [40–42]. The best known functions of
tau are the stabilization of microtubules and the regulation
of axonal transport [43, 44]. Recently it was reported that
tau has also been localized to dendrites under physiological
conditions and at much lower levels [45]. In addition to its
interaction with tubulin, tau binds to other partners such as
the tyrosine protein kinase Fyn, dynactin, and postsynaptic
density protein 95 (PSD95) [45–47]. Both tau-Fyn and tau-
PSD95 interactions are involved in the complex formation of
NMDA receptors with PSD95, which is required for excito-
toxic downstream signalling, suggesting that the distribution
of tau in dendrites is pivotal to healthy neurons [45, 47].
Noticeably, the intracellular distributions of Kv4 channels
are also predominant in dendrites [34]. Besides, it has been
reported that PSD95 has physical interactions with Kv4.2
[48, 49], suggesting that PSD95 may be involved in forming
complexes between Kv4.2 and signalling molecules. Because

the dendritic A-type potassium current strongly influences
the induction of long-term potentiation also by NMDA
receptors [50, 51], it is possible that there exist some signalling
connections between tau, Fyn, PSD95, and Kv4. As a Kv4
channel associated protein, DPP10 also has the potential to
be involved in these connections. However, so far there is
no direct evidence showing that tau interacts with Kv4, and
one possible explanation is that these protein interactions
may be transient or unstable; thus it is difficult to detect the
interactions using immunoprecipitation, immunostaining
techniques, or other proteomic based methods.

DPP10
789

positive immunoreactivity was also observed in
dystrophic neurites in A𝛽 aggregated senile plaques. It was
found that DPP10

789
positive dystrophic neurites did not col-

ocalize but mingled with the A𝛽 deposition core of the senile
plaques. This is consistent with the fact that plaques are
composed of extracellular aggregated A𝛽, while DPP10

789
,

according to our studies, is distributed intracellularly or in
the membrane [26, 27]. In addition, we have observed that
the number of DPP10

789
positive neurofibrillary tangles and

plaque-associated dystrophic neurites present in AD is much
more than that observed in other tauopathies (Table 3). As
the accumulation of A𝛽 is a primary event driving AD patho-
genesis, our finding indicates that DPP10

789
may be involved

some way in the pathogenic process. So far, the mechanisms
by which A𝛽mediates neurotoxicity and initiates the degen-
erative processes of AD are still not clear. Recent studies
revealed that A𝛽 inhibits the dendritic A-type K+ current
in outside-out patches excised from distal dendrites of hip-
pocampal CA1 pyramidal neurons, causing increases in back-
propagating dendritic action-potential amplitude and asso-
ciated Ca2+ influx. These results suggest that the sustained
increased dendritic Ca2+ influx, which results fromA𝛽 depo-
sition in dendritic arborisation that induces persistent inhibi-
tion of the A-type K+ current, may cause a loss of Ca2+ home-
ostasis in dendrites of hippocampal neurons, an initiating
event of synaptic failure and neurodegeneration [52].Whether
DPP10

789
is involved in this procedure needs further study.

The quantitative immunoblot on human brain sam-
ples showed that naturally in vivo two truncated forms of
DPP10

789
are observed and the levels of these increase in

AD brains compared to control brains, which has led us to
hypothesise that the truncated forms may form aggregates
in NFTs and dystrophic neurites. As there was no change in
the full-length form of DPP10

789
between control and AD

patients, it is assumed that if there is any increase in protein
production in AD, the newly formed protein is likely to be
rapidly degraded. DPP10

789
is a glycosylated transmembrane

protein with a large extracellular 𝐶-terminal domain and
a short intracellular 𝑁-terminal domain. The presence of
DPP10

789
in NFTs and dystrophic neurites but not amyloid

protein aggregated plaques suggests thatDPP10
789

is confined
to the neuronal cytoplasm. These observations suggest the
possible aberrant trafficking of DPP10

789
in degenerating

neurons.
DPP10 belongs to DPP4 gene family, some members of

which have been reported to have multiple functions. Previ-
ous in vitro studies showed that DPP4 and FAP have roles in
the cell-extracellular matrix interactions and apoptosis, and
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these functions are independent of catalytic activity [53]. It
is likely that most protein-protein interactions would occur
on the 𝛽-propeller domains of these proteins [54]. With 47%
amino acid similarity toDPP4, it is possible that DPP10, apart
from associatingwith Kv4 channel complex through its single
transmembrane domain [55], may also interact with other
proteins and ligands via either its extracellular 𝛽-propeller
domain or its intracellular domain and these interactionsmay
control its biological function in normal and pathological
conditions. Recently Lin et al. elegantly demonstrated that
the highly related DPP6 interacts with filopodia-associated
myosin and fibronectin within the extracellular matrix to
play a role in hippocampal synaptic development [56]. In
addition, DPP6 has been shown to interact with prion protein
tomediate potassium channels and neuronal excitability [57].

In summary this paper reports the first evidence that
DPP10

789
protein is present in NFTs and dystrophic neu-

rites in AD. Interestingly, DPP10
789

protein colocalizes with
hyperphosphorylated tau protein but not with A𝛽. Moreover
in neurodegenerative cases other than AD where neuronal
tau pathology occurred, the same regions showed intense
staining for DPP10

789
. In addition this paper provides initial

evidence that, as with other proteins involved in neurodegen-
erative diseases, DPP10

789
𝐶-terminal truncation may lead

to mistrafficking and aggregation of DPP10
789

protein but at
this point it is unclear whether this occurrence contributes
to AD pathology or is a result of AD pathology. Together
this data suggests that DPP10 may play a significant role in
the neurodegenerative process observed in AD and further
investigation into this role and its interaction with tau is
warranted.
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The relationship between plasma homocysteine and behavioral and psychological symptoms of dementia (BPSD) has not been
specifically investigated in previous research. In this study, we compared plasma homocysteine (Hcy) among 40 Alzheimer’s
disease (AD) patients with BPSD, 37 AD patients without BPSD, and 39 healthy controls. Our results evidenced that the plasma
homocysteine levels in AD patients with BPSD and without BPSD were higher than healthy controls and that the plasma
homocysteine concentration in AD patients with BPSD was the highest among the three groups. Significant correlation between
plasma homocysteine concentration and cognitive decline and duration of dementia was observed, but there was no correlation
betweenBPSDand cognitive dysfunction or duration of dementia. In conclusion, this study showed for the first time that BPSDwere
associated with plasma homocysteine concentration in Alzheimer’s dementia, and the results supported that hyperhomocysteine
may take part in the pathogenesis of BPSD.

1. Introduction

Alzheimer’s disease (AD) is characterized by a progressive
loss of learning and memory processes and alterations in
spatial abilities, confusion, and disorientation. The most
knownhypotheses about the etiology ofADare that neurode-
generation begins with an abnormal processing of amyloid
precursor protein (APP), resulting in production, aggrega-
tion, and deposition of the peptide A𝛽, thus facilitating the
formation of senile plaques and neuronal death [1]. In recent
years, most of the researches have great concerns about the
cognitive dysfunction of AD patients, while ignoring their
behavioral and psychological symptoms of dementia (BPSD),
and even the BPSD have been more easily misdiagnosed
as a functional mental disorder. Behavioral and psycholog-
ical symptoms of dementia consist of perception, thought
content, mood, and behavior disorders of dementia patients
[2, 3]. In 1994, Tariot suggested that mental abnormal or

behavioral disorders of dementia, like the cognitive dysfunc-
tion, were the core symptoms of dementia [4]. According to
the epidemiological survey, 70 to 90 percent of AD patients
may experience delusions, hallucinations, agitation, attacks,
and other behavioral and psychological symptoms during the
course of illness [5].

Most AD patients have BPSD at some stage of their
disease [6]. It is themost frequent cause of hospitalization and
life quality deterioration for AD patients [7]. Moreover, these
symptoms, rather than the memory impairment which could
be recognized, cause the most distressing and challenging
aspect of the disease and are likely to make the greatest con-
tribution to patients families’ burden [8]. In addition, the
management of BPSD is very challenging, since there is no
licensed drug specifically used for the treatment of these
symptoms, and other optional drugs can put patients at risk.
Therefore, to confirm whether these symptoms are related
to hyperhomocysteinaemia and/or deficiencies in vitamin
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B12 and folate is of great importance in looking for another
efficient medication for AD patients with BPSD.

Decreased serum vitamin B12 and folate concentrations
have been reported in Alzheimer’s disease patients [9, 10] and
psychiatric disorders [11]. The relationships between concen-
tration of serum vitamin B12, folate, and BPSD of dementia
were previously assessed by other investigations, but no
significant correlationwas found [12, 13]. However, no studies
have found the correlation between plasma homocysteine
concentration and BPSD of dementia patients. Therefore,
there is a consistent conclusion that the measurement of
homocysteine is essential, especially, since it is speculated that
serum vitamin B12 and folate may not reflect the actual status
of these vitamins in brain [14].

Homocysteine is an important amino acid connected to
vitamin B12 and folate. It is reversibly formed and secreted
in the metabolism and can also be used as an effective
neurotoxin possibly mediated by increased generation of
free radicals or by calcium influx through NMDA receptor
channels [15]. Overall, hyperhomocysteine is caused by in
vivo genetic or nongenetic metabolic disorder. The toxic
effects of hyperhomocysteinaemia have been suggested in
cardiovascular and cerebrovascular diseases [16, 17]. In addi-
tion, studies have shown that increased plasma homocysteine
is associated with the severity of cognitive dysfunction and
dementia [18, 19].

Interestingly, hyperhomocysteinaemia has been directly
related to psychosis, depression, and other psychiatric disor-
ders [19–23]. There was only one study which reported the
correlation between homocysteine and BPSD [24], but we
have found no investigations in hyperhomocysteine among
AD patients with BPSD in China.

In scope of the recent findings that reported the rela-
tion between homocysteine and psychiatric symptoms and
potential suggestions that homocysteine measurement may
provide a better estimate of tissue activities of vitaminB12 and
folate, we compared plasma homocysteine concentration in
AD patients with and without BPSD and healthy participants
to explore the possible different concentrations of homocys-
teine in AD patients with BPSD. Moreover, we investigated
whether a specific correlation exists between homocysteine
concentration and clinical symptoms.

2. Material and Methods

2.1. Participants. The sample consisted of 116 participants: 40
Alzheimer’s disease (AD) patients with BPSD, 37 AD patients
without BPSD, and 39 healthy controls. Between May 2010
and March 2012, AD patients were all recruited from the
outpatients and inpatients of Qingdao Mental Health Center.
All subjects met the criteria for AD in baseline according to
the fourth edition of the Diagnostic and Statistical Manual
of Mental Disorders (DSM-IV). And the score of Mini-
Mental State Examination (MMSE) should be no more than
24. Exclusion criteria included patients older than 80 years;
patients receiving vitamin B12 injections or folate tables;
patients with other forms of dementia such as vascular, fron-
totemporal, and Lewy body; patients receiving methotrexate

and/or anticonvulsants including carbamazepine, phenytoin,
phenobarbitone, or valproate; patients with moderate to
severe renal failure; patientswith thyroid disease; and patients
on special diets. The eligible patients were initially divided
into two study groups based on the presence or absence of
BPSD. In the BPSD group, each patient had at least one
symptom of perception, thought content, behavior, or mood
disorders. These behavioral and psychological symptoms of
all AD patients were judged by the professional psychiatrists.

Healthy controls were the healthy elderly with routine
health examination in the corresponding period. Inclusion
criteria were absence of alcohol and substance abuse, no
relevant neurological disease, MMSE scores above 27 of
30, and without any personal and family history (first-
degree relatives) of psychiatric DSM-IV Axis I disorders
(confirmed with the Mini-International Neuropsychiatric
Interview (M.I.N.I)).

The studywas approved by the local ethics committee and
carried out in accordance with the Declaration of Helsinki
(current version: Somerset West, 1996).

2.2. Biochemical Investigation. Venous blood (2mL) was
taken from all participants in the morning after an overnight
fast. Blood samples were collected into tubes without anti-
coagulant and allowed to clot at room temperature for 1
hour. Serum was separated by centrifuge and then stored in
the refrigerator at −30∘C. All the samples were numbered,
and plasma homocysteine levels were measured by the
specific person of our hospital’s laboratory. Homocysteine
concentrations were assayed by enzymatic cycling assay
(DiaSys Diagnostic Systems GmbH, Germany). The clinical
reference range of homocysteine is from 5 to 15 𝜇mol/L, and
hyperhomocysteine is defined as homocysteine being more
than 15 𝜇mol/L.

2.3. Cognitive Assessment. The severity of cognitive impair-
ment was assessed by Mini-Mental State Examination scores
(MMSE). The rating scale of MMSE has 11 questions with a
total score of 30 points. The cut-off value which could distin-
guish dementia patients from healthy people was illiteracy—
less than 17 points, primary—less than 20 points, more than
high school—less than 24 points.

2.4. Statistical Analysis. SPSS 18.0 was used for all data entry
and subsequent analyses. The analyses included 𝑡-test, chi-
squared test, analysis of variance (ANOVA) with post hoc
LSD analysis, and Pearson’s linear correlation coefficient
when appropriate. The level of statistical significance was set
at 𝑃 < 0.05.

3. Results

3.1. General Information. Demographic and clinical charac-
teristics of patients and controls are shown in Table 1. There
was no significant difference in age, gender, and education
distributions among the groups. In regard to clinical and
cognitive aspects, both “BPSD” and “No BPSD” groups did
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Table 1: Mean (M) and standard deviations (SD) of several demographic and clinical features of the patient and control groups.

BPSD No BPSD Control 𝑃 value
Sample size (𝑁) 40 37 39
Gender (M/F) 19/21 19/18 19/20

Age (years) 72.10 ± 4.84 71.78 ± 4.85 71.05 ± 4.69 0.611
Education (years) 2.30 ± 1.31 2.38 ± 1.42 2.33 ± 1.38 0.969
Duration of dementia (months) 21.58 ± 7.45 20.92 ± 7.77 0.706
MMSE 12.50 ± 2.91∗ 12.59 ± 2.77∗ 23.46 ± 1.12 0.000∗
∗Significant difference (𝑃 < 0.05).

Table 2: Fasting plasma homocysteine in the three groups.

BPSD No BPSD Control 𝑃 value
Numbers (𝑁) 40 37 39
Homocysteine
(𝜇mol/L) 22.38 ± 3.89 16.41 ± 3.60 7.98 ± 1.71 0.000∗

∗Significant difference (𝑃 < 0.05).

not differ significantly in illness duration of dementia. Signif-
icant differences were observed in MMSE scores among the
three groups using one-way analyses of variance (ANOVA).
Moreover, with a post hoc analysis, we found that MMSE
scores were significantly lower in “BPSD” and “No BPSD”
groups than in health controls (𝑃 < 0.001) and had
no difference between the “BPSD” and “No BPSD” groups
(𝑃 = 0.864). Among all subjects taking part in the study
there was no significant correlation between age and MMSE
score and between illness duration of dementia and plasma
homocysteine (𝑃 > 0.05).

3.2. Comparison of Homocysteine Levels. There was a sig-
nificant difference among the three groups in homocysteine
concentration (Table 2). Further post hoc analyses illustrated
significant increases in plasma homocysteine concentrations
in BPSD and No BPSD groups compared with controls
(𝑃 < 0.001), with significantly higher level in BPSD group
than that in No BPSD group (𝑃 < 0.001). In addition, all
40 BPSD patients were hyperhomocysteine, while only 27
out of 37 patients without BPSD were hyperhomocysteine
(73.0%). In contrast, none of the healthy control group was
hyperhomocysteine. There were significant differences in
frequency ratio of hyperhomocysteine and nonhyperhomo-
cysteine individuals between three groups (𝑃 < 0.001).

3.3. The Relation between Homocysteine and Cognitive Dys-
function. The 40 patients of BPSD group had a mean MMSE
score of 12.50 ± 2.91, ranging from 8 to 17 points. The mean
MMSE score of the No BPSD group was 12.59±2.77, ranging
from 8 to 17. MMSE scores between the two patient groups
showed no significant difference (𝑃 = 0.864). There was a
prominent negative correlation between the homocysteine
and MMSE score in the BPSD group (𝑟 = 0.974; 𝑃 < 0.001).
We also found a similar significant negative correlation in
the No BPSD patients (𝑟 = 0.929; 𝑃 < 0.001) (Figure 1(a)).
As we expected, the correlation between homocysteine and

MMSE did not exist in control group (𝑟 = 0.033; 𝑃 = 0.841)
(Figure 1(b)).

3.4. The Relation between Homocysteine and Duration of
Illness. As illustrated in Table 1, there was no significant
difference in the duration of AD between the AD patients
with and without BPSD. However, we found a significant
positive correlation between the homocysteine and the
illness duration of AD in the two patient groups (𝑟 = 0.988;
𝑃 < 0.001; 𝑟 = 0.974; 𝑃 < 0.001, resp.) (Figure 2).

4. Discussion

The first important aspect of our finding is that we observed
that both “BPSD” and “No BPSD” groups had higher homo-
cysteine concentration than that of control group, while
BPSD patients showed higher homocysteine concentration
than No BPSD patients. Hence, this study implicated that the
concentration of hyperhomocysteinaemia played an impor-
tant role in pathogenesis of AD. Further, the result suggested
that higher level of plasma homocysteine might be related
to presence of BPSD in AD patients. Previous study found
no significant difference of the homocysteine concentration
between BPSD and No BPSD patients [24]. There were
very few studies that reported the association between
homocysteine and BPSD. We insisted that this was the
first study demonstrating that homocysteine was correlated
with BPSD. However, there was no consistent conclusion of
whether hyperhomocysteine had some relevance with the
absence of BPSD in AD patients. In future, more studies are
needed to assess the characteristics of the association between
homocysteine and BPSD.

The study also found that MMSE scores of the two AD
groups were significantly lower than control group, but there
was no significant difference between the two patient groups.
In the AD patient groups, there was a highly significant
negative correlation between the homocysteine and MMSE.
However, Tabet’s study [24] failed to find this correlation.
The mean MMSE score was significantly lower in the BPSD
group than that of No BPSD group but showed no significant
correlation between MMSE score and homocysteine. MMSE
score could reflect the degree of cognitive decline in patients.
With the decline in MMSE scores, the degree of cognitive
impairment in patients was aggravated. The result may
indicate that increase of plasma homocysteine can lead to
aggravation of the cognitive dysfunction in AD patients,
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Figure 1: The correlations between MMSE and homocysteine in AD patients. (a) A significant negative correlation between MMSE and
homocysteine in BPSD patients group (𝑟 = 0.974; 𝑃 < 0.001). (b) A significant negative correlation between MMSE and homocysteine in No
BPSD patients group (𝑟 = 0.929; 𝑃 < 0.001). Correlation lines are also shown.
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Figure 2:The correlations between duration of AD and homocysteine in AD patients. (a) A significant positive correlation between duration
of AD and homocysteine in BPSD patients group (𝑟 = 0.988; 𝑃 < 0.001). (b) A significant positive correlation between duration of AD and
homocysteine in No BPSD patients group (𝑟 = 0.974; 𝑃 < 0.001). Correlation lines are also shown.

which is consistentwith previous reports [25].However, there
was no correlation between MMSE score and BPSD. All
our findings supported that homocysteine is associated with
cognitive decline [26–28].

In our study, the range of the MMSE score was from 8
to 17 in the AD patients, which was obviously lower than
results of a previous report [24]. In that report, the MMSE
score ranged from 10 to 24, with higher than 20 scores
among sixty percent of the AD participants. There might be
some reasons to explain this. MMSE was more vulnerable

compared with education level. The years of education in our
subjects were all less than six years, while the Tabet study
did not provide the education years. The education cultural
differences between Eastern and Western countries should
also be taken into account.Therefore, the difference ofMMSE
between two studies cannot rule out the effect of education
factor. In addition, the requirement of life quality may also
have difference, which meant that the inconsistency of the
study resultsmight be caused by the severity of theADdisease
when the patients seek medical treatment.



BioMed Research International 5

Moreover, plasma homocysteine concentration was pos-
itively correlated with the illness duration of AD patients.
It showed that homocysteine gradually increased with the
progression of AD, which was consistent with previous
findings [29]. As the etiology of AD is complex, AD is caused
by many factors working together. Homocysteine may be
just one of the factors and not the main or primary one.
However, it can contribute to the occurrence of AD or lead
to the aggravation of a variety of pathophysiological damage.
Finally, all these would make the disease more severe.

While our study has found some valuable results, there are
still some limitations in our study. First is that the assessment
of patients with and without BPSD was based only on the
subjective judgment of psychiatrist. Although the study fixed
the same psychiatrist to assess all patients to reduce the
errors between raters as much as possible, we did not use
an objective investigation scale in the assessment of BPSD.
A further limitation was that we did not have the concurrent
measurement of the serum vitamin B12 and folate. Previous
studies have demonstrated no link between vitamin B12 and
folatewithBPSD [12–14], but the simultaneous determination
of vitamin B12 and folate can make the results of this study
exclude interference and be more convincing.

In the study, we had taken some efforts to ensure that
the plasma values of homocysteine were obtained to reflect
the accurate reflection of in vivo status. Blood samples of
recruited patients were collected in the morning after an
overnight fast, which increased the chance of obtaining a
“true” fasting blood. Then, these blood samples were trans-
ported immediately to the analyzing laboratory in line with
the strict protocol set. In addition, none of the patients had
any disease that could interfere with food intake or had a dis-
order affecting food absorption or received special diets.This
is in agreement with some reports adopting a strict standard
to obtain themost accurate homocysteine concentration [24].
A merit of this study is that we recruited a healthy control
group to compare the homocysteine concentration with AD
patients. Hence, we were more confident with difference of
homocysteine levels among the three groups and excluded
the impact of metabolism in human body. Even, some studies
recognized that the absence of a control group to compare the
mean homocysteine levels compared to those with AD as a
limitation [24].

This study found that the presence of BPSD in AD
patients may associate with homocysteine level, but there
was no significant correlation between the BPSD and the
cognitive dysfunction or duration of illness, which may be
caused by the smaller sample size and lack of the efficient
assessment tool for AD patients with and without BPSD.
In future, there will be other researches which expand the
sample size, and a longitudinal study would be conducted
to investigate the related factors of BPSD in AD patients.
In addition, the simultaneous determination of vitamin
B12 and folate is equally important. Establishing whether
a specific link exists between hyperhomocysteinaemia and
psychiatric symptoms in AD patients may have significant
therapeutic potential in discovering the relationship between
vitamin B12 and folate supplementation to provide necessary
assistance for the prevention and treatment of AD patients

with BPSD. Therefore, future research can combine with
molecular genetics, candidate genes includingMTHFR, CBS,
and serine hydroxymethyl transferase (SHMT) together, and
integrate the neuropsychological tests with neuroimaging
analyses so as to comprehensively reveal the role of high levels
of homocysteine in the pathogenesis of BPSD in AD patients.
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Cerebrospinal fluid (CSF) biomarkers of Alzheimer’s disease (AD) are currently being assessed with two different assays. Our
objective was to study if there is a correlation between values obtained by both techniques, to compare their validity and search for
conversion factor between values obtained for every protein. We compared the performances of two commonly used platforms, an
enzyme-linked immunosorbent assay (ELISA) and a multiplex (xMAP) technology for measurement of CSF A𝛽

1–42, total tau (T-
tau), and phosphorylated tau 181 (P-tau181p) proteins, in 30 AD patients and 28 control subjects. The relations between the variables
of both techniques were evaluated using the Spearman p correlation coefficient (𝛼 = 0.05). Receiver operating characteristic and
area under the curve (AUC) analyses were calculated for the variables of both techniques.The two assays platforms yielded different
absolute values for the various analytes, always higher in ELISA. We found some correction factor between values: 2,1- to 3-fold for
A𝛽
1–42; 4,1- to 4,6-fold for T-tau; and 1,4- to 1,6-fold for P-tau181p. In addition, those values were highly correlated (A𝛽

1–42: 𝑟 = 0.70,
𝑃 < 0.01; T-tau: 𝑟 = 0.90, 𝑃 < 0.01; P-tau181p: 𝑟 = 0.85, 𝑃 < 0.01) and the AUC for the variables showed very similar values. In
conclusion, the results obtained with ELISA and xMAP platforms were highly correlated and its validity is very similar. Differences
in absolute values point to the need for a clear description of the technique used. Moreover, we found some conversion factor
between values of every protein that may be useful for transformation between both techniques.

1. Introduction

Accurate and early differentiation of Alzheimer’s disease
(AD) from other dementia illnesses, psychiatric disorders,
or even mild cognitive impairments (MCI) is becoming
increasingly important [1] because symptomatic drugs are
specifically available for AD patients and disease modifying
treatments, based on altered amyloid metabolism, are being
developed [2].

Cerebrospinal fluid (CSF) levels of A𝛽
1–42 protein (A𝛽),

total tau protein (T-tau), and phospho-tau protein 181p
(P-tau) have been shown to have a diagnostic utility for
discriminating AD dementia cases from cognitively normal
controls [3], early recognition of patients with MCI due to
AD or dementia due to AD [4, 5].

These CSF biomarkers of AD are currently being assessed
with two different platforms: enzyme-linked immunosorbent
assay (ELISA) and a multiplex technology (xMAP). Nev-
ertheless, there are differences in absolute values between
both techniques and no conversion factor exists to recalculate
results obtained with one of them to those from the other
[3, 6].

Our aim was to study if there is a correlation between
values obtained by both techniques, to compare their validity
and search for conversion factors between them.

2. Patients and Methods

2.1. Study Design. The study is a cross-sectional study.
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2.2. Patients. Patients were divided as follows:

(i) thirty probable NINCDS-ADRDA AD patients [7] in
out-patients clinic of the University General Hospital
of Alicante (Spain), referred by a general practitioner
or a neurologist;

(ii) twenty-eight control subjects who were to undergo
spinal anaesthesia for traumatological or urological
nonmalignant conditions, without cognitive deterio-
ration.

They all underwent physical and neurological exami-
nation, neuropsychological studies, assessment of depres-
sion using the Yesavage scale, blood test, and LP. Cerebral
magnetic resonance imaging (MRI) was made only in AD
patients.

We included subjects over the age of fifty-five. In the
control group, no patient had subjective memory loss, all
minimental state examination (MMSE) test results were
above twenty-seven, and the informant questionnaire on
cognitive decline in the elderly (IQCODE) was under 78
[7]. The neuropsychological criteria for probable AD were
a MMSE under 22 and IQCODE over 84. Before inclusion,
informed consent was obtained for LP and for examination
of CSF samples for research purposes.

The exclusion criteria were dementia from other etiolo-
gies, anticoagulant therapy or failure to obtain informed
consent, and a score greater than five using the Yesavage scale
of depression.

2.3. Procedures. The neurologist responsible for each patient
made a diagnosis of probable AD after clinical and neurolog-
ical examination, blood test, MRI, and neuropsychological
examination. This one included MMSE test, the IQCODE,
Rey auditory verbal learning, California verbal learning, trail
making test, and the geriatric depression scale of Yesavage.
With these tests, the evaluation of memory, language, exec-
utive function, attention, and visuoconstructive capacity was
made. Alteration of one function was defined as a 𝑍 result of
−1.5 or less, which was at least 1.5 standard deviations below
the mean of the control subjects, in at least one of the tests
used to evaluate that function. The neuropsychological tests
done in control group were the same as in patients group.

2.4. Extraction and Analysis of CSF. The extraction of CSF
was performed between February 2008 and February 2010.

In AD patients, LP was performed with a 20 × 3.5 gauge
needle in out-patient clinic, between 9 a.m. and 2 p.m. They
were premedicated with 5mgr of oral diazepam and lumbar
skin anaesthesia.

In control subjects, the CSF (±1mL) was obtained in
the operating theatre by the anaesthetist performing spinal
anaesthesia, between 9 a.m. and 2 p.m. They were premedi-
cated with intravenous diacepam and metamizole.

The CSF sample was collected in standard tubes and cen-
trifuged before being aliquoted in polypropylene tubes and
frozen at −80∘C. Obvious sanguinolent CSF was discarded.
Samples were frozen within an hour of the procedure.

The analysis of CSF samples was made at the end of the
collection, in doublets, for every technique.

2.5. Quantification of Variables. The two analytical plat-
forms used were ELISA (INNOTEST) and xMAP (INNO-
BIA Alzbio3) from INNOGENETICS (Ghent, Belgium). The
quantification of variables (A𝛽, T-tau, and P-tau) for the
two analytical platforms was made from the same tube. The
details of reagent combination in xMAP have been previously
published [8].

2.6. Statistical Analysis. The Kolmogorov-Smirnov test was
used to analyse the distribution of each variable. After that
we analyzed

(i) Spearman 𝑝 correlation coefficient (𝛼 = 0.05);
(ii) receiver operating characteristic (ROC) curve anal-

ysis which was calculated for the variables of both
techniques.

In all hypotheses, a 𝑃 value of less than 0.05 determined
statistical significance. The statistical package SPSS version
19.0 was employed.

3. Results

Thirty probable AD patients and 28 control subjects were
included. No statistical differences were seen in the age of
both groups. There were twenty percent more females in AD
group than in control group, as shown in Table 1.

In Table 2, we show the results of each biomarker in
the two analytical platforms. We observed that A𝛽 concen-
trations were significantly decreased and T-tau and P-tau
concentrations were significantly increased in AD patients,
in comparison with control subjects, both in the ELISA and
in the xMAP assays.

When we compared the results between both platforms
(Table 3) we found that ELISA A𝛽 protein concentration
is about 2,1-fold more than xMAP for AD patients and is
about 3-fold more for control subjects. Moreover, ELISA T-
tau concentration is about 4,6-fold more than xMAP for AD
patients and 4,1-fold for control subjects. Finally, ELISA P-
tau concentration is about 1,4-fold more than xMAP for AD
patients and 1,6 for control subjects.

The Spearman 𝑝 correlation coefficient between both
platforms was 0.70 for A𝛽 protein, 0.90 for T-tau, and 0.85
for P-tau, with a significant level less than 0.01 in every
correlation (Table 4).

Finally, when we compared the area under the curve
(AUC), in the ROC curve analysis for every biomarker, we
did not find statistical differences between both platforms
(Figure 1).

4. Discussion

In this study, we compared the performances of two cur-
rently used commercial assays for CSF biomarkers of AD.
We concluded that they performed almost equally well in
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Table 1: Study participant demographics.

Characteristics AD patients Control subjects Signification level
Participants number 30 28 —
Mean (SD) age at LP,
years 72.66 (6.83) 70 (7.43) N.s.

Female, % 63 40 0.01
Medical conditions:

HTA 8 7
DM 10 10
HPL 8 10
Hip replacement 0 12
Knee replacement 0 10
Prostatic adenoma 0 6

Mean MMSE
Folstein ± SD 23 ± 1.2 28 ± 0.5 0.01

Mean IQCODE ± SD 82 ± 5 68 ± 3 0.01
Mean Yesavage
depression scale ± SD 2.1 ± 0.5 2.3 ± 0.7 N.s.

Table 2: CSF biomarker concentrations.

Proteins INNOTEST INNOBIA
AD patients Control subjects AD patients Control subjects

A𝛽
1–42 645.5 ± 282.83 1659.6 ± 660.17 297.7 ± 99.8 510.88 ± 125.75

T-tau 572.73 ± 438.61 167.23 ± 46.5 122.0 ± 86.64 40.76 ± 15.75

P-tau
181p 86.71 ± 33.57 41.03 ± 10.45 61.0 ± 23.11 25.0 ± 4.44

Table 3: Folds in INNOTEST more than in INNOBIA Alz-bio3.

CSF proteins AD patients Control subjects
A𝛽
1–42 2.1 3

T-tau 4.6 4.1
P-tau
181p 1.4 1.6

discriminating control subjects fromADpatients.We did not
find statistical differences between AUCs for every protein
of both platforms. These results are in accord with those
published recently [3, 6, 9, 10]. Due to the technological
differences, because in xMAP is simultaneous, and in ELISAs
are individualized measures of the three proteins, we have
not a preference between them and we must leave the
choice of the technique to every laboratory, depending on its
availabilities.

Correlations between the two assay types were very good
for T-tau andP-tau (0.90 and 0.85, resp.) andmoderate forA𝛽
(0.70).These results are very similar to other previous studies
[3, 10]. The explanations for those findings comprise the
use of different combinations of antibodies in the respective
assays, the different interaction with antigen of antibodies
coated on amicrosphere (xMAP) versus antibodies coated on
microtiter plate, and differences in assay procedures.

As described before, the two methods produced different
absolute values for the various biomarkers (approximately
2,1- to 4,6-fold), always higher in ELISA than in xMAP

Table 4: Correlation between INNOTEST and INNOBIAAlz Bio-3:
AD patients and control subjects.

CSF proteins 𝑅 Signification level
A𝛽
1–42 0.70 𝑃 < 0.01

T-tau 0.90 𝑃 < 0.01

P-tau 0.85 𝑃 < 0.01

Spearman 𝑝 correlation coefficient (𝛼 = 0.05).

technology. The reasons of this variability may be the same
exposed in the previous paragraph. A recent study [6]
suggested that a constant correction factor could be used
to convert results obtained with the xMAP assays to ELISA
values, but some other studies [3] did not reach the same
results. Despite the fact that we did not find a constant
correction factor for the three proteins, we described a near
similarity between correction factors, always in the same
unit, for every biomarker. These results are very similar to
those obtained in other two similar studies recently published
[9, 10].

In agreement with multiple previous studies [1, 4, 5,
8], we observed that A𝛽 concentrations were significantly
decreased, and T-tau and P-tau concentrations were signifi-
cantly increased in AD patients, in front of control subjects,
both in the ELISA and in the xMAP assays. However, there
is an overlap between AD and control subjects. It may be
explained because all control subjects theoretically can have
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Figure 1: ROC curve analysis. Comparison of area under the curves (AUCs) between ELISA (BAMILE, TAUE, PTAUE) and xMAP (BAMIL,
TAU, PTAU) analysis results. No significant differences between AUCs (𝑃 < 0.05). Sensitivity % (at 80% specificity): ELISA: A𝛽

1–42 = 90; Tau
protein = 85; P-tau protein = 84 xMAP: A𝛽

1–42 = 82; Tau protein = 83; P-tau protein = 85.
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preclinical AD [4]. As limitations of this study, we have
to include that our control group has not been examined
with neuroimaging tests, to exclude possible future cognitive
impairment.

5. Conclusions

The results obtained with ELISA and xMAP were highly
correlated and their validity was very similar. However,
differences in absolute values point to the need for a clear
description of the technique used. Despite this, we find some
possible conversion factors for every CSF biomarker but we
need confirmation.
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Alzheimer’s disease (AD) is the most common progressive neurodegenerative disease and the most common form of dementia in
the elderly. It is a complex disorder with environmental and genetic components. There are two major types of AD, early onset and
the more common late onset.The genetics of early-onset AD are largely understood with mutations in three different genes leading
to the disease. In contrast, while susceptibility loci and alleles associated with late-onset AD have been identified using genetic
association studies, the genetics of late-onset Alzheimer’s disease are not fully understood. Here we review the known genetics of
early- and late-onset AD, the clinical features of EOAD according to genotypes, and the clinical implications of the genetics of AD.

1. Introduction

Alzheimer’s disease (AD), the most common progressive
neurodegenerative disease and the most common form of
dementia in the elderly, results from irreversible loss of
neurons, particularly in the cortex and hippocampus. Clin-
ically, AD is characterized by progressive impairments of
memory, judgment, decision making, orientation to physical
surroundings, and language. Pathologically, AD is character-
ized by the presence of extracellular neuritic plaques (NPs)
containing the 𝛽-amyloid peptide (A𝛽) and neurofibrillary
tangles (NFTs) composed of hyperphosphorylated tau pro-
tein in the brain.

In 1906, Alois Alzheimer reported the case of a woman
who presented with a “peculiar” dementia at the age of
51 years. Alzheimer correlated the woman’s cognitive and
behavioral features with histopathological findings of extra-
cellular “miliary foci” (senile plaques) and fibrils inside the
neurons (neurofibrillary tangles) in her cerebral cortex. Emil
Kraeplin subsequently named this presenile (onset<65 years)
dementia “Alzheimer’s disease” (AD) [1]. Familial clustering
of AD was first reported by Sjogren et al. in 1952 [2]. Since
the 1980s, various families with AD exhibiting an autosomal
dominant pattern of inheritance have been reported [3, 4].

With the advance of molecular genetics, in particular
genetic linkage studies, positional cloning, and genome-
wide association studies (GWAS), searches for the genes

responsible for both autosomal dominant forms of AD and
sporadic AD have been widely performed. In this review, we
outline the genetic landscape for the disease. We describe
what is known about the genetics of AD, the clinical features
of early-onset AD (EOAD) according to genotypes, and the
clinical implications of the genetics of AD.

2. Genetic Epidemiology of AD

AD is classified into two subtypes according to the age of
onset. About 1–5% of AD cases present with an early-onset
(before the age of 65 years, typically in the late 40s or early
50s) and are classified as having EOAD, whereas >95% of
patients develop the disease after the age of 65 years and
are classified as having late-onset AD (LOAD) [5]. Family
aggregation in AD is more obvious among EOAD patients,
who usually show a Mendelian autosomal dominant pattern
of inheritance (accounting for <1% of AD cases). However,
heritability of AD was estimated to be up to 79% based on
twin and family studies [6]. EOAD and LOAD are associated
with different patterns of genetic epidemiology.

3. Early-Onset Alzheimer’s Disease

EOAD is most often caused by rare, highly penetrant muta-
tions in three genes encoding proteins involved in amyloid
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precursor protein (APP) breakdown and A𝛽 generation,
namely, the APP [7], presenilin 1 (PSEN1) [8], and presenilin 2
(PSEN2) [9] genes.

3.1. APP Gene. The APP gene has 18 exons and encodes a
ubiquitously expressed single-pass transmembrane polypep-
tide of 770 amino acids. A𝛽 is generated from APP by two
endoproteolytic cleavage events catalyzed by 𝛽-secretase and
𝛾-secretase, generating a peptide of 39–43 amino acids in
length; the A𝛽 protein is themajor component of the amyloid
plaques found in AD brains.Themost common form of A𝛽 is
40 amino acids in length and is called A𝛽40; the longer form,
A𝛽42, is less abundant than A𝛽40 but is deposited first and is
more amyloidogenic.

Since Goate et al. found the first mutation (V717I) in the
APP gene in one out of five EOAD families in 1991 [7], 33
different APP mutations have been identified in AD patients
to date, including 23 missense mutations, nine duplications,
and one deletion [10]. Most of the mutations are dominantly
inherited. Most of these mutations are positioned in the
vicinity of the 𝛽- and 𝛾-secretase cleavage sites (exons 16
and 17 of APP); therefore, they influence APP proteolytic
processing and/or aggregation. A double point mutation,
APP KM670/671NL, identified in two Swedish families, lies
at the N-terminus of the A𝛽 domain adjacent to the 𝛽-
secretase site [11]. Some mutations, such as the Iranian
mutation (T714A) [12], Australian mutation (T714I) [13],
French mutation (V715M) [14], German mutation (V715I)
[15], Florida mutation (I716V) [16], and London mutation
(V717I) [7], frame the other end of the A𝛽 domain, located
just distal to the C-terminus of the A𝛽 domain adjacent to
the 𝛾-secretase site. Mutations such as the Flemish mutation
(A692G) [17], Italian mutation (E693K) [18], Dutch mutation
(E693Q) [19], Arctic mutation (E693G) [20], and Iowa muta-
tion (D694N) [21] are locatedwithin theA𝛽 coding sequence.
The Londonmutation (V717I) [7, 22–25], the V717G [26, 27],
V717F [25, 28], and V717L [25, 29–31] mutations, the Italian
mutation (E693K) [18], Dutch mutation (E693Q) [19], Arctic
mutation (E693G) [20], and E693del mutation [32] have been
identified in APP residues V717 and E693, making both
residues mutation hotspots in the APP gene.

3.2. PSEN1 and PSEN2 Gene. In 1995, mutations in the
PSEN1 and PSEN2 genes, which encode the presenilin 1 and
presenilin 2 proteins, respectively, required for 𝛾-secretase to
produce A𝛽 from APP, were identified in EOAD families [8,
9, 33]. To date, approximately 200 different AD-related PSEN1
mutations and 22 AD-related PSEN2 mutations have been
detected (http://www.molgen.vib-ua.be/ADMutations/) [10,
34–38]. The majority of mutations are missense muta-
tions, but small deletions and insertions have also been
reported. Mutations in PSEN1 and PSEN2 cause amino
acid sequence changes throughout the protein with some
clustering within the transmembrane domains and the
hydrophilic loops. Mutations in exons 5, 6, 7, and 8
account for >70% of all identified mutations in PSEN1
(http://www.molgen.vib-ua.be/ADMutations/) [10]. Five dif-
ferent mutations of PSEN1 residue 143 (I143V/F/N/T/M,

encoded by exon 5) [39–43] have been identified,making I143
residue a mutation hotspot. The presenilins act as aspartyl
proteases that carry out 𝛾-secretase cleavage of APP to
produce A𝛽. Therefore, mutations in the PSEN1 and PSEN2
genes increase the ratio of A𝛽42 to A𝛽40.

PSEN1 mutations account for the majority (78%) of
the EOFAD mutations identified, followed by APP (18%),
with PSEN2 mutations found in only a few families
(4%). Together, the mutations in these three genes are
thought to be responsible for 30–50% of autosomal dom-
inant AD cases and about 0.5% of AD cases in general
(http://www.molgen.ua.ac.be/ADMutations) [10]. Although
mutations in these genes are a rare cause of AD, the iden-
tification of these genes and mutations has been extremely
important to the recent progress in the understanding of the
biology of AD.

4. Pathophysiology

In 1984, Glenner first proposed that cerebral A𝛽 drives
all subsequent pathology [44]. This central thesis was later
reinterpreted and reported as the amyloid cascade hypothesis
of AD, which maintains that the accumulation of A𝛽 is
the primary driver of AD-related pathogenesis, including
neurofibrillary tangle formation, synapse loss, and neuronal
cell death [45–47]. Although the amyloid cascade is only one
possible mechanism proposed for AD and amyloid alone is
probably not sufficient to cause AD, the association of APP,
PSEN1, and PSEN2 with amyloid synthesis and its processing
indicates that the amyloid cascade theory plays an important
role in EOAD. According to the amyloid cascade hypothesis,
AD is a consequence of an imbalance between production
and deposition of A𝛽.

The AD-linked APP mutations located near the 𝛽- and
𝛾-secretase cleavage sites serve to increase A𝛽42 produc-
tion. The Swedish mutation, lying immediately before the
beginning of the A𝛽 peptide sequence, affects the efficiency
of 𝛽-secretase cleavage and increases the amount of A𝛽
peptide produced by 2-3 fold [11]. APP mutations at the C-
terminal end of A𝛽 alter the activity of 𝛾-secretase cleavage
and shift proteolysis to produce more A𝛽42, resulting in an
increased A𝛽42/A𝛽40 ratio but not an increase in the total
amount of A𝛽 peptides formed [48]. The Arctic mutation
(E693G) is located within A𝛽 dominant; therefore, rather
than altering the amount of A𝛽 formed or the A𝛽40/A𝛽42
ratio, it increases the rate of aggregation of mutant peptide,
suggesting thatAPPmutations can result in A𝛽 peptides with
altered aggregation properties [20].The amyloid hypothesis is
further supported by the opposite situation, in which an APP
mutation reducing the amount of amyloid formation in fact
protects against AD [49].

Both presenilins 1 and 2 are part of the 𝛾-secretase
complex; therefore, they are functionally involved in the 𝛾-
secretase-mediated proteolytic cleavage of APP. 𝛾-Secretase
containingmutation-altered presenilin still catalyzes cleavage
of APP, but the proteolytic site is altered; therefore, it causes
either an increase in A𝛽42 levels or a decrease in A𝛽40 levels,
leading to an increase in the A𝛽42/40 ratio. The relative
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increase in A𝛽 promotes the aggregation of the peptide into
oligomers and ultimately amyloid fibrils [46, 50–52].

5. Genotype-Phenotype Correlations

The clinical features of EOAD are heterogeneous, most
probably due to different genetic mutations and epigenetic
factors. Although the phenotypes associatedwith somemuta-
tions have been well characterized, significant phenotypic
heterogeneity also exists both between families sharing a
common mutation and within the affected individuals of a
single family.

5.1. Clinical Features of EOAD with APP Mutations. Patients
with APP mutations tend to present with symptoms between
the ages of 40 and 65 years and have disease duration of
9–16 years. Among the APP missense mutation families
reported, the phenotypes of the Flemish mutation (A692G),
Dutch mutation (E693Q), Arctic mutation (E693G), Iowa
mutation (D694N), and London mutation (V717I) are the
most well studied and described. The phenotype is hetero-
geneous among these mutations. Mutations at APP residue
V717, including the London mutation (APP V717I) [7, 22–
25], V717G [26, 27], V717F [25, 28], and V717L [25, 29–31],
demonstrate a similar phenotype with early impairment of
episodic memory, dyscalculia, lack of insight, and prominent
myoclonus and seizures [53]. Clinically, patients with the
Flemish mutation (APP A692G) present, in their 40s, either
with symptoms related to cerebrovascular events or with
cognitive dysfunction; neuropathologically, massive amyloid
accumulation in brain vessel walls but no neurofibrillary
tangles is seen in these patients [17, 19, 54, 55]. Carriers of the
Dutch mutation (APP E693Q) are characterized clinically by
focal symptoms related to recurrent cerebrovascular events,
usually followed by dementia, in their 40s and 50s, and patho-
logically by cerebral amyloid angiopathy with rare amyloid
plaque pathology [19, 56, 57]. Despite the presence of marked
amyloid angiopathy with abundant amyloid plaques and
neurofibrillary tangles on pathological investigation, patients
with the Arctic (APP E693G) mutation demonstrate a purely
cognitive phenotype in their 50s [20, 58, 59]. A similar
pathological feature was found in individuals with the Iowa
(APP D694N) mutation: the clinical feature of the mutation
carriers is progressive dementia with speech impairment
without any apparent focal symptoms of cerebrovascular
events [21, 60].

It is now known that duplications of the APP gene can
give rise to familial AD.The characteristic features associated
with APP duplication include a high frequency of seizures
with early progressive impairment of episodic memory and
prominent amyloid angiopathy leading to frequent intracere-
bral hemorrhage [61–65].

5.2. Clinical Features of EOADwith PSEN1Mutations. EOAD
patients with PSEN1 mutation typically have an early age
of onset, being an average of 8.4 years earlier than the age
of onset in APP mutation carriers (average 42.9 versus 51.3
years) and 14.2 years earlier than the age of onset in PSEN2

mutation carriers (average 57.1 years) [10]. Patients with very
early-onsetAlzheimer’s disease (VEOAD)usually have an age
of onset before the age of 35 years. A study of 101 VEOAD
cases from 1934 to 2007 found a PSEN1 mutation or linkage
to chromosome 14 in all cases for which genetic analysis
was performed, suggesting that PSEN1 mutations may be
responsible for all reported cases of VEOAD [66].

PSEN1 mutation carriers predominantly showed impair-
ment of memory and multiple cognitive domains [67, 68].
In addition to cognitive symptoms, some unusual clinical
features may be present early in the course of the disease,
in particular myoclonus and seizures [69]. Despite almost
all of these symptoms having been reported in sporadic AD
patients, extrapyramidal signs, behavioral and psychiatric
symptoms (agitation, depression, delusion, and hallucina-
tions), aphasia, and cerebellar signs are significantly more
frequent in PSEN1mutation carriers [70, 71].

The characteristic phenotype associated with a PSEN1
mutation probably represents the syndrome of “variant AD,”
which is most often associated with mutations around exon
8 and characterized by early-onset familial dementia and
spastic paraparesis [72, 73].The spastic paraparesismay occur
simultaneouslywith cognitive deficits ormaypredate themby
several years. The patients typically present with insidiously
progressive impaired gait and mild weakness in the lower
limbs, with signs of hyperreflexia [73, 74]. The mean age
of onset of “variant AD” ranges from 27 to the mid-50s,
with the most typical age of onset being at the earlier ages
in the spectrum [71, 73]. Therefore, it is not surprising that
many VEOAD cases have been reported to demonstrate this
syndrome [75, 76].

5.3. Clinical Features of EOAD with PSEN2 Mutations. Of
the families identified with PSEN2mutations, Volga German
pedigrees with the N141I mutation are the largest and most
well-studied group. Comparedwith PSEN1mutation carriers,
carriers of PSEN2mutations have a later age of onset.The age
of onset associatedwithmutations inPSEN2 is typically in the
50s, but there is a wide range from 39 to 75 years.The average
disease duration is 10.6 years, longer than that in patients with
PSEN1 mutations (8.4 years) but similar to that in sporadic
late onset AD patients (10.6 years). Early and progressive
defects in memory and executive functions are common
with relative sparing of naming. Seizures (30%) are common
in individuals with PSEN2 mutations. Neuropathological
changes are those of typical ADwith extensive neuritic plaque
formation and neurofibrillary tangle accumulation. Amyloid
angiopathy may be prominent and even lead to hemorrhagic
stroke [77].

6. Late-Onset Alzheimer’s Disease

For most cases of LOAD, the risk of developing AD is
assumed to be determined by genetic variants combined with
lifestyle and environmental exposure factors. The 𝜀4-allele of
the apolipoprotein E gene (APOE) on chromosome 19q13.2
is the only well-established genetic risk factor for LOAD
[78]. There are three common alleles of ApoE in humans
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(𝜀2, 𝜀3, and 𝜀4) that differ in sequence by only one amino
acid at either position 112 or 158 of the protein. One copy of
the 𝜀4-allele of APOE increases AD risk by 4-fold and two
copies increase the risk by 12-fold; by contrast, the 𝜀2-allele of
APOE is protective against AD [79]. APOE 𝜀4-alleles are also
associated with a dose-dependent decrease in age at onset (∼5
years/𝜀4-allele) in both sporadic and familial AD cases [80,
81]. Functionally, ApoE maintains lipoprotein metabolism
and transport, but it is believed to play a role in the clearance
of cerebral A𝛽 in AD pathogenesis. A𝛽 deposits are more
abundant in 𝜀4-positive than in 𝜀4-negative cases [82]. In
addition, ApoE4 is associated with other factors that may
contribute to AD pathology, including low glucose usage,
mitochondrial abnormalities, and cytoskeletal dysfunction
[83]. Furthermore, the presence of this allele is associated
with memory impairment, MCI, and progression from MCI
to dementia [84]. APOE𝜀4 has been suggested to account for
as much as 20–30% of AD risk.

Since the report of an association of LOAD with APOE,
many hundreds of studies have been performed to look for
AD susceptibility genes, but few reported genetic associations
have been replicated across studies. The main reason for
this is that other genetic risk factors have much smaller
effect sizes than does APOE. As a result, the sample sizes
used in the earlier studies were too small to have the
power to detect these genes. During the last few years sev-
eral technological advances have transformed the landscape
regarding the genetics of common complex traits such as
AD. The first of these was the development of genome-
wide arrays that allowed simultaneous screening of the entire
human genome in thousands of samples for novel AD loci.
Since 2007, dozens of GWAS of thousands of samples from
AD patients and nondemented elderly controls have been
performed, resulting in the identification of a number of
new genetic loci with genome-wide significance (<5 × 10−8)
[85–109]. Some of these foci have been identified in more
than twoGWAS and have compelling evidence supporting an
associationwith LOAD, including clusterin (CLU) [95, 96, 99,
107], complement component receptor 1 (CR1) [95, 104–106],
and phosphatidylinositol binding clathrin assembly protein
(PICALM) [96, 99, 107, 108], bridging integrator 1 (BIN1)
[99, 101, 104–107], sialic acid binding Ig-like lectin (CD33) [90,
105–107], CD2-associated protein (CD2AP) [105, 106], mem-
brane spanning 4A gene cluster (MS4A6A/MS4A4E) [105–
108], ephrin receptor A1 (EPHA1) [105–107], and ATP-binding
cassette transporter (ABCA7) [105–107, 109]. Recently, a rare
susceptibility variant (rs75932628) in the triggering receptor
expressed on myeloid cells 2 (TREM2) gene was identified to
be associated with LOAD [110, 111].

The search for additional genetic risk factors requires
large-scale meta-analysis of GWAS data to increase statistical
power. Very recently, a large, two-stage meta-analysis of
AD GWAS in individuals associated with European ancestry
identified 11 novel genetic loci for LOAD in addition to
the already known genes: ABCA7, APOE, BIN1, CLU, CR1,
CD2AP, EPHA1, MS4A6A-MS4A4E, and PICALM genes
[112]:HLA-DRB5–HLA-DRB1 (encodingmajor histocompat-
ibility complex, class II, DR𝛽5 and DR𝛽1), SORL1 (encoding

sortilin-related receptor, L(DLR class) 1), PTK2B (encoding
protein tyrosine kinase 2𝛽), SLC24A4-RIN3 (encoding solute
carrier family 24 (sodium/potassium/calcium exchanger),
member 4), ZCWPW1 (encoding zinc finger, CW type with
PWWP domain 1), CELF1 (encoding CUGBP, Elavlike family
member 1), NME8, FERMT2 (encoding fermitin family
member 2), CASS4 (encoding Cas scaffolding protein fam-
ily member 4), INPP5D (encoding inositol polyphosphate-
5-phosphatase, 145 kDa), and MEF2C (encoding myocyte
enhancer factor 2). This brought the number of genetic loci
associated with LOAD up to 22 [112].

Rare highly penetrant mutations were also reported in
LOAD. Two rare mutations in the ADAM10 gene, Q170H
and R181G, are identified in 7 out of 1000 LOAD families.
Both mutations are located in the prodomain region and
dramatically impair the ability of ADAM10 to cleave APP
at the 𝛽-secretase site of APP in vitro and in vivo [113].
These findings highlight the importance of the employment
of whole genome or whole exome sequencing to identify rare
variants causing LOAD, in addition to common variants, in
future genetic studies [113].

Although the total number of AD risk genes remains elu-
sive, there is good evidence suggesting that, in combination,
they have a substantial impact onADpredisposition.Thenew
risk alleles have a much smaller effect on AD susceptibility
than does APOE𝜀4. Estimates of the population-attributable
fractions or preventive fractions for these new loci are in the
range 1–8.1%. The cumulative population-attributable frac-
tion effect and population preventive fraction effect for non-
APOE candidate genes are estimated to be 31.7% and 30.4%,
respectively, while the population-attributable fraction for
APOE𝜀4 is about 27.3% [112]. However, the actual effect sizes
of the new loci may be much smaller because of the “winner’s
curse,” a bias that arises in GWAS studies because of sampling
variation and depends strongly on the power of the initial
test for an association (since the new loci are only weakly
associated with AD, the power to detect association is low
and the odds ratios for the new loci are usually overestimated)
[114].

These AD risk genes affect various pathways, roughly
falling into four pathways: A𝛽metabolism, lipid metabolism,
immune and complement system/inflammatory response,
and cell signaling (Figure 1). Eleven loci (CLU, CR1, BIN1,
ABCA7, CD33, CD2AP, EPHA1,MS4A6A-MS4A4E, TREM2,
HLA-DRB5-CDRB1, INPP5D, and MEF2C) probably affect
inflammatory processes; nine loci (APOE, CD33, CLU,
SQRL1, CR1, PICALM, BIN1, ABCA7, and CASS4) are
involved in A𝛽 metabolism; eight loci (PICALM, BIN1,
CD33,CD2AP, SQRL1, CLU, EPHA1, andMS4A6A-MS4A4E)
are involved in processes at the cell membrane, including
endocytosis; and three loci (APOE, CLU, and ABCA7) are
involved in lipid biology [112, 115]. Some of these newly
identified loci also suggest the existence of new pathways
underlying AD, probably including hippocampal synaptic
function (MEF2C and PTK2B), cytoskeletal function and
axonal transport (CELF1, NME8, and CASS4), regulation
of gene expression and posttranslational modification of
proteins, and microglial and myeloid cell function (INPP5D)
[112]. Therefore, the discoveries of these new genes open new
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Figure 1: Potential pathways of susceptibility genes involved in the pathogenesis of AD.

avenues to study the pathogenesis of AD. By targeting the
specific components of the pathways these gene products are
involved in, novel directions for drug discovery and effective
treatment may be available [114].

Although up to 80% of the AD risk is supposed to be
attributable to genetic factors, all of the known LOAD genes
(includingAPOE and new ones) account for about 60% of the
total genetic variance, indicating that additional risk genes for
LOAD remain to be identified.

7. Clinical Implications

7.1. Clinical Genetic Testing. Genetic testing of patients with
early-onset dementia and a positive family history can be a
valuable tool for identifying causativemutations, establishing
the correct diagnosis, excluding some differential diagnoses,
and offering at-risk relatives the option of predictive testing
[76, 116]. In addition, by performing genetic testing, the
physician will be able to select patients with the same
underlying pathogenesis for therapeutic trials [117]. Because
mutations in PSEN1 are the most frequent cause of EOFAD,
it is rational to screen for PSEN1 mutations first, partic-
ularly if the patients have early age of onset, followed by
APP and PSEN2 mutations [118]. If sequencing of all three
genes is normal for a Mendelian family, then screening

for duplication of the APP gene should also be considered
[65, 117]. As discussed above, a few phenotypic clues can
help prioritize mutation screening. Familial AD patients with
spastic paraparesis are likely to have a PSEN1mutation while
familial AD patients with cerebral hemorrhage caused by
cerebral amyloid angiopathy may have APP mutations [118].
Mutations in these genes may occasionally be identified in
AD patients with no family history, especially those with
an age of onset of 40 years or younger. These cases may be
“true” sporadic patients withde novomutations or “apparent”
sporadic patients with no obvious family history because
of a small family size, early deceased parents, incomplete
penetrance, or paternity issues. Therefore, genetic testing
in EOAD patients with no family history can be useful in
establishing the diagnosis [117]. An algorithm for genetic
testing in patients with EOAD has been proposed elsewhere
[117]. It should be kept in mind that some variants might only
be polymorphisms with no clinical significance rather than
pathogenic mutations, especially for genetic changes that
have not been reported in the past. Guerreiro et al. proposed
a scale for grading mutations as not pathogenic, possibly
pathogenic, probably pathogenic, and definitely pathogenic,
on the basis of segregation within the family, its frequency in
clinically normal individuals, and functional studies inmodel
systems [119].
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7.2. Presymptomatic Genetic Counselling. With respect to
asymptomatic relatives of an EOFAD case with a pathogenic
mutation, the availability of genetic testing and counselling
creates both advances and dilemmas. Common reasons for
testing include concerns about the early symptoms of demen-
tia, reproductive planning, and the psychological burden of
the uncertainty about their future [120, 121]. Furthermore,
identified asymptomatic mutation carriers might also have
the opportunity to join treatment trials for genetic at-risk
groups, such as the Alzheimer’s Prevention Initiative and
Dominantly Inherited Alzheimer Network initiatives [118].
On the other hand, genetic testing may trigger potential
risk of emotional stress, such as depression, anxiety, or even
suicide [76]. However, two independent studies have shown
that, in themajority of asymptomatic individuals tested using
a standardized counseling protocol, the testing was beneficial
and the patients demonstrated effective coping skills without
negative psychological reactions during several months of
follow-up [120, 121]. Although genetic variations other than
these known genes also contribute to AD risk, among which
variants in ApoE and TREM2 gene have the greatest effect,
genetic testing for ApoE or TREM2 genotypes is not rec-
ommended for asymptomatic individuals [118]. Guidelines
and recommendations on genetic counseling procedures in
asymptomatic AD have been published previously [116].

7.3. Gene Therapy. To date, no disease-modifying treatment
for AD is yet available, although several disease-modifying
clinical trials are ongoing. Based on the amyloid cascade
hypothesis, in the majority of AD cases, the accumulation
of A𝛽 is a result of an imbalance between A𝛽 generation
and clearance. Thus, a gene therapy approach involving A𝛽-
degrading enzymes would be a possible alternative strategy
[122]. Gene delivery of nerve growth factor (NGF) [123],
brain-derived neurotrophic factor (BDNF) [124], neprilysin
[125], APOE [126], ECE [127], and cathepsin B [128] has
been studied extensively in several AD animal models with
promising results, and the first clinical trial using ex vivo
gene delivery has been completed, with result indicating
amelioration of AD pathogenesis [129]. The first human
clinical trial based on rAAV-mediated NGF gene therapy has
been initiated [130]. Downregulating APP [131] and 𝛽-site
APP cleaving enzyme 1 (BACE1) [132] levels in vivo by means
of siRNA-mediated knockdown has also produced some very
promising results.Therefore, gene therapy appears to have the
potential to become a disease-modifying treatment for AD
[122].

8. Perspectives

There have been huge advances in our understanding of
the genetics of AD over the last few years. The discovery
of the three EOAD-related genes, APP, PSEN1, and PSEN2,
has improved our knowledge of the physiopathology of AD.
Ongoing and future large-scale genome-wide association
studies and next-generation whole genome or whole exome
sequencing hold the promise of unraveling the complexities
of the genetic architecture of this disease. This should lead to

identification of novel targets for genetic testing, as well as
developing preventative and curative therapies for AD.
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[121] J. Fortea, A. Lladó, J. Clarimón et al., “PICOGEN: five years
experience with a genetic counselling program for dementia,”
Neurologia, vol. 26, no. 3, pp. 143–149, 2011.

[122] P. Nilsson, N. Iwata, S.Muramatsu, L. O. Tjernberg, B.Winblad,
and T. C. Saido, “Gene therapy in Alzheimer’s disease-potential
for disease modification,” Journal of Cellular and Molecular
Medicine, vol. 14, no. 4, pp. 741–757, 2010.

[123] M. H. Tuszynski, D. E. Smith, J. Roberts, H. McKay, and E.
Mufson, “Targeted intraparenchymal delivery of human NGF
by gene transfer to the primate basal forebrain for 3 months
does not accelerate 𝛽-amyloid plaque deposition,” Experimental
Neurology, vol. 154, no. 2, pp. 573–582, 1998.

[124] A. H. Nagahara, D. A. Merrill, G. Coppola et al., “Neuroprotec-
tive effects of brain-derived neurotrophic factor in rodent and
primate models of Alzheimer’s disease,” Nature Medicine, vol.
15, no. 3, pp. 331–337, 2009.

[125] N. Iwata,H.Mizukami, K. Shirotani et al., “Presynaptic localiza-
tion of neprilysin contributes to efficient clearance of amyloid-𝛽
peptide in mouse brain,” Journal of Neuroscience, vol. 24, no. 4,
pp. 991–998, 2004.

[126] J. C. Dodart, R. A. Marr, M. Koistinaho et al., “Gene delivery
of human apolipoprotein E alters brain A𝛽 burden in a mouse
model of Alzheimer’s disease,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 102, no.
4, pp. 1211–1216, 2005.

[127] N. C. Carty, K. Nash, D. Lee et al., “Adeno-associated viral
(AAV) serotype 5 vector mediated gene delivery of endothelin-
converting enzyme reduces A𝛽 deposits in APP + PS1 trans-
genic mice,” Molecular Therapy, vol. 16, no. 9, pp. 1580–1586,
2008.

[128] S. Mueller-Steiner, Y. Zhou, H. Arai et al., “Antiamyloidogenic
and neuroprotective functions of cathepsin B: implications for
Alzheimer’s disease,” Neuron, vol. 51, no. 6, pp. 703–714, 2006.

[129] M. H. Tuszynski, L.Thal, M. Pay et al., “A phase 1 clinical trial of
nerve growth factor gene therapy forAlzheimer disease,”Nature
Medicine, vol. 11, no. 5, pp. 551–555, 2005.

[130] K.Wu,C.A.Meyers, N. K.Guerra,M.A.King, andE.M.Meyer,
“The effects of rAAV2-mediatedNGF gene delivery in adult and
aged rats,”Molecular Therapy, vol. 9, no. 2, pp. 262–269, 2004.

[131] C.-S. Hong, W. F. Goins, J. R. Goss, E. A. Burton, and J. C.
Glorioso, “Herpes simplex virus RNAi and neprilysin gene
transfer vectors reduce accumulation of Alzheimer’s disease-
related amyloid-𝛽 peptide in vivo,” Gene Therapy, vol. 13, no.
14, pp. 1068–1079, 2006.

[132] O. Singer, R. A. Marr, E. Rockenstein et al., “Targeting BACE1
with siRNAs ameliorates Alzheimer disease neuropathology in
a transgenic model,” Nature Neuroscience, vol. 8, no. 10, pp.
1343–1349, 2005.



Review Article
Shared Mechanisms of Neurodegeneration in
Alzheimer’s Disease and Parkinson’s Disease

Anmu Xie,1 Jing Gao,1 Lin Xu,1 and Dongmei Meng2

1 Department of Neurology, Affiliated Hospital of Medical College, Qingdao University, Qingdao, Shandong 266003, China
2Department of Endocrinology, Affiliated Hospital of Medical College, Qingdao University, No. 16 Jiangsu Road,
Qingdao, Shandong 266003, China

Correspondence should be addressed to Anmu Xie; xieanmu@163.com and Dongmei Meng; mengdongmeiqd@gmail.com

Received 8 February 2014; Revised 16 April 2014; Accepted 20 April 2014; Published 12 May 2014

Academic Editor: Jin-Tai Yu

Copyright © 2014 Anmu Xie et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Alzheimer’s disease (AD) and Parkinson’s disease (PD) have markedly different clinical and pathological features, but these two
diseases are the most common neurodegenerative disorders. Previous studies have showed that there are common mechanisms
in AD and PD. Several genetic studies have revealed mutations in genes associated with the risk of AD and PD. Circumstantial
evidences have shown that dysregulation of brain iron homeostasis leads to abnormal iron accumulation and results in AD as
well as PD. 𝛼-Synuclein and tau take part in the mechanisms of these diseases by oxidative stress and mitochondrial dysfunction.
Some studies indicated that the loss of LC noradrenergic neurons may occur early in the progression of AD and PD. Nicotinic
acetylcholine receptors (nAChRs) are members of the Cys-loop superfamily of pentameric ligand-gated ion channels; some
evidence showed that nicotinic receptors may be associated with AD and PD.These experimental and clinical studies may provide
a scientific foundation for common shared mechanisms in AD and PD.

1. Introduction

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are
the most common neurodegenerative diseases. Both of them
have a large population of suffers. However, there is no
cure for multifactorial diseases like AD and PD currently.
Classic pathological features of ADare aggregates of insoluble
amyloid beta-protein (Ab) and neurofibrillary tangles (NFTs)
consisting of precipitates or aggregates of hyperphosphory-
lated tau protein [1]. One of the most important clinical
clues to probable AD is a history of insidious learning and
memory difficulties, often noticed by others and sufficient
to impact performance of day-to-day activities [2]. Other
deficits across a range of other cognitive faculties include
higher visual processing, frontal executive function, and
language abilities [3]. Pathologically, PD is highlighted by
degeneration of dopamine neurons in the substantia nigra
pars compacta (SNpc) as well as Lewy body (LB) or Lewy
neurite (LN) intracellular inclusions largely composed of 𝛼-
synuclein [4] (Table 1). PD, traditionally, has been defined by

its characteristic motor hallmarks of rest tremor, bradykine-
sia, rigidity, and gait impairment [5]. Although AD and PD
have distinct mechanisms of etiology, different brain regions,
and distinct clinical features, they have much overlap in
the development of neurodegeneration. This review aims to
elucidate the common shared mechanisms in AD and PD
(Figure 1) from gene mechanisms to histological level. Next,
we will share these mechanisms.

2. Gene

Despite AD and PD being clinically distinct entities, there
is a possible pathological overlap. AD and PD have been
hypothesized to share common genetic determinants. Lots of
studies have suggested that some genes are associated with
AD as well as PD.

Some genome-wide association (GWA) studies have sug-
gested that the two diseases represent a biological continuum.
The application of GWA studies to idiopathic forms of AD
and PD has identified a number of loci containing genetic
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Figure 1: Shared mechanisms in AD and PD.

Table 1: Difference between AD and PD.

Clinical clues Classic pathological
features

AD

Learning and memory
difficulties Amyloid beta-protein

Frontal executive function Neurofibrillary tangles
Language abilities

PD

Rest tremor Degeneration of dopamine
neurons

Bradykinesia Lewy body (LB)
Rigidity
Gait impairment

variants that increase the risk of these two disorders. Previous
studies performed a combined PD-AD meta-analysis and
compared the results with those obtained in the primary
GWA studies. The findings imply that loci increase the
risk of both PD and AD and that the pathological overlap
could instead be “downstream” of the primary susceptibility
genes that increase the risk of each disease [6]. The role of
PON1 in AD and PD is important because of its putative
biological roles in pesticide metabolism, inflammation, and
oxidative stress as well as the involvement of these mech-
anisms in the pathogenesis of neurodegenerative disease.
Case-control studies of PON1 genetic variants in AD and
PD have revealed positive albeit inconsistent association with
two PON1-coding polymorphisms: Q192R (rs662) and L55M
(rs854560). Positive studies showing an association between
PON1 polymorphisms rs662 and rs854560 in AD and PD
may be partially explained by failure to adjust for relevant
covariates [7, 8] or by population stratification as evidenced
by departure or near departure from HWE [9]. The death
of individuals with QQ192 at a younger age could cause
erroneous conclusion that RR192 or RQ192 is associated
with AD or PD [10]. Glutathione S-transferase omega-1

and glutathione S-transferase omega-2 genes (GSTO1 and
GSTO2), residing within an AD and PD linkage region, have
diverse functions including mitigation of oxidative stress and
may underlie the pathophysiology of both diseases. GSTO
polymorphisms were also reported to associate with risk and
age at onset of these two diseases. These findings reported
SNPs, GSTO1 rs4925 and GSTO2 rs156697, in AD and PD
in association with disease risk, age at diagnosis, and brain
gene expression level [11]. Otherwise, a variant in the NEDD9
gene may be another common genetic factor in AD and
PD. Chapuis et al. data indicated that the SNP rs760678 of
NEDD9 gene is at best a weak genetic determinant of AD or
PD [12].

In conclusion, these studies of PON1, GSTO, andNEDD9
genes showed that AD and PD shared common genetic
mechanisms.

3. 𝛼-Synuclein

𝛼-Synuclein (𝛼-SN) is a ubiquitous 140-amino acid protein of
18–20 kDa that is encoded by a single gene consisting of seven
exons borne by chromosome 4 [13]. Some studies indicated
that 𝛼-synuclein had association with AD and PD.
𝛼-SN is implicated in the pathogenesis of AD. 𝛼-SN has

been suggested to be involved in aberrant synapse formation
in the brain of AD patients [13]. Increased intensity of 𝛼-SN
staining has been found in the brain of ADpatients compared
with controls [13]. In early stage of AD, accumulated 𝛼-SN
can be detected at the presynaptic site suggesting that such
abnormal deposit may be an early event in the pathogenesis
of AD [14]. 𝛼-SN is reported to be found in the plaques in
human AD brain as well as Tg2576 AD model mice brain,
suggesting that full-length𝛼-SN is released by neurons, either
as part of normal cellular processing or, alternatively, as a
result of neuronal degeneration and death [15, 16]. 𝛼-SN is
the precursor protein of a nonamyloid 𝛽 component of senile
plaques (NACP) in Alzheimer’s disease (AD) [13]. Lewy
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bodies and Lewy neurites are frequently observed in AD
[17]. About 40–50% of AD patients have 𝛼-SN positive Lewy
bodies [18]. Recent reports from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) found increased CSF 𝛼-SN
in patients with mild cognitive impairment (MCI) and AD
[19]. Thus, 𝛼-SN may take part in the mechanism of AD.

A key pathological feature of PD is Lewy bodies, of which
the major protein component is just 𝛼-SN. Human genetic
studies have shown that mutations (A53T, A30P, and E46K)
and multiplication of the 𝛼-SN gene are linked to familial
PD.Mice overexpressing the human A53Tmutant 𝛼-SN gene
develop severemovement disorders [20]. Lasnsbury et al. [21]
have ascribed the pathological properties of PD mutant 𝛼-
SN (A30P and A53T) to enhanced formation of so-called
protofibrils [22]. These pathological reports implied that 𝛼-
SN also contributes to the pathophysiology of PD.

4. Tau Protein

Aswidely known, AD is characterized at the histological level
by the so-called neurodegenerative plaques and neurofibril-
lary tangles (NFTs) [23]. The tau proteins are microtubule-
associated phosphoprotein whose levels are regulated by tau
kinase and phosphatases [24]. Tau homeostasis plays an
important role in the maintenance of microtubule stability,
dynamics, and neuronal viability [25]. Hyperphosphoryla-
tion of tau has been verified to lead to dynamic instability and
disintegration of microtubular networks and eventually to
formation of NFTs [26], resulting then in neurodegeneration
[25]. And the core of its constituent filaments is made
of a truncated fragment from the repeat domain of tau.
This truncated tau can catalyze the conversion of normal
soluble tau into aggregated oligomeric and fibrillar tau which,
in turn, can spread to neighboring neurons. Its initiating
substrate complex is most likely formed as a consequence
of a progressive loss of endosomal-lysosomal processing of
neuronal proteins, particularly of membrane proteins from
mitochondria [27]. Meanwhile, the abnormal phosphoryla-
tion of tau results in the formation ofNFTswhich is produced
by the action of tau kinases, leading to the loss of neurons and
synapse and eventually to dementia [24]. Thus, tau may take
part in the mechanism of AD.

In addition to AD, tau also takes part in PD. Herbert
et al. determined the diagnostic value of cerebrospinal fluid
(CSF) DJ-1 and tau proteins for discriminating PD and
multiple system atrophy (MSA). DJ-1 and total tau levels were
quantified in the CSF of 43 PD patients, 23MSA patients, and
30 nonneurological controls matched for age and gender.The
result showed that the combination of DJ-1 and tau proteins
significantly improved this discrimination to 82% sensitivity
and 81% specificity to identify MSA from PD. The result
highlighted the potential benefits of a combination of DJ-1
and total tau as biomarkers for differential diagnosis of MSA
and PD [28]. Another study observed a significant corre-
lation between CSF levels of tau proteins and 𝛼-synuclein
in a cohort of entirely untreated patients with PD at the
earliest stage of the disease. These results found a significant
correlation of the levels of 𝛼-synuclein with the levels of T-tau

and P-tau181 and found that measures of CSF A𝛽1-42, T-
tau, P-tau181, and 𝛼-SN have prognostic and diagnostic
potential in early-stage PD [22]. So, tau also takes part in the
mechanism of PD.

5. Iron

It was found that somemetals, such as iron, copper, zinc, and
aluminum, suffer progressive changes along the advance of
neurodegeneration, suggesting that these imbalances could
be related to the decline of cognitive functions.

Lowmolecular mass fractions of iron, copper, aluminum,
and cobalt appear to play a role in pathogenesis of AD.
Oxidative stress in dementia relates to increased redox active
sources such as some transition metals, in particular iron, in
the early stages of AD [23]. The most likely mechanism by
which amyloid may increase oxidative stress in vitro refers
to its ability to bind iron. Thus, it has been suggested that a
very large amount of iron could be bound at the neuronal
RNA level and numerous studies have indicated an oxidation
process of RNA in patients with AD [23]. Given its rapid
turnover, neuronal RNA has become one of the most used
methods to observe the redox balance status and oxidative
stress in the brain. Finally, correlation analysis indicated that
these metal abnormalities can be interrelated, participating
in common processes such as oxidative stress, altered home-
ostasis, and uptake into brain, as well as impaired glucose
metabolism [29].

Protein levels of hepcidin, the iron-homeostatic peptide,
ferroportin, and the iron exporter were significantly reduced
in hippocampal lysates from AD brains. In AD brains, hep-
cidin expression was reduced and restricted to the neuropil,
blood vessels, and damaged neurons. In the APP-tg mouse
immunoreactivity for ferritin light-chain, the iron storage
isoform was initially distributed throughout the brain and
as the disease progressed, it was accumulated in the core
of amyloid plaques. In human and mouse tissues, extensive
AD pathology with amyloid plaques and severe vascular
damage with loss of pericytes and endothelial disruption
was observed. In AD brains, hepcidin and ferroportin were
associated with heme-positive granular deposits in the region
of damaged blood vessels [30].

Huperzine A (HupA), a natural inhibitor of acetyl-
cholinesterase derived from a plant, is a licensed anti-AD
drug inChina. In addition to acting as an acetylcholinesterase
inhibitor, HupA possesses neuroprotective properties. Stud-
ies showed that the neuroprotective effect of HupA was
derived from a novel action on brain iron regulation. HupA
treatment reduced insoluble and soluble beta-amyloid levels,
ameliorated amyloid plaques formation, and hyperphos-
phorylated tau in the cortex and hippocampus of APP-
swe/PS1dE9 transgenic AD mice. Besides, HupA decreased
beta-amyloid oligomers and amyloid precursor protein levels
and increasedA disintegrin andmetalloproteinase domain 10
(ADAM10) expression in these treated AD mice [31].

The pathological features of the common neurodegener-
ative conditions AD and PD are all known to be associated
with iron dysregulation in regions of the brain where the
specific pathology is most highly expressed [32].
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Neuropathology plays a key role in characterizing
the pathogenesis of neurodegenerative diseases including
forms of neurodegeneration with brain iron accumulation
(NBIA). Despite important differences, several genetically
diverse forms of NBIA nevertheless share common features
in addition to iron deposition, such as the presence of
neuroaxonal spheroids. Multiple forms of NBIA also demon-
strate tau or 𝛼-SN pathology, suggesting parallels with both
ADandPD. Perls’ staining of brain tissue shows awide spread
perivascular deposition of iron and intracellular iron accu-
mulation largely confined to the globus pallidus and substan-
tia nigra, in pantothenate kinase-associated neurodegenera-
tion (PKAN), phospholipase-associated neurodegeneration,
mitochondrial membrane protein-associated neurodegen-
eration, beta propeller protein-associated neurodegenera-
tion, and neuroferritinopathy and aceruloplasminemia. Iron
deposition occurs to a lower extent in the substantia nigra.
Ferritin staining of both neurons and astrocytes is prominent
in PKAN and in general mirrors the pattern seen by Perls’
staining. Affected neurons accumulate iron leading to a
coarse intracellular appearance that recedes in degenerating
cells. Examination of several cases in different stages of dis-
ease has indicated that iron deposition begins in the caudate,
putamen, thalamus, and dentate nucleus but subsequently
spreads throughout the cortex with the frontal and temporal
cortices being most profoundly affected [33].

Iron deposition has been found in dopaminergic neurons
with 𝛼-SN [34]. 𝛼-SN also synthesizes neuromelanin which
is associated with iron storage and binds iron-forming stable
complexes to sequester large amounts of iron in dopamin-
ergic neurons, thus, resulting in elevated iron levels. Excess
iron in dopaminergic neurons can accelerate toxic 𝛼-SN fibril
formation, leading to cellular dysfunction [35]. Ferritin and
neuromelanin may contribute to neuroprotection [36], since
free cytosolic iron can trigger oxidative stress and promote
𝛼-SN deposition in Lewy bodies [28, 37].

A recent study in vitro reported that the upregulation of
divalent metal transporter 1 without iron-response element
(DMT1-IRE) and the increase in DMT1-IRE mediated iron
influx play a key role in L-DOPA-induced neurotoxicity in
cortical neurons [38]. More importantly, elevated expression
of a DMT1 isoform has been found in 𝛼-SN of PD patients
[39], which may be associated with iron accumulation.
Similarly, in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
treated mice, a PD model, increased DMT1 expression was
found in the ventral mesencephalon, followed by corre-
sponding iron deposition and dopaminergic cell loss. Thus,
DMT1 plays an instrumental role in iron accumulation and
subsequent oxidative stress-mediated cell damage. Neurons
and glial cells appear to export iron via a GPI-anchored
form of ceruloplasmin (CP). Quite recently, Jin et al. reported
that a decrease in serum CP levels may specifically promote
iron deposition in 𝛼-SN of PD patients [40]. Genetic and
pharmacological experiments have proven that chelation of
excess ironmay be an effective therapy for PD.These findings
have led to the development of therapeutic iron chelators for
the treatment of NDs.

6. Oxidative Stress/Mitochondrial Dysfunction

Excess free radicals can cause neurodegenerative pathological
changes of the type through lipid peroxidation reactions.
Some evidences showed that free radicals may be involved
in the mechanisms of AD and that higher levels of lipid
peroxidation products may be in the central nervous system
in AD patients [22, 41]. In animal models of AD, increase
in lipid peroxidation and elevated levels of reactive oxygen
species and decrease in the neurons survival ratio have been
shown [42]. Some studies showed that oxidative stress may
lead to intralysosomal induction of amyloid to destabilize
lysosomal membranes and be indirectly involved in the
amyloid genesis, resulting in cell death. These findings have
shown a clear link between oxidative stress and pathogenic
acroautophagal processes in AD [43].

Accumulation of reactive oxygen species is associated
with mitochondria dysfunction and free radicals can be
produced by mitochondrial biochemical reactions in AD.
The importance of mitochondria may be fundamental in
nerve cell survival through the control exercised both on
energy metabolism and on various apoptotic pathways.Thus,
mitochondria are the most important place producing reac-
tive oxygen species (ROS) in AD [23]. Mitochondria could
be considered the central pawn in AD. There were many
biochemical changes in the brain of patients with AD, for
example, the oxidative stress and mediating intrinsic cellular
apoptosis. In this way, morphological analysis showed a clear
relationship between the reduction in the number and size of
mitochondria and AD [23]. So mitochondrial dysfunctions
created serious metabolic disturbances in cellular life that
prevent normal functioning of neurons. Mitochondria may
initiate cell apoptosis and result in AD [23].

Oxidative stress is also a key theory in PD mechanisms.
When a cell is in oxidative stress and the amount of ROS
exceeds a certain threshold, the cell does not function
effectively which leads to cell death [44]. Studies found some
markers of oxidative stress in serum and CSF of PD patients
and dopaminergic neurons are particularly susceptible to
high level of ROS [44, 45]. Otherwise, crucial antioxidants
such as glutathione are low in dopaminergic neurons [46].

Oxidative stress relates to mitochondrial dysfunction;
mitochondria are the main producers of ROS in brain [47,
48]. Studies have demonstrated that mitochondrial DNAwas
altered in some PD cases and that this alteration raised the
risk of the disease by increasing ROS formation [49]. Defi-
ciencies of mitochondrial complex I have been noted in brain
and other tissues in postmortemPD studies [50]. Particularly,
PD animalmodels from the toxinMPTP create Parkinsonism
through interaction with mitochondrial complex I [51]. Thus
these findings also show a link between oxidative stress and
mitochondrial dysfunction in PD.

7. Neuroinflammation

In general, inflammation is a protective response to various
cell and tissue injuries. If this response is uncontrolled, the
effect initiates excessive cell and tissue damages that result in
destruction of normal tissue and chronic inflammation [52].
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Alzheimer’s disease (AD) and Parkinson’s disease (PD) are
also the brain inflammatory diseases, which are characterized
by “redox state” imbalance and chronic inflammation, a
major cause of cell damage and death.

Several studies have shown that brain cells like microglia
and astrocytes induce and release diverse inflammatory
mediators in response to oxidative stress [53, 54]. An
increased number of activated microglial cells have consis-
tently been reported in PD, which may have a deleterious
effect on dopaminergic neurons [55]. Most studies have
demonstrated that microglial cells play an important role
in neuroinflammation and neurodegeneration; accumulating
evidence has also demonstrated the characteristic changes of
astrocytes in neurodegenerative diseases such as dementia
[54, 56]. The senile and neurotic plaque of AD is accompa-
nied by inflammatory responses in activated glial cells. The
activated microglia produce several inflammatory mediators
including COX-2/prostaglandins (PGs), iNOS/nitric oxide
(NO), or cytokines as well as neurotoxic substances, which
are thought to be responsible for brain injuries and diseases
including AD and neural death due to the exposure of
LPS, interferon-𝛾, or 𝛽-amyloid [55]. Thus, microglia and
astrocytes play an important role in PD and AD.

ROS act as a critical signaling molecule to trigger
inflammatory responses in central nervous systems (CNS)
through the activation of the redox-sensitive transcription
factors, including nuclear factor-𝜅B (NF-𝜅B) and activator
protein-1 (AP-1) [53, 57]. Excessive production of ROS by
mitochondria and NADPH oxidase (Nox) is usually thought
to be responsible for tissue injury associated with a range
of brain injury, inflammation, and degenerative diseases
such as AD [57]. Many of the well-known inflammatory
target proteins, includingmatrixmetalloproteinase-9 (MMP-
9), cytosolic phospholipase A2 (cPLA2), cyclooxygenase-
2 (COX-2), inducible nitric oxide synthase (iNOS), and
adhesionmolecules, are associatedwith oxidative stress (ROS
generation) induced by proinflammatory factors such as
cytokines, peptides, infections, and peroxidants [52, 53, 57].

So neuroinflammation mechanism plays an important
role in PD and AD; microglia and astrocytes induce and
release diverse inflammatory mediators in response to oxida-
tive stress. ROS act as a critical signaling molecule to trigger
inflammatory responses.

8. Locus Coeruleus (LC)

Norepinephrine released fromLC terminals produces diverse
effects based on the adrenoreceptor (AR) onwhich it acts.The
LC is severely affected in neurodegenerative disorders such as
AD and PD [58].

In addition to the loss of cholinergic neurons in AD,
there is a significant loss of noradrenergic neurons in the LC
[59, 60].The LC innervates many forebrain regions including
the cortex and hippocampus, two regions that were severely
affected inAD [45]. Some studies indicated that the loss of LC
noradrenergic neurons may occur early in the progression of
AD [61, 62] before the onset of cognitive impairment. Animal
models of familial AD also demonstrated the importance of
the LC in the early stages of AD [63].

In PD, postmortem examination also demonstrated a
significant loss of noradrenergic neurons in the LC [60,
64]; this loss is equal to or greater than the neuronal loss
observed in the dopaminergic 𝛼-SN region [64]. The loss
of LC noradrenergic neuron is also earlier than the loss of
dopaminergic neurons in the progression of PD [64, 65].
Although administration of L-DOPA to patients with PD
can alleviate motor symptoms, L-DOPA cannot alleviate the
nonmotor symptoms associated with LC neuronal loss [66].

So, AD and PD share one major neuropathological
iteration, a significant reduction in LCnoradrenergic neurons
[58, 60, 64]. The reduction of LC noradrenergic neurons
occurs early in the progression of both of these disorders
[61, 65].

9. Nicotinic Receptors

Nicotinic receptors may be associated with AD and PD.
Nicotinic acetylcholine receptors (nAChRs) are members of
the Cys-loop superfamily of pentameric ligand-gated ion
channels, which include GABA (A and C), serotonin, and
glycine receptors. Currently, 9 alpha (𝛼2–𝛼10) and 3 beta
(𝛽2–𝛽4) subunits have been identified in the central nervous
system (CNS) and these subunits assemble to form a variety
of functional nAChRs. In the CNS, nAChRs play crucial roles
in modulating presynaptic, postsynaptic, and extrasynaptic
signaling and have been found to be involved in a complex
range of CNS disorders including AD and PD.Therefore, the
interest of the development of drugs that modulate nAChR
functions with optimal benefits and minimal adverse effects
is growing [67].

10. Conclusion

Although AD and PD have markedly different clinical and
pathological features, many mechanisms involved in AD and
PD may be the same, such as genes, 𝛼-synuclein protein,
tau protein, oxidative stress,mitochondrial dysfunction, iron,
and locus coeruleus. Common mechanisms that shared in
AD and PD are supported by many scientific observations
through biochemical, genetic, and molecular studies. Thus,
there are many reports to prevent or treat these diseases by
inhibiting 𝛼-synuclein protein and tau protein, accumulating
and activating antioxidant system, antioxidative stress, spe-
cific mutations in specific genes, alterations in mitochondrial
disturbances, and so on. AD and PD are neurodegenerative
disorders; in future, the hypothesis of more genes or proteins
may be involved in AD and PD. Despite some observations
of these therapies in AD and PD, treatment studies have
thus far failed to prove a clear benefit from the treatment. In
conclusion, there is an increasing need for further research
regarding inhibiting 𝛼-synuclein protein and tau protein
accumulation, activity of antioxidant system, antioxidative
stress, specific mutations in specific genes, alterations in
mitochondrial disturbances, and so on.
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Mitochondrial dysfunctions are supposed to be responsible for many neurodegenerative diseases dominating in Alzheimer’s
disease (AD), Parkinson’s disease (PD), and Huntington’s disease (HD). A growing body of evidence suggests that defects in
mitochondrial metabolism and particularly of electron transport chain may play a role in pathogenesis of AD. Structurally and
functionally damaged mitochondria do not produce sufficient ATP and are more prominent in producing proapoptotic factors
and reactive oxygen species (ROS), and this can be an early stage of several mitochondrial disorders, including neurodegenerative
diseases. Mitochondrial dysfunctions may be caused by both mutations in mitochondrial or nuclear DNA that code mitochondrial
components and by environmental causes. In the following review, common aspects ofmitochondrial impairment concerned about
neurodegenerative diseases are summarized including ROS production, impaired mitochondrial dynamics, and apoptosis. Also,
damaged function of electron transport chain complexes and interactions between pathological proteins and mitochondria are
described for AD particularly and marginally for PD and HD.

1. Introduction

Alzheimer’s disease (AD) is the most common neurodegen-
erative disorder marked by progressive loss of memory and
impairment of cognitive ability. AD can be classified into
two forms: sporadic AD (SAD), where aging represents the
main risk factor, in the vast majority of cases, and familial
form of AD (FAD), where rare gene mutations have been
identified [1, 2]. Both SAD and FAD patients share common
clinical and neuropathological features including loss of
neurons, intracellular neurofibrillary tangles (aggregates of
hyperphosphorylated tau protein), and extracellular senile
plaques, composed of 𝛽-amyloid (A𝛽) deposits, which are
derived from the proteolytic processing of the amyloid
precursor protein (APP) [3]. According to a body of evi-
dence, A𝛽 increases the neuron vulnerability to oxidative
stress and impairments of electron transport chain (ETC)
[4]. Pathologically, AD is featured by changes observed
mostly in neocortex, hippocampus, and other subcortical
regions essential for cognitive functions. Reduction in a
variety of higher cortical functions—memory, orientation,
and judgment—is evident [5].

2. Mitochondrial Involvement in
Neurodegenerative Diseases

The series of events that lead to neurodegeneration are intri-
cate. Various neurodegenerative disorders manifest with diff-
erent symptoms and affect different parts of the brain. Mito-
chondrial dysfunctions are considered as conjunctive fea-
tures, a point of convergence to different pathological path-
ways.

The mitochondria are cytoplasmic organelles in eukary-
otic cells that are responsible for most of energy supply of
cells. Besides, they are critical regulators of cell death and a
key feature of neurodegeneration [6], and they play important
role in cell processes, signaling pathways, calcium homeosta-
sis, cell cycle regulation, apoptosis, reactive oxygen species
(ROS) production, and thermogenesis [7]. The mitochon-
drial dysfunction, increased ROS production, and oxidative
damage are responsible for numerous neurodegenerative
disorders. Apoptosis and excitotoxicity are the two significant
grounds of neuronal cell death and the role of mitochondria
is crucial in both the cases [8]. Increased ROS production
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in neurodegenerative process might affect mitochondrial
parameters and also ATP production, membrane potential,
permeability transition pore (MPTP) activation, and calcium
uptake. These changes can lead and result in neuronal
damage. The first evidence of involvement of mitochondria
in pathogenesis of neurodegenerative process was reported
when complex I deficiency was detected in substantia nigra
and plateletmitochondria of patients with Parkinson’s disease
(PD) [9, 10]. Further strong evidences were found for ETC
deficiencies: complex I and cytochrome 𝑐 oxidase (complex
IV, COX) in AD and complexes II and III in Huntington’s
disease (HD) [11].

Biochemical analysis of postmortem AD brains found
impaired function of the citric acid cycle enzymes, pyruvate
dehydrogenase, 𝛼-ketoglutarate dehydrogenase, and isoc-
itrate dehydrogenase. These changes correlated with the
clinical state, and the function of enzymes could be related
to diminished brain metabolism [12].

3. Impaired Mitochondrial Dynamics

Mitochondria are highly dynamic organelles, ranging from
giant tubular networks to small round entities through rapid
and reversible fission and fusion processes [13]. Fusion is
mediated by large GTPase proteins such as optic atrophy
factor 1 (OPA1) responsible for inner membrane fusion
and mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) responsible
for outer membrane fusion. Fusion is responsible for the
proper distribution of mitochondrial components such as
lipid membranes, oxidative phosphorylation complexes, and
mitochondrial DNA (mtDNA). Fission plays an important
role in the proper assembly of mitochondrial electron trans-
port chain complexes; it is mediated by dynamin-related
protein-1 (Drp1, GTPase), human fission protein 1 (Fis1),
mitochondrial fission factor, and mitochondrial dynamics
proteins (MiD49/MiD51) [14, 15]. Alteration in the expression
of mitochondrial fusion-fission proteins can result in altered
mitochondrial distribution [16].

Mitochondria failure might arise from a deficit dynamic
balance of mitochondrial fission and fusion, and in AD it is
greatly shifted towards fission and it could result in the dys-
functional mitochondria of damaged neurons. Immunoblot
analysis found that expression of APP affectedmitochondrial
fusion/fission proteins; Drp1, OPA1, Mfn1, and Mfn2 were
reduced, whereas Fis1 was significantly increased in AD
[17, 18]. In mouse model of AD, mitochondrial dynamics
was impaired; decreased mitochondrial anterograde move-
ment, increased mitochondrial fission, decreased fusion, and
defective mitochondrial functions were observed [19]. In
humanfibroblasts, from sporadicADpatients,mitochondrial
distribution was characterized by elongated mitochondria
accumulated in perinuclear areas [20]. Further this study
demonstrated that elevated oxidative stress and increased A𝛽
production are potential factors causing Drp1 reduction [20].

Tau mutation P301L cells (SY5Y cells overexpressing
P301L tau protein) demonstrated complex I deficit and
decreased ATP levels [21]. Phosphorylated tau (pTau) andA𝛽
cause enhanced nitrosylation of Drp1 protein, which leads
to increased mitochondrial fission and neurodegeneration

[22]. Cells deficient in mitochondrial fusion showed loss of
mitochondrialmembrane potential (Δ𝜓

𝑚
) and reducedmito-

chondrial respiration [23]. Interestingly, reduced OPA1 was
shown to induce spontaneous cytochrome 𝑐 (cyt 𝑐) release
and to accelerate cyt 𝑐 release by apoptotic stimuli [24]. In
summary, the following were reported: increased mitochon-
drial fission and decreased fusion, increased A𝛽 and pTau
interactionwith themitochondrial fission proteinDrp1, likely
leading to increased mitochondrial fragmentation, impaired
axonal transport of mitochondria, and synaptic degeneration
in neurons affected by AD [25, 26].

AD, PD, and HD are associated with the accumulation
of amyloid fibrils [27, 28]. Soluble oligomers of amyloid pro-
teins are able to permeabilize cellular membranes and lipid
bilayers and disrupt membrane functions; the mechanism of
disruption is not clearly understood. They can be inserted
into membranes, affect dielectric membrane properties and
disrupt normal ion gradients, and/or inactivate normally
functioning proteins [28, 29]. Amyloid oligomers increased
conductance in a conformation-specific shape; it is depen-
dent on the concentration of oligomers and can be reversed
by antioligomer antibody.

In HD,mutant huntingtin interacts with Drp1 and related
GTPases and causes excessive mitochondrial fragmentation
and abnormal distribution of mitochondria. Altered mito-
chondrial morphogenesis, increased mitochondrial fission,
and reduced fusion together with mitochondrial loss are
linked to neuronal dysfunctions and cell death [30–32].
Abnormal dynamics of mitochondria results in the loss of
ETC complex function.

In PD, parkin interacts with alpha-synuclein and con-
tributes to pathophysiology [33, 34]. Hereditary form of
PD is related to genes for PINK1 and parkin, which are
important for mitochondrial integrity. These proteins have
been suggested to promote mitochondrial fission and to
inhibit fusion [35, 36]. PINK and parkin probably regulate
mitochondrial dynamics and promote the turnover of dam-
aged mitochondria [37].

4. Mitochondrial ROS and Apoptosis

The imbalance between cellular production of ROS and the
ability of cells to efficiently defend against them is called
“oxidative stress.” Oxidative stress is linked to neurodegen-
erative diseases and aging processes; it can be the source of
cellular damage causing necrotic or apoptotic cell death since
the ROS oxidize vital cellular components, lipids, proteins,
and nucleic acids [38].

Impaired function of oxidative phosphorylation
(OXPHOS) may cause disturbances of energy metabolism,
which are frequently observed in AD. Impaired energy
metabolism results in decreased respiratory control ratio as
well as ATP levels [39]. There are many possible mechanisms
for reduced oxidation rates and ATP production rates that
do not include a defect of respiratory chain enzymes [40].

ROS have their role in intracellular signalling and reg-
ulation of signal transduction [2]. ROS seem to be the key
factors in brain aging processes and disturbed mitochondrial
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respiration, accompanied by increased ROS production, sig-
nificantly contributes to functional changes in brain during
aging. Complex I and complex III are considered to be
the primary source of ROS in brain under physiological
conditions, as well as in pathological processes (e.g., neurode-
generative disorders). Complex I releases superoxide (O

2

∙−)
tomatrix, and complex III can releaseO

2

∙− to both sides of the
inner mitochondrial membrane. By superoxide dismutase,
O
2

∙− can be converted to hydrogen peroxide (H
2
O
2
), which

permeates bymembranes and can be source of highly reactive
hydroxyl radical. Physiologically generated H

2
O
2
and O

2

∙−

from ETC are dependent on the magnitude of proton-motive
force (Δ𝑝) and the respiratory state of mitochondria [41].
State 4 is characterizedwith high rate of ROS; on the contrary,
states 3 and 5 produce minimum of ROS [42].

Both disturbed production and detoxification of ROS
participate in pathophysiological effects of mitochondrial
dysfunctions [43, 44]. Defective mitochondria release large
amounts of ROS; similarly, decline of antioxidative enzyme
activities (e.g., in the elderly) enhances ROS formation
[45]. Negative results of ROS can affect respiratory chain;
complexes I, III and COX seem to be the most affected,
whereas function of complex II appears to be unchanged
[46, 47].

Mitochondria play a pivotal role in intrinsic pathway
of apoptosis [48]. During apoptosis, mitochondrial network
is disintegrated and the outer mitochondrial membrane is
permeabilized, which leads to release of several apoptotic
proteins, cyt 𝑐 included.There are interrelated mitochondrial
pathways that facilitate cell death: (i) opening of MPTPs
can lead to mitochondrial swelling and cell death through
apoptosis or necrosis; (ii) increase in the permeability of the
mitochondrial membrane causes leak of apoptotic factors
(second mitochondria-derived activator of caspases (Smac)
and cyt 𝑐), which trigger the caspase cascade leading to
apoptosis; and (iii) release of caspase-independent death
effector, apoptosis-inducing factor (AIF), triggers chromatin
condensation and DNA degradation [49]. Mitochondria
undergo fragmentation during apoptosis before caspases are
activated [50]. In apoptotic cells rapid loss of the inner Δ𝜓

𝑚

is accompanied by ROS production.
Recently, attention is paid to the ROS-induced damage

of ETC complexes mediated by a peroxidation and oxidative
damage of cardiolipin [22, 51, 52]. Membrane lipids, cardi-
olipinmainly, are both required for the stability of respiratory
supercomplexes and serve as a diffusion microdomain for
the ubiquinone [53]. Cardiolipin plays also an active role
in mitochondrial mediated apoptosis, can be oxidized, and
interacts with cyt 𝑐 and Bcl-2 proteins [54].

In AD, membrane-associated oxidative stress, increased
free radical production, and perturbed Ca2+ homeostasis
have been observed. Increased mitochondrial permeability
and cyt 𝑐 release, which is promoted by A𝛽 and alpha-
synuclein oligomerization and polymerization, trigger the
opening ofMPTP leading to apoptosis [55]. In addition, COX
activity is reduced and neurons exhibit mitochondrial dam-
age and apoptosis. However, the cause ofmitochondrial alter-
ations in Alzheimer’s disease remains unknown. Processes of
mitochondrial impairment in AD are shown in Figure 1.

5. Mitochondrial DNA in AD

Changes of mtDNA are particularly responsible for aging
of phenotypes. Defects in mtDNA have been found also in
non-AD elderly persons; many tissues have lower respiratory
function and decreased COX activity [56]. Brain mtDNA
in AD has more oxidative damage beyond that due to
aging, which can lead to increased mutations/deletions and
postgenomic problems with transcriptional regulation [57].
Changes of the expression of mitochondrial and nuclear
genes, encoding parts of COX and complex I enzymes,
contribute to alterations of oxidative metabolism in AD [58].
Downregulation of mitochondrial genes in complex I was
found in early as well as in definite AD brain specimens
[59]. Studies reported decreased complex I activity in AD
brains [60, 61], and gene expression of ND4 subunit of
complex I was found decreased in temporal cortex of AD
patients [62]. Differential expression of mitochondrial genes
encoding complex I, COX, and complex V was determined
in AD brains [59]. Likely, mtDNA does not play a primary
role in the AD pathogenesis but can be involved subse-
quently [63]. Increased gene expression of COX might be a
result of increased oxidative damage and early alteration of
mitochondrial function in surviving neurons. Expressions of
mitochondrial encoded COX I subunit and nuclear encoded
COX IV were examined in hippocampi of AD patients.
Level of mitochondrial encoded COX IV correlated with
the amount of hyperphosphorylated tau protein accumulated
in certain hippocampal area but not with the amount of
accumulated A𝛽 [64]. Another study found the distribution
of amyloid plaques distinct from COX deficient neurons
in hippocampus [65]. In addition to these results, COX-
deficient mice exhibited significantly fewer amyloid plaques
accompanied by a reduction of 𝛽-secretase, A𝛽-42, and
oxidative damage [66].

Expression ofmitochondrial and nuclear genes, encoding
parts of COX and complex I, was examined in selected brain
areas from AD patients and controls. Altered proportions
between subunits of COX, COX II, and COX IV mRNAs
were observed in the AD brains. Changes of proportions
between these subunits may contribute to kinetic perturba-
tion documented for COX inAD.Decrease ofND4 andND15
mRNAs (encoding subunits of complex I) was observed
in AD hippocampus and inferior parietal lobule, but not
in cerebellum. These changes of genes encoding parts of
complex I andCOXmay contribute to alterations of oxidative
metabolism in AD [58].

Fusion-fission imbalance is related to altered mtDNA;
mitochondrial fusion enables the exchange of mitochondrial
content including mtDNA. Inhibition of fusion by Mfn2
knockout resulted in majority of mtDNA-lacking mitochon-
dria [67].

6. Impairment of ETC in AD

Activity of COX was found to be reduced in platelets of
AD patients [68]. Similarly, significantly decreased COX
activity was observed in cortex of AD patients [69]. Another
study confirmed the decreased activity in hippocampus of
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Figure 1: Mitochondrial dysfunctions in Alzheimer’s disease. Amyloid-beta (A𝛽) impairs the integrity of cytoplasmic membrane and causes
mitochondrial dysfunctions. A𝛽 inhibits the activity of oxidative phosphorylation (OXPHOS) system, which can result in decrease of ATP
production and increased reactive oxygen species (ROS) formation. Decreased ATP production leads to impairment of ATP-dependent
processes, where all cellular functions are involved. Decrease of mitochondrial membrane potential (Δ𝜓

𝑚
) is followed by opening of

mitochondrial permeability transition pores (MPTPs). Release of cytochrome 𝑐 (cyt 𝑐) and other proapoptotic factors from the intermembrane
space of mitochondria induces the formation of apoptosome and consequently triggers activation of caspases and apoptosis. Apoptosis
inducing factor (AIF) is a proapoptotic factor released by mitochondria. Disengaged AIF is transported into nucleus and triggers caspases-
independent apoptosis. Phosphorylated tau protein (pTau) and A𝛽 cause enhanced nitrosylation of dynamin-related protein-1 (Drp1)
leading to impaired mitochondrial dynamics, increased mitochondrial fission, and neurodegeneration. Further, A𝛽 inhibits the import of
proteins into mitochondria and reduces activity of mitochondrial amyloid-beta binding alcohol dehydrogenase (ABAD), 𝛼-ketoglutarate
dehydrogenase complex (𝛼-KGDH), and cyclophilin D. Ability of mitochondria to handle Ca2+ is impaired by A𝛽 and A𝛽 precursor protein
(APP); consequently overload of mitochondrial calcium leads to decrease of Δ𝜓

𝑚
, opening of MPTPs, releasing of proapoptotic factors,

increased ROS production, and decreased ATP production. PGC-1—peroxisome proliferator-activated receptor-gamma coactivator-1-alpha;
TIM—translocase of the inner membrane; TOM—translocase of the outer membrane.

AD patients that suggests the anatomical specificity [70].
Mitochondrial deficiencies were found in platelets of AD
patients indicating significant decline of complex III and
COX activity [71]. It has been shown that acetylcholinesterase
(AChE) was reduced; further, it was demonstrated that AChE
could increase the A𝛽 activity [72, 73].

ETC activities of human lymphocytes were evaluated in
AD patients, and increased complexes II and IV activities
were observed; this might be a compensatory mechanism to
supply the energy [74]. Evidences of ETC dysfunctions in AD
are summarized in Table 1.

Distinct mitochondrial abnormalities associated with
neurodegenerative diseases culminate in oxidative stress,
energy dysfunction, and aberrant homeostasis of cytosolic
calcium [75]. System of OXPHOS does not respond to ther-
modynamic equilibrium but embodies a rate of uncoupling.
Lower Δ𝜓

𝑚
can result in hydrolysis of cytoplasmic ATP;

high Δ𝜓
𝑚

leads to proton leak and increased uncoupling.
ROS overproduction, decreased Δ𝜓

𝑚
, and Ca2+ dependent

increase of MPT lead to apoptosis [42]. Decreased rates
of electron transfer were identified as mechanism of mito-
chondrial dysfunction on aging, and complex I and COX
were found decreased upon aging [76]. Inhibition of complex
III and COX is required to increase glutamate release Ca2+
independent [77]. Partial inhibition of complex I activity
reduced nerve terminal oxygen consumption and increased
glutamate release from depolarized synaptosomes [78].

7. Conclusions

Mitochondrial dysfunctions involved in pathophysiology
of neuropsychiatric disorders include disturbances in
OXPHOS, increased mitochondrial DNA (mtDNA)
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Table 1: Evidences of ETC dysfunctions in AD.

Biological model Affected mitochondrial function Reference

Lymphocyte mitochondria of AD patients

Higher oxidative (oxidation of pyruvate-malate,
glycerol-3-phosphate) and enzymatic activities (I, II,
and III) were found in AD patients treated with
rivastigmine rather than untreated AD patients.

[81]

Transgenic mice crude forebrain

Tau-dependent deregulation of complex I and
A𝛽-dependent deregulation of complex II, synergistic
effects of deregulation in AD mice, and reduction in
mitochondrial membrane potential.

[82]

Lymphocytes Alterations in respiratory chains—activity of complexes
II and IV was higher.

[74]

Platelets and postmortem motor cortex
and hippocampus from AD patients

COX but not F0F1-ATPase is a mitochondrial target in
AD, in both a brain association area and platelets. A
reduced COX activity may make the tissue vulnerable
to excitotoxicity or reduced oxygen availability.

[83]

Posterior cingulate (area 23) cortex

The findings suggest a decrement of cytochrome
oxidase in posterior cingulate cortex, with progressive
reduction within the superficial laminas linked to
disease duration.

[84]

Platelet and lymphocyte mitochondria Significant declines in complexes III and IV. [71]

Postmortem brain tissue
Complex I and complexes II-III slightly decreased in
occipital cortex, and COX decreased significantly in
cortical areas (frontal, temporal, parietal, and occipital).

[69]

Autopsied human brain mitochondria

AD brain mitochondria demonstrated a generalized
depression of activity of all electron transport chain
complexes. This depression was most marked in COX
activity (𝑃 < 0.001). Concentrations of cytochromes b,
c1, and aa3 were similar in AD and controls. The
electron transport chain is defective in AD brain, and
the defect centers around COX.

[61]

Subcortical centers: thalamus, the globus
pallidus, the red nucleus, and the locus
coeruleus

Changes of the mitochondrial cristae, accumulation of
osmiophilic material and decrease of their size, and
mitochondrial alterations were particularly prominent
in neurons, which showed loss of dendritic spines and
abbreviation of the dendritic arborization.

[85]

Human seven brain regions (cerebellum,
frontal, temporal, occipital, parietal
cortices, thalamus, and caudate nucleus)

Complex III core protein was significantly reduced in
the temporal cortex of AD patients.

[86]

Autopsied brain mitochondria
COX activity reduced in frontal, temporal, and parietal
cortices and normal COX activity reduced in occipital
cortex.

[87]

Human seven brain regions (cerebellum,
frontal, temporal, occipital, parietal
cortices, thalamus, and caudate nucleus)

Complex I 24-kDa subunit was significantly reduced in
temporal and occipital cortices. Complex I 75-kDa
subunit was significantly reduced in parietal cortex
region of brain.

[88]

Human brain: frontal cortex, temporal
cortex, hippocampus, and cerebellum

Specific defect of COX in the confined brain regions,
suggesting anatomic specificity.

[70]

Human cytoplasmic hybrid (cybrid)
neurons with incorporated platelet
mitochondria

Significant changes in morphology and function; such
changes associate with altered expression and
distribution of dynamin-like protein (Dlp1) and
mitofusin 2 (Mfn2), mitochondrial fission-fusion
imbalances.

[89]

In situ nerve terminal and synaptosomal
mitochondria of rats

High level of inhibition is required for glutamate efflux
from nerve terminal.

[77]
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Table 1: Continued.

Biological model Affected mitochondrial function Reference

Rat forebrain mitochondria
Loss of cyt c by mitochondria oxidizing NAD+-linked
substrates results in a dramatic increase of ROS
production and respiratory inhibition.

[90]

Mitochondria from brains of transgenic
mice

A𝛽 progressively accumulates in mitochondria and is
associated with diminished enzymatic activity of
complex III and COX, reduction in the rate of oxygen
consumption.

[91]

Human neuroblastoma cells (SH-SY5Y)
Increased complex III activity and decreased COX
activity were found.
Decreased respiratory control ratio and ATP levels.

[39]

Human blood platelets

ATP levels were reduced, while ROS were increased in
AD patients. Platelet membrane fluidity, vitamin E, and
cholesterol content were similar between effected and
noneffected groups.

[92]

deletions, mutations or polymorphisms, impaired calcium
signalling, and impaired energy metabolism as well as
interactions with disease specific proteins (e.g., A𝛽, parkin,
PINK1, alpha-synuclein, and huntingtin). Mitochondrial
pathology could be an important factor in the manifestation
of clinical symptoms of neurodegenerative disorders;
thus therapeutic approaches to strengthen mitochondrial
functions could be certainly meaningful.

Evidence supports using antioxidants and other
mitochondria-targeting compoundswith potential efficacy in
AD, for example, carnitine, vitaminC, vitamin E, alpha-lipoic
acid, coenzyme Q

10
, methylene blue, piracetam, simvastatin,

Ginkgo biloba, curcumin, and omega-3 polyunsaturated
fatty acids [79, 80]. Targeting mitochondrial proteins might
represent a novel therapeutic strategy against AD; for
example, several mitochondria targeted antioxidants have
been developed. Shift in mitochondrial dynamics (extensive
fission) in AD negatively impacts all aspect of mitochondrial
function and may be critical to AD pathogenesis. Therefore,
strategies to modify abnormal mitochondrial dynamics may
be an attractive therapeutic intervention target for AD.Ther-
apeutics that target to reduce the expression of themitochon-
drial fission protein Drp1, A𝛽, and pTaumay protect neurons
from toxic insults of these factors and their interactions.
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Accumulating evidence supports a key role for Wnt signaling in the development of the central nervous system (CNS) during
embryonic development and in the regulation of the structure and function of the adult brain. Alzheimer’s disease (AD) is the most
common form of senile dementia, which is characterized by 𝛽-amyloid (A𝛽) deposition in specific brain regions. However, the
molecular mechanism underlying AD pathology remains elusive. Dysfunctional Wnt signaling is associated with several diseases
such as epilepsy, cancer, metabolic disease, and AD. Increasing evidence suggests that downregulation of Wnt signaling, induced
by A𝛽, is associated with disease progression of AD. More importantly, persistent activation ofWnt signaling throughWnt ligands,
or inhibition of negative regulators of Wnt signaling, such as Dickkopf-1 (DKK-1) and glycogen synthase kinase-3𝛽 (GSK-3𝛽) that
are hyperactive in the disease state, is able to protect against A𝛽 toxicity and ameliorate cognitive performance in AD. Together,
these data suggest that Wnt signaling might be a potential therapeutic target of AD. Here, we review recent studies related to the
progression of AD whereWnt signaling might be relevant and participate in the development of the disease. Then, we focus on the
potential relevance of manipulating the Wnt signaling pathway for the treatment of AD.

1. Introduction

Wnt ligands interact with their receptor and/or coreceptor in
the cytomembrane and subsequently activate intracellularly
the signaling pathway known as the Wnt signaling pathway.
In vertebrates, Wnt signaling starts during development and
acts by programing and regulating cell proliferation, differen-
tiation, translocation, polarization, and fate decisions, during
both embryonic development and tissue homoeostasis in the
mature individual [1, 2]. DysfunctionalWnt signaling is asso-
ciated with several human diseases, such as cancer, metabolic
disease, osteoporosis, schizophrenia, autism, mood disor-
ders, epilepsy, and Alzheimer’s disease (AD) [1–4]. Owing to
the importance ofWnt signaling in a wide range of biological
fields, a better understanding of the precise mechanism of
Wnt signaling might provide fundamental insights regarding

its role in disease development andmay provide novel targets
for therapeutic applications.

Mounting evidence indicates that Wnt signaling plays an
essential role in the development of central nervous system
(CNS). These roles include early anterior-posterior axis for-
mation and neural growth and development in vertebrates
and the regulation of the structure and function of the adult
nervous system [5–8]. AD is the most common form of
senile dementia and is characterized by senile plaque (SP)
formation, which are composed of extracellularly deposited
𝛽-amyloid (A𝛽) and also neurofibrillary tangles (NFT) that
contain the intracellular aggregated hyperphosphorylated
microtubule-associated protein (MAP): tau. These plaques
lead to lost neural function and cognitive impairment [9–
11]. The pathogenesis of AD has been intensively studied in
the last decade [9–11]. However, the mechanisms underlying
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the neuron defects and synapse damage in AD remain elusive
[9–14]. Wnt signaling plays an essential role in regulating
the formation and function of neuronal circuits [6]. Further-
more, dysfunctional Wnt signaling induced by A𝛽 has been
detected in AD and is associated with neuron degeneration
and synapse impairment [15, 16]. These data suggest a strong
relationship between AD andWnt signaling pathway impair-
ment. In addition, glycogen synthase kinase-3𝛽 (GSK-3𝛽) is
one of themost important serine/threonine (Ser/Thr) kinases
that not only phosphorylates MAP tau, leading to NFT
formation in AD, but is also an essential negative regulator of
Wnt signaling [5, 11, 17]. Extensive evidence suggests that A𝛽
pathology precedes hyperphosphorylated tau pathology [18].
However, the regulatory mechanism whereby A𝛽 induces
hyperphosphorylated tau is still unclear. Recent studies both
in vivo and in vitro show that Wnt signaling may bridge the
gap between the two pathological products, where GSK-3𝛽 is
an important mediator in the production of AD pathological
products [19–22]. More importantly, persistent activation
of Wnt signaling through Wnt ligands, or inhibition of its
negative regulators, such as Dickkopf-1 (DKK-1) and GSK-3𝛽
that are hyperactive in disease state, is able to protect against
A𝛽 toxicity and ameliorate cognitive performance in AD [19–
25]. These observations suggest Wnt signaling might be a
novel and promising target for AD therapy. Here, we review
recent studies on the progression of AD, whereWnt signaling
may participate in the development of AD. Finally, we focus
on the potential of modulating Wnt signaling as a potential
treatment for AD.

2. Role of Wnt Signaling in the CNS

2.1. Wnt Signaling Pathway. Wnt signaling is classified as ca-
nonical or noncanonical depending on the downstream
involvement of the𝛽-catenin pathway. CanonicalWnt signal-
ing (Wnt/𝛽-catenin pathway) is dependent on the 𝛽-catenin
pathway, whereas noncanonical Wnt signaling involves 𝛽-
catenin independent pathways, which comprise different
types of Wnt ligands (i.e., Wnt-4, Wnt-5, Wnt-11) and recep-
tors (see Figure 1) [26].Wnt ligands are highly conservedmol-
ecules among different species [27] that are secreted as gly-
cosylated/lipid-modified proteins and act via autocrine and
paracrine mechanisms [28]. 𝛽-catenin acts as the core factor;
its intracellular content and phosphorylation status deter-
mine the downstream cascade in canonical Wnt signaling
[26]. Wnt (i.e., Wnt-1, Wnt-3a, Wnt-7a) binds to aminoter-
minal cysteine-rich domain (CRD) of the seven trans-
membrane-receptor Frizzled (Fz) and its coreceptor (LRP
5/6); subsequent binding with casein kinase-1 (CK-1) leads to
activation of the scaffold protein Dishevelled (Dvl). Activa-
tion ofDvl in turn induces the disassembly of the “destruction
complex” comprising adenomatous polyposis coli (APC),
axin, diversin, and the Ser/Thr kinase GSK-3𝛽 [3, 5]. GSK-
3𝛽 is inhibited in the presence of Wnt protein, resulting in
disassembly of the “destruction complex”, which leads to the
accumulation and the stabilization of 𝛽-catenin in the cytosol
and its translocation into the nucleus (see Figure 1(a)) [29].

In the absence of Wnt, 𝛽-catenin is rapidly targeted
for ubiquitin-dependent degradation by the “destruction
complex” following phosphorylation by both CK-1 and GSK-
3𝛽. Phosphorylated 𝛽-catenin is recognized by E3 ligase 𝛽-
transducin repeat-containing protein (𝛽-TrCP), which ubiq-
uitinates phosphorylated 𝛽-catenin, targeting it for protea-
some degradation and consequently results in a low cellular
level of 𝛽-catenin [30–32]. In the nucleus, 𝛽-catenin is asso-
ciated with the transcription factor T cell factor/lymphoid
enhancing factor (TCF/LEF) and regulates gene expression
that theWnt signaling pathway targets.These targets, includ-
ing peroxisome proliferator-activated receptor 𝛿 (PPAR-𝛿),
cyclin D-1, MITF, and FGF9 [1, 5, 20, 29, 33], have been
implicated in the development of limbs, neural tube, fore-
brain, midbrain, and cerebellum, and in the maintenance of
neurotransmission and synaptic plasticity [1, 5, 34, 35].

There are at least two 𝛽-catenin independent pathways,
the planar cell polarity pathway (Wnt/PCP pathway, also
known asWnt/JNK pathway) and the calcium pathway (Wnt/
Ca2+ pathway, see Figure 1(b)) [26]. The signaling is trans-
duced either via small G-proteins such as Rho/Rac (Wnt/PCP
pathway) that subsequently control planar cell polarity via
actin cytoskeletal remodeling or through regulation of the
intracellular Ca2+ level (Wnt/Ca2+ pathway), which in turn
affects diverse biological processes [1, 26, 29, 36]. In theWnt/
PCP pathway, the Wnt ligand binds to its receptor Fz and
activates the scaffolding proteinDvl, followed by activation of
Rho/Rac small GTPase and c-Jun-N-terminal kinase (JNK),
which in turn lead to changes in both actin and microtubule
reorganization [29, 37, 38]. TheWnt/PCP pathway is respon-
sible for asymmetric distribution of cytoskeleton and cell
polarization via cell planar polarity and cytoskeletal reorga-
nization, respectively [39]. With regard to Ca2+ signaling, the
intracellular level of Ca2+ is increased byWnt ligand-receptor
interaction via phospholipase-C (PLC), which causes an
increase in intracellular Ca2+ release, and decreases cyclic
guanosine monophosphate (cGMP) [40, 41]. Ca2+ sensitive
kinases such as Ca2+/Calmodulin-dependent protein kinase
II (CamK II) and protein kinase C (PKC) [5] are subse-
quently activated [40, 41].Thesemolecular events activate the
nuclear translocation of transcription factor nuclear factor of
activated T cells (NFACT) and transcription factors such as
cAMP response element-binding protein (CREB) [36, 40, 41].

Interestingly, the same ligand can act through different
Wnt signaling pathways dependingon the specific receptor
and the cellular context [5, 42]. In addition to Fz, other
proteins have also been described as alternative coreceptors
for the Wnt signaling pathway. These alternate coreceptors
include low-density lipoprotein receptor-related protein 5/6
(LRP 5/6) and the single-pass transmembrane receptors
tyrosine kinases (RTKs) Ror1, RYK, and Ror2 [3, 42, 43].
In canonical Wnt signaling, both Fz and LRP 5/6 recruit
Dvl, which is then phosphorylated by CK-1 and consequently
there is oligomerization in themembrane, forming a platform
for the allocation of the scaffold protein Axin and GSK-3𝛽
[44, 45]. Moreover, LRP 5/6 phosphorylation inhibits the
components of “destruction complex” such as GSK-3𝛽 and
APC [46].
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Figure 1:TheWnt signaling pathway. Wnt binds to the classical receptor Frizzled (Fz) and activates the down-stream signaling pathways. (a)
Wnt binds to Fz and its coreceptor and eventually with casein kinase-1 (CK-1) participation, activating the scaffold protein Dishevelled (Dvl).
Subsequently this induces the disassembly of the “destruction complex” and leads to the accumulation and the stabilization of 𝛽-catenin in
the cytosol and its translocation into the nucleus, which promotes target gene expression, such as PPAR-𝛿, cyclin D-1,GLUT-1, Claudin-3, and
Claudin-5. (b) In the planar cell polarity (PCP) pathway, Wnt ligand binds to Fz, which in turn stimulates Dvl with its coreceptor, followed
by activation of Rho/Rac small GTPase and c-Jun-N-terminal kinase (JNK), which leads to changes in actin and microtubule reorganization.
In the Ca2+ pathway, the intracellular level of Ca2+is increased byWnt-receptor interaction via phospholipase-C (PLC), which in turn causes
Ca2+ release followed by Ca2+/Calmodulin-dependent protein kinase II (CamK II) and protein kinase C (PKC) activation, which in turn
activate the nuclear translocation of transcription factor nuclear factor of activated T cells (NFACT) and cAMP response element-binding
protein-1 (CREB) and consequently activate gene transcription.

2.2. Wnt Signaling in CNS. Many lines of evidence support
a role for Wnt signaling in neuronal synapse formation and
remodeling by promoting the recruitment of presynaptic
and postsynaptic components. A role for Wnt signaling has
also been proposed in neuronal function maintenance and
in the prevention of synaptic failure in neurodegenerative
diseases, such as AD [5–7, 24, 36, 42, 47, 48]. Addition of
Wnt-7a to cultured cerebellar granule cells promotes axonal
spreading and branching [49]. Moreover Wnt-7a increases
the frequency of miniature excitatory postsynaptic current
(mEPSCs), which reflects the dynamics of neurotransmitter
release induced by Wnt-7a treatment [50]. Wnt-3a increases
and guides axonal branching and growth cone remodeling in
spinal sensory neurons [48]. Studies show that both Wnt-7a
and Wnt-3a increase growth cone size and axon branching
[48]. Wnt-5a increases the amplitude of field excitatory post-
synaptic potentials (fEPSP) and enhances synaptic NMDA-
receptor currents, which facilitates the induction of excitatory
long-term potentiation (LTP) [51, 52]. Moreover, Wnt-5a is

required for nerve growth factor- (NGF-) dependent axonal
growth and branching [53]. Other investigations show Wnt-
5a can function as a key NGF downstream effector in the
development of sympathetic neurons through local PKC
activation [53]. Wnt-5a knockout neurons show faults in
NGF-dependent axonal development [53]. Wnt-7a expres-
sion is detected in granule cells during postnatal days 12–22
when synapses are formed in mouse cerebellum [54]. Wnt-
7a promotes synapsin I clustering and impels growth cone
enlargement, both ofwhich are key to synapse formation [54].
Furthermore, Wnt-7a-null murine neurons show deficits in
synapsin I clustering and less complicated mossy fiber axonal
rosettes [54].Moreover,Wnt proteins are extensively involved
in dendrite formation, maintenance, and function [37, 55].
For example, Wnt-2 stimulates dendritic complexity in cul-
tured hippocampal neurons [55]. Finally, Wnt-7b promotes
dendritic arborization by increasing dendritic length and the
formation of complex branches in the hippocampus during
dendritogenesis [37].
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In addition to Wnt ligands, the Wnt signaling pathway
comprises many downstream effectors, including Dvl and
GSK-3𝛽 [56]. The scaffold protein Dvl is involved in both
canonical and noncanonical signaling [1]. Dvl consists of
three well-established domains, the N-terminal DIX (Dvl
and Axin) domain, the central PDZ (postsynaptic density-
95, discs large, and Zonula Occludens-1) domain, and the C-
terminal DEP (Dvl, Eg-10 and pleckstrin) domain [1]. Dvl
promotes neurite outgrowth and induces neuroblastoma 2A
cell (N2A cells) differentiation. Neuronal remodeling in N2A
cells is dependent on a Dvl N-terminal DVL domain (DIX)
and DIX plays an essential role in N2A cells differentiation
[56]. Further studies show Dvl increases microtubule stabil-
ity via GSK-3𝛽 inhibition and MAP-1B restoration, which
contributes to axonal microtubules stabilization and protects
it from nocodazole depolymerization [37, 57]. 𝛽-Catenin is
postulated to be a critical factor in dendritic morphology
[58]. Dendritic arborization is enhanced after increasing
intracellular levels of 𝛽-catenin [58]. In contrast, seques-
tering endogenous 𝛽-catenin results in decreased dendritic
complexity [58]. GSK-3𝛽, originally identified as one of the
rate limiting enzymes of glycogen synthase (GS), is a key
modulator of the Wnt/𝛽-catenin signaling contributing to
“destruction complex” formation and 𝛽-catenin degradation
[2, 32].

3. Wnt Signaling in AD

A𝛽 is naturally released into interstitial fluid (ISF) of the
brain in an activity-dependent manner under physiological
conditions, which facilitates synapse function and neuronal
activity [59]. In AD, however, the A𝛽 peptide is considered
to be an important characteristic pathological hallmark that
contributes to the disease development [10, 13]. Redundant
A𝛽 aggregates and deposits in the brain parenchyma resulting
in CNS damage, including neuronal death and synaptic
damage in particular regions of the brain that are associated
with the clinical symptoms of AD. These symptoms include
progressive deterioration of the individual cognitive function
and amnesia [10, 59]. A𝛽 also damages memory, alters
hippocampal synaptic plasticity, blocks induction of LTP, and
increases long-term depression (LTD) [60]. Furthermore, a
reduction of fEPSP and mEPSCs is observed in the presence
of A𝛽 [61]. These data indicate that cognitive decline in AD
might be due to a reduction in synaptic transmission that
is induced by A𝛽 [60, 61]. Although this is an area of in-
tense investigation, the determining factors responsible for
the development of AD remain elusive [10, 13]. However, evi-
dence is accumulating that dysfunctionalWnt signaling activ-
ities, such as a reduction in the levels of 𝛽-catenin, consti-
tutively active GSK-3𝛽, and increasing expression of Wnt
signaling inhibitor, DKK-1, are associated with AD pathology
[2, 5, 8, 20–22, 62, 63].

3.1. Wnt Signaling Dysfunction in AD. The determining fac-
tors that trigger AD are still unclear but there are some
promising candidates, which are common factors involved
in several other neuronal diseases and are also essential

components of the Wnt signaling machinery [36]. One such
candidate is GSK-3𝛽, the expression and protein activity of
which is increased in the hippocampus of AD individuals
[36, 64]. A significant reduction in 𝛽-catenin translocation
to the nucleus, which is indicative of impaired Wnt signaling
functions, has been detected in transgenic murine models
expressing familial AD mutations [36]. Constitutively active
GSK-3𝛽 contributes to aberrant tau phosphorylation and
NFT formation, as well as a low level of 𝛽-catenin in the
hippocampus of ADpatients [36]. Overexpression ofGSK-3𝛽
prevents the induction of LTP and reduces spatial learning,
which links the characteristic memory defects in AD to an
increase in GSK-3𝛽 [65, 66]. Recent in vivo work shows
that A𝛽 interacts with the receptor for advanced glycation
end-products (RAGE), which is a crucial factor that is
overexpressed in the AD brain [67]. RAGE exacerbates the
neuronal toxicity of A𝛽 and subsequently activates GSK-
3𝛽, which can lead to the cascade of pathologies associ-
ated with AD, whereas simultaneous inhibition of GSK-
3𝛽 reverses the neuronal damage aggravated by A𝛽 [67].
Coexpression of A𝛽

42
with tauwt in a Drosophila model

of AD increases tau phosphorylation and exacerbates all
the tau-mediated phenotypes. Treatment of tauwt/A𝛽42 flies
with lithium, a reversible inhibitor of GSK-3𝛽, ameliorates
the exacerbating effect of A𝛽

42
, suggesting that GSK-3𝛽 is

involved in the mechanism by which A𝛽
42
and tauwt interact

to cause neuronal dysfunction [18]. Interestingly, activated
GSK-3𝛽 also stimulates the amyloidogenic processing of
amyloid precursor proteins (APP) cleavage by 𝛽- and 𝛾-
secretases [68, 69]. These data collectively suggest that GSK-
3𝛽 mediates A𝛽 toxicity via a positive feedback loop, not
only via activation induced by A𝛽 but also facilitating A𝛽
production. Indeed, lithium protects rat neurons from A𝛽
toxicity [2], and activation of Wnt signaling resulting from
GSK-3𝛽 inhibition in cultured hippocampal neurons, and
leads to neuroprotection in an in vivo transgenic model of
AD [19, 21, 70]. Thus, the suggested mechanism of GSK-3𝛽-
mediated regulation of A𝛽 toxicity may play an important
role in ADpathology.Therefore, inhibition of GSK-3𝛽, which
leads to activation ofWnt signaling, may be a promising drug
target for AD.

DKK-1 is a secreted glycoprotein and a negative modula-
tor ofWnt signaling that binds LRP and blocks the interaction
of Wnt/Fz and is associated with AD pathology [22, 23, 65,
71]. A significant increase of DKK-1 expression is found in
postmortem AD brains, and brains from transgenic mouse
models for AD, where DKK-1 colocalizes with hyperphos-
phorylated tau and GSK-3𝛽 staining [22, 59, 71]. DKK-1
immunoreactivity is detected in neurons surrounding A𝛽
deposition [22]. Synapse loss mediated by A𝛽 contributes
to cognitive impairment, but little is known about the
mechanism by which A𝛽 triggers the loss of synapses [72].
DKK-1 expression, together with the loss of synaptic sites via
acute exposure to A𝛽 oligomers, was determined in a recent
work [23]. Importantly, silencing of DKK-1, or neutralising
the DKK-1 protein, protects against A𝛽-induced apoptosis
and tau phosphorylation and blocks the deleterious effects of
A𝛽 on synapses [22, 23, 71].These data indicate that induction
of DKK-1 contributes to the pathological cascade triggered by
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A𝛽 and that DKK-1 has a critical involvement in the process
of tau phosphorylation that involves GSK-3𝛽. This supports
the notion that DKK-1 is a keymediator of AD and that DKK-
1 is a potential therapeutic target.

Allele 4 of apolipoprotein 𝜀 (APO-𝜀4), a plasma choles-
terol transport molecule, is associated with increased risk
of developing the sporadic form of AD by lowering the age
of onset [73–75]. Consistent with this suggestion, APO-𝜀4
causes inhibition of the canonical Wnt signaling pathway in
PC-12 cells upon stimulation with Wnt-7a, as determined by
luciferase activities and nuclear 𝛽-catenin levels [73]. Inter-
estingly, a common variant of the LRP-6 co-receptor (Val-
1062), which has reduced 𝛽-catenin signaling in vitro, was
shown to interact with APO-𝜀4 carrier status to form a risk
haplotype for AD [75]. Additionally, APO-𝜀4 is considered to
indirectly induce ectopic DKK-1 expression and subsequent
Wnt inhibition via enhanced A𝛽 toxicity; however the intrin-
sic molecular mechanism of APO-𝜀4 action related to this
effect is still unclear [76].

3.2. Attenuation of A𝛽 Neurotoxicity via Wnt Signaling Acti-
vation. Activation of Wnt signaling leads to neuroprotective
effects inAD [21, 70]. Electrophysiological analysis of Schaffer
collateral-CA-1 glutamatergic synaptic transmission in hip-
pocampal slices indicates that Wnt-5a attenuates the dereg-
ulations of fEPSP and EPSCs induced by A𝛽, which shows
the neuroprotective properties of Wnt signaling activation
are induced by Wnt-5a [61]. Coperfusion of hippocampal
slices with Wnt-5a and A𝛽 prevents the synaptic depression
of EPSCs, as well as the reduction of postsynaptic scaffold
protein (PSD-95) clusters induced byA𝛽 in neuronal cultures
[61]. Together, these results indicate that synaptic damage
induced by A𝛽 toxicity in hippocampal neurons is prevented
byWnt pathway activation [61].Mitochondrial dysfunction is
present in numerous neurodegenerative diseases, including
AD [15]. A recent study shows that activation with Wnt-
5a results in the modulation of mitochondrial dynamics,
preventing the changes induced by A𝛽 in mitochondrial
fission-fusion dynamics, and modulating the Bcl-2 increase
induced by A𝛽 [15]. In rat hippocampal neurons, direct
activation of Wnt signaling by its endogenous Wnt-3a ligand
prevents the toxic effects induced by A𝛽. A𝛽 toxic effects on
hippocampal neurons, such as impairment of neuronal cell
survival, an increase in GSK-3𝛽 and tau phosphorylation,
a decrease in cytoplasmic 𝛽-catenin, and a decrease in the
expression of Wnt target gene engrailed-1, are overcome by
Wnt-3a [21]. However, the role played by Fz-1, via Wnt
signaling, has not been studied. Fz-1 mediates the activation
of theWnt/𝛽-catenin signaling byWnt-3a [77].Theprotective
effect of Wnt-3a against the toxicity of A𝛽 is modulated by
Fz-1 expression levels in both PC-12 cells and hippocampal
neurons [77]. Overexpression of Fz-1 significantly increases
cell survival induced by Wnt-3a and diminishes Capase-3
activation, in the presence of A𝛽, while silencing Fz-1 reverses
the Wnt-3a protective effect [77].

4. Wnt Signaling as a New
Therapeutic Target in AD

Currently, no cure exists for AD and the exact molecular
mechanism leading to its onset is not fully understood. Accu-
mulated evidence indicates that dysfunctionalWnt signaling,
induced by A𝛽 in AD, contributes to disease progression
[2, 21, 36, 61, 76]. Furthermore, persistent activation of Wnt
signaling, viaWnt ligands or by inhibiting negative regulators
[e.g., DKK-1, GSK-3𝛽, and soluble Frizzled related protein
(sFRP)], is indeed able to overcome the toxic effects induced
by A𝛽 and ameliorate cognitive performance in AD [2, 21, 25,
61, 76, 78–84]. These data suggest the Wnt signaling pathway
may be a potential therapeutic target for AD.

Wnt ligands, including Wnt-3a, -7a, are able to protect
neurons against A𝛽 toxicity and facilitate fEPSP in hip-
pocampal neurons [21, 61, 85].Wnt-3a overcomes toxic effects
induced by A𝛽, such as impaired neuronal survival, an in-
crease in GSK-3𝛽, and a reduction of 𝛽-catenin [21]. Another
study showed Wnt-3a protein partially protects PC-12 cells
from the toxic effects of A𝛽, with a 6–15% increase in
cell viability. Wnt-3a treatment of A𝛽-treated PC-12 cells
increased 𝛽-catenin protein expression by 52% compared
with the control [78].

DKK-1 is a secreted glycoprotein, which is induced by
A𝛽 and shows increased expression in AD. DKK-1 binds to
LRP and prevents its interactionwithWnt ligands [79]. DKK-
1 silencing not only attenuates the reduction in the inactive
phosphorylated form of GSK-3𝛽 but also reduces apoptosis
in neurons challenged with A𝛽 [71]. Moreover, DKK-1-
neutralizing antibodies suppress synapse loss in mouse brain
slices induced by A𝛽, which indicates that blockading DKK-
1 could be beneficial for the maintenance of synapses in
AD [23]. DKK-1 and Wnt ligands bind to two distinct
recognition sites on the LRP 5/6 coreceptors, indicating that
antagonists of DKK-1 might interfere with the interaction
between DKK-1 and LRP 5/6 without affecting Wnt binding
to the receptors [63]. A specific small molecule inhibitor,
NCI8642, can efficiently displace DKK-1 from LRP-6 and
block DKK-1 inhibitory activity on canonical Wnt signaling
[86]. Additionally, the high-bone-mass mutation (G171V)
of the Wnt coreceptor LRP-5 has been reported to cause
an increase in Wnt activity in osteoblasts by reducing the
number of targets for paracrine DKK-1 to antagonize without
affecting the activity of autocrine Wnt [87], yet its role in
neurons remains to be determined.

Inhibition of GSK-3𝛽 results in neuroprotective effects in
both hippocampal cultured neurons and in an in vivo trans-
genic model of AD [36]. GSK-3𝛽 inhibitors stimulate neu-
ronal differentiation and the mood stabilizer, lithium, which
acts through the Wnt/𝛽-catenin signaling pathway, enhances
proliferation of adult hippocampal progenitors in vitro, and
induces them to become neurons at therapeutically relevant
concentrations [80, 81]. Chronic treatment with lithium re-
sults in decreased neurogenesis in the subgranular zone of
the hippocampus in a transgenic murine model of AD com-
pared with nontransgenic mice [80]. Lithium significantly
stimulates the proliferation and neuron fate specification of
newborn cells and fully counteracts the transgene-induced
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impairments to cognitive functions [80]. Curcumin has been
shown to activate Wnt signaling in a similar manner to
GSK-3𝛽 inhibition in APPswe transfected SHSY5Y cells [82].
The expression of GSK-3𝛽 mRNA and protein significantly
decreased in transfected cells treatedwithCurcumin in a dose
and time-dependent manner [82]. And an increase in perfor-
mance of the protein expression of GSK-3𝛽-Ser9 is detected
as well. Meanwhile, expression of 𝛽-catenin and Cyclin-D1
mRNA and protein is increased [82]. Immunofluorescent
staining shows the translocation of𝛽-catenin into the nucleus
increases gradually with the increased dosage of Curcumin
[82]. AF267B, a specific agonist of M-1 muscarinic receptor,
was also determined to activateWnt signaling, throughGSK-
3𝛽 inhibition [83, 84]. Chronic AF267B administration in the
3×Tg-AD model was shown to rescue cognitive deficits in a
spatial task and reduce A𝛽 and tau pathologies in the hip-
pocampus due to GSK-3𝛽 inhibition [83]. Thus, M-1 mus-
carinic receptor and Wnt signaling interaction result in neu-
roprotection against A𝛽 toxicity via GSK-3𝛽 inhibition [83,
84].

Nonsteroidal anti-inflammatory drugs (NSAIDs), 𝛼7-
nicotinic acetylcholine receptors (𝛼7-nAChRs), inhibitor of
acetylcholinesterase (AChE), and peroxisome proliferator
activated receptors (PPARs) are also involved in the acti-
vation of Wnt signaling pathway and protect against A𝛽
toxicity [88, 89]. A novel bifunctional compound, Ibuprofen-
Octyl-Pyridostigmine (IBU-PO) which combines an NSAID
(Ibuprofen) and a cholinesterase (ChE) inhibitor (Octyl-
Pyridostigmine), has been reported to inhibit GSK-3𝛽 and
stabilize 𝛽-catenin, reverting the silencing of the Wnt sig-
naling caused by A𝛽 toxicity and GSK-3𝛽 overexpression
[90]. In addition, IBU-PO enhances, in a dose dependence
manner, nonamyloid APP cleavage by increasing secreted
APP and decreasing endogenous A𝛽

1−40
in rat hippocampal

neurons [90]. A reversible and selective inhibitor of AChE,
Huperzine A (HupA), was shown to activate Wnt signaling
via GSK-3𝛽 inhibition and stabilize the level of 𝛽-catenin
and reduce amyloidosis in the AD brain [89]. The PPAR𝛾
agonist, troglitazone, also prevents changes in Wnt signal-
ing triggered by A𝛽 [91]. In the same study, activation of
neuronal PPAR𝛾prevented𝛽-catenin destabilization induced
by A𝛽 and induced translocation of cytoplasmic 𝛽-catenin
to the nucleus [91], resulting in protection of hippocampal
neuron morphology in cells exposed to A𝛽 [91]. Nicotine, an
unselective 𝛼7-nAChR agonist, preventsmemory deficits and
synaptic impairment in AD [92]. Additionally, new findings
reveal that there is cross-talk between 𝛼7-nAChR andWnt/𝛽-
catenin signaling since nicotine stabilizes 𝛽-catenin and pre-
vents A𝛽-induced loss of 𝛽-catenin through the 𝛼7-nAChR
[92]. Furthermore, activation of canonical Wnt signaling
induces 𝛼7-nAChR expression [92]. Taken together, these
data indicate that activation of the Wnt signaling pathway
may as well be therapeutic target for potential AD treatments.

5. Conclusions and Future Directions

AD is an irreversible neurodegeneration disease character-
ized by fibrillar deposits of A𝛽 in subcortical brain regions

[93]. A𝛽 is considered to be the main factor in AD that
causes neuronal dysfunction, neurodegeneration, and cog-
nition impairment, which eventually leads to death from
complete bran failure [13].Themolecularmechanisms under-
lying pathological changes in AD remain to be elucidated.
As reviewed above, Wnt signaling is essential for neuronal
development and maintenance of the nervous system [5–
7, 36, 42, 47]. Dysfunctional Wnt signaling induced by A𝛽
toxicity in AD, characterized by reduced 𝛽-catenin levels,
constitutively active GSK-3𝛽, and increased expression of the
Wnt signaling inhibitor DKK-1, suggests that sustained dys-
functional Wnt signaling may be a key event that contributes
to the pathology of AD [22, 65]. Persistent activation of Wnt
signaling protects neurons from A𝛽 toxicity, which suggests
the Wnt pathway is a promising therapeutic target for the
treatment of AD [2, 21, 25, 61, 76, 78–84]. Therefore, further
studies of Wnt signaling, and particularly dysfunctional Wnt
signaling in AD, are needed to fully understand the biological
mechanisms that underlie the pathological changes in AD.
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P. Mattson, and C. Scavone, “Effect of activation of canonical
Wnt signaling by the Wnt-3a protein on the susceptibility of
PC12 cells to oxidative and apoptotic insults,” Brazilian Journal
of Medical and Biological Research, vol. 45, no. 1, pp. 58–67, 2012.

[79] B. Mao, W. Wu, Y. Li et al., “LDL-receptor-related protein 6 is
a receptor for Dickkopf proteins,” Nature, vol. 411, no. 6835, pp.
321–325, 2001.

[80] A. Fiorentini, M. C. Rosi, C. Grossi, I. Luccarini, and F. Casa-
menti, “Lithium improves hippocampal neurogenesis, neu-
ropathology and cognitive functions in APP mice,” PLoS ONE,
vol. 5, no. 12, Article ID e14382, 2010.

[81] E. M. Wexler, D. H. Geschwind, and T. D. Palmer, “Lithium
regulates adult hippocampal progenitor development through
canonical Wnt pathway activation,” Molecular Psychiatry, vol.
13, no. 3, pp. 285–292, 2008.

[82] X. Zhang,W. Yin, X. Shi, and Y. Li, “Curcumin activatesWnt/𝛽-
catenin signaling pathway through inhibiting the activity of
GSK-3𝛽 in APPswe transfected SY5Y cells,” European Journal
of Pharmaceutical Sciences, vol. 42, no. 5, pp. 540–546, 2011.
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Amyloid protein can damage nerve cells through a variety of biological mechanisms including oxidative stress, alterations in
calcium homeostasis, and proapoptosis. Edaravone, a potent free radical scavenger possessing antioxidant effects, has been proved
neuroprotective effect in stroke patients. The current study aimed to investigate the effects of EDA in an A𝛽-induced rat model
of AD, by studying A𝛽

1−40
-induced voltage-gated calcium channel currents in hippocampal CA1 pyramidal neurons, learning and

memory behavioral tests, the number of surviving cholinergic neurons in the basal forebrain, and the acetylcholine level in the
hippocampus in this rat model of AD. The results showed that the A𝛽

1−40
-induced increase of 𝐼Ca can be inhibited by EDA in a

dose-dependentmanner. Treatment with EDA significantly improved A𝛽
1−40

-induced learning andmemory performance. Choline
acetyltransferase positive cells in basal forebrain and acetylcholine content in the hippocampuswere increased by the administration
of EDA as compared with the non-EDA treated A𝛽

1−40
group.These results demonstrate that EDA can inhibit the neurotoxic effect

of A𝛽 toxicity. Collectively, these findings suggest that EDA may serve as a potential complemental treatment strategy for AD.

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease,
whose pathogenesis is not fully understood. One factor
known to promote the occurrence of AD is oxidative stress.
Edaravone (EDA) is a free radical scavenger, which can
reduce the damage caused by oxidative stress. In Japan, EDA
has beenwidely used in the treatment of ischemic cerebrovas-
cular disease since 2001. Recent experimental and clinical
studies have revealed that EDA is also capable of producing
neuroprotective effects in spinal cord infarction [1], multiple
sclerosis [2], cerebral hemorrhage [3], aneurysms [4], brain
injury [5–7], amyotrophic lateral sclerosis (ALS) [8, 9], and
Parkinson’s disease [10, 11]. An effect of EDA in the treatment
of AD has also been reported [12] and results from a small
sample clinical trial showed improved cognitive performance
and daily living activities in patients with mild-to-moderate
AD in China.

A𝛽, a neurotoxic substance, exerts complex biological
effects. It damages nerve cells by oxidative stress, alters
calcium homeostasis, and activates a variety of proapoptotic
pathways, all of which play an important role in the patho-
genesis of AD. Therefore, an important area of AD research
involves that of identifying agents capable of inhibiting
A𝛽 neurotoxicity. It has been reported that EDA reduced
the oxidative damage caused by A𝛽

25−35
in PC12 cells,

decreased apoptosis, and increased intracellular glutathione
and superoxide dismutase concentrations [13]. Additional
mechanisms through which EDA can reduce the generation
of A𝛽 toxicity involve interfering with hydrolysis sites of the
amyloid precursor protein (APP), increasing the activity of
𝛼-secretase, and reducing the hydrolysis of 𝛽-secretase upon
APP [14].Within our laboratorywe showed that EDA inhibits
A𝛽
1−40

-induced VGCC current enhancement using a patch
clamp technique [15]. In the present study, we expand upon
these findings and apply EDA and A𝛽

1−40
together to observe
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the changes in VGCC currents of rat hippocampal pyramidal
cells, as well as learning andmemory responses in a ratmodel
of AD, and assess survival of cholinergic neurons and levels
of acetylcholine in specific brain areas. Therefore, this study
provides important new data critical for understanding the
neuroprotective effects and mechanisms of EDA against A𝛽
toxicity.

2. Material and Methods

All experiments were carried out in accordance with guide-
lines approved by ethical committee of Sun Yat-Sen Univer-
sity, which includes minimizing the number of animals used
and their suffering.

2.1. Electrophysiology Experiments

2.1.1. Slice Preparation. Standard techniques were used to
prepare 310 𝜇m thick acute hippocampal slices from 14–21-
day-old SD rats (provided by Guangdong Medical Labora-
tory Animal Center). Briefly, rats were anesthetized with
sodium pentobarbital and decapitated. Brains were quickly
removed and within 30 s placed into an ice-cold oxygenated
artificial cerebral spinal fluid (ACSF) medium containing
(in mmol/L) 126 NaCl, 3.5 KCl, 1.3 MgCl

2
, 2 CaCl

2
, 1.2

NaH
2
PO
4
, 25 NaHCO

3
, and 11 glucose. The ventromedial

brain hemisphere was dissected to isolate and remove the
rostral and caudal tips of the hippocampus. The brain tissue
was mounted onto a block and transferred to the sectioning
stage of a Vibratome (DTK-1000, DSK, Kyoto, Japan) filled
with ice-cold ACSF such that the cutting stage and blade
were completely submerged. The brain tissue was chopped
into 310 𝜇m thick sections and coronal slices were placed
onto nylon mesh immersed in oxygenated ACSF at room
temperature (23–25∘C). Recordings were conducted after at
least a 1 h recovery period and within approximately 6 h of
duration of the preparation.

2.1.2. Electrophysiological Recordings. Slices were superfused
at room temperature with oxygenated ACSF. Patch pipettes
with a resistance of 4–7MΩ when filled with the pipette
solution were prepared from glass capillary tubes (B150-
86-10, Sutter Company, USA) by a four-stage horizontal
puller (MODEL P-97, USA). Slice patch clamp whole-cell
recording experiments were performed at room temperature
(23–25∘C) using an EPC-10 amplifier (HEKACompany, Ger-
many) driven by Pulse + Pulsefit software (HEKA Company,
Germany). In voltage-clamp experiments, 𝐼Ca was elicited by
depolarizing to +20mV (100ms) from a holding potential of
−90mV.The amplitude of 𝐼Ca was measured as the difference
between the instantaneous current at the initial and maximal
activating current values.

2.1.3. Solutions and Drugs. The pipette solution was com-
posed of (in mmol/L) 120 potassium gluconate, 2 NaCl, 2
MgATP, 0.3 Na

2
GTP, 1 EGTA, and 10 HEPES. The pH was

adjusted to 7.2–7.3 with KOH (1mol/L), and osmolarity was
adjusted to ∼285 mOsm with KCl (2mol/L). A𝛽

1−40
was

stored as stock solutions (100 𝜇mol/L) in H
2
O at −20∘C and

was maintained for at least 7 d at 37∘C before use to allow
the formation of fibril aggregation. A𝛽

1−40
was diluted in

ACSF to a concentration of 1 𝜇mol/L before use. EDA (MCI-
186), purchased from BIOMOL, was dissolved in ACSF in
concentrations of 1, 10, 100, and 300𝜇mol/L. CdCl

2
were

dissolved in ASCF with a final concentration of 150 𝜇mol/L.

2.1.4. Data Analysis. Currents were normalized tomembrane
capacitance to calculate current densities (pA/pF). Cell mem-
brane capacitance was determined online using the Pulse
+ Pulsefit software program. Graphics and statistical data
analysis were performed using EXCEL 2007. Results are
presented asmeans± SEM. Statistical analysis was performed
using paired t-tests and one-way ANOVA. A value of 𝑃 <
0.05 was required for results to be considered statistically
significant.

2.2. AD Animal Models. Adult male SD rats (𝑁 = 48),
weighing 250–300 g, were provided by the Experimental
AnimalCenter at SunYat-SenUniversity. Ratswere randomly
divided into three groups consisting of sham, A𝛽, and EDA-
A𝛽, with 16 rats in each group. To generate the AD animal
model, A𝛽

1−40
was diluted to 1 𝜇g/𝜇L with sterile saline and

incubated for one week at 37∘C. Rats were anesthetized with
10% chloral hydrate (300mg/kg) injected intraperitoneally.
Rats were then fixed onto the stereotaxic apparatus, hair was
cut, and skin was disinfected. A longitudinal incision was
made along the midline to expose bregma. Microinjections
were performed bilaterally into the hippocampus using the
coordinates of AP-3.0mm, L 2.0mm, V 2.9mm (bregma as
the “zero point”). Condensed A𝛽

1−40
(10 𝜇L) was bilaterally

injected slowly into each hippocampus in the A𝛽 and A𝛽-
EDA groups. The same volume of saline was injected in the
sham group.The injection time was 5min and the needle was
maintained at the injection site for 2min before the needle
was slowly withdrawn.

2.3. Drug Treatment. EDA was injected intraperitoneally in
the A𝛽-EDA group at a dose of 0.3mg/kg, twice daily for 2
weeks. Saline was injected in the A𝛽 and the sham group,
twice daily for 2 weeks.

2.4. Behavior Test. All rats were subjected to the Morris
water maze test at five weeks after surgery. Testing was
conducted over a 5-day period. The initial test procedures
involved a navigation test, also known as acquired training.
Rats were trained 4 times in the morning and 4 times in
the afternoon each day with each training interval being
15–20min. The quadrant designated for initial placement
of the rat was randomly selected. Rats were placed in the
water facing the wall. If the rat climbed onto the platform
and remained a minimum of 3 seconds after swimming for
some time, this was considered a successful trial and the
time spent locating the platform (the escape latency) was
recorded. If the rat failed to locate the platform within 120 s,
it was directed to the platform where it was permitted to
remain for a 10-second interval and an escape latency of
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Table 1: Behavior test results of the rats in each group.

Group Number Escape latency Aim-quadrant stay Time of reaching target
Sham group 8 20.5 ± 7.7 (sec) 88.6 ± 17.5 (sec) 18.4 ± 7.2

A𝛽 group 8 56.7 ± 15.2# (sec) 44.1 ± 15.3# (sec) 7.5 ± 3.6#

EDA group 8 38.1 ± 11.0∗Δ (sec) 71.9 ± 12.8∗Δ (sec) 13.2 ± 5.8⋆n

∗
𝑃 < 0.01, compared with A𝛽 group; Δ𝑃 < 0.05, compared with sham group; #𝑃 < 0.01, compared with sham group; ⋆𝑃 < 0.05, compared with A𝛽 group;

n
𝑃 > 0.05, compared with sham group.

120 seconds was assigned. Escape latencies were recorded for
each animal during this initial 5-day training period. The
second phase of testing consisted of the space exploration
test, also known as exploratory training. On the day following
acquiring training, the platform was removed to conduct
the exploratory training which lasted 120 s. The quadrant
containing the original platform was considered the target
quadrant. Rats were placed in the water facing the wall in
the quadrant opposite to the target quadrant. The amount of
time in the target quadrant and number of passes through
the original platform location (piercing times) were recorded
during the 120 s test period.

2.5. ChAT-Positive Cells in the Basal Forebrain Stained by
Immunohistochemistry. Upon completion of behavioral test-
ing, rats were perfused with 4% paraformaldehyde; the brain
was removed and postfixed in the 4% paraformaldehyde
for 6–12 hours at 4∘C. The brains were maintained in
sucrose solution 1 (50 g/L in PBS) for 8 h and in sucrose
solution 2 (300 g/L in PBS) for 8 h. The basal forebrain was
dissected, dehydrated, transparent, and embedded in the
paraffin following the directions included in the kit. Coronal
sections of 5 𝜇m thickness were cut on a cryotome. Every
fourth slice was collected for a total of 10 slices from each
basal forebrain sample. ChAT immunohistochemistry was
performed according to the directions provided in the kit.
Three slices containing the medial septal nucleus (MS) and
vertical arm nucleus of the diagonal band (VDB) were used
for cell counting. The number of positive cells was counted
within 5 randomly selected and nonoverlapping areas (40 ×
10) of each slice. Cells that were not completely locatedwithin
the field of view were not included in the total cell counts.
The average number of cell counts from each animal was then
used in the analysis.

2.6. ACh Content Analyzed by High Performance Liquid
Chromatography (HPLC). The hippocampus was quickly
dissected on ice, weighed, and stored in the liquid nitrogen.
Tissues were then transferred to an EP tube containing
perchloric acid (0.1mol/L, 1mL/0.1 g of brain tissue) with
0.04% (w/v) Na

2
S
2
O
5
and 0.04% (w/v) EDTA. Tissues were

homogenized using an ultrasonic homogenizer for 20 s and
centrifuged at 14,000 r/min × 20min at 4∘C.The supernatant
was filtered through a 0.2 𝜇mmembrane and stored at −80∘C
for further analysis. The mobile phase was 0.2mol/L Tris-
maleate buffer (PH 7.0), containing TMACl 150mg/L and
OSA 10mg/L.The flow rate was 1.3mL/min. After separation
with HPLC, the enzyme column (AChE 125U, ChO 75U) was

used for postcolumn reaction, followed by electrochemical
detection at 0.5 V.

2.7. Statistical Analysis. Data were expressed as mean ± SD.
One-way ANOVA with the post hoc Q test or t-test was used
for statistical analysis with the SPSS11.0 software program.
𝑃 < 0.05was required for results to be considered statistically
significant.

3. Results

3.1. A𝛽
1−40

Increased the Amplitude of 𝐼
𝐶𝑎

in Hippocampal
CA1 Pyramidal Neurons. Bath application of A𝛽

1−40
at a

concentration of 1𝜇mol/L increased the amplitude of 𝐼Ca by
40.44 ± 12.56%; 𝑛 = 18, 𝑃 < 0.01, and this enhancement of
𝐼Ca was not reversed upon A𝛽

1−40
washout (Figure 1). CdCl

2

(150 𝜇mol/L in ACSF) blocked the inward current.

3.2. EDA Reduced the Amplitude of I
𝐶𝑎

Induced by A𝛽
1−40

.
Following the increase of 𝐼Ca by A𝛽

1−40
, EDA was applied

extracellularly at concentrations of 1, 10, 100, or 300𝜇mol/L.
EDA reduced 𝐼Ca by 1.71 ± 3.81%; 𝑛 = 11, 𝑃 > 0.05,
1.26±2.20%; 𝑛 = 12,𝑃 > 0.05, 20.18±5.95%; 𝑛 = 13,𝑃 < 0.01,
and 21.07 ± 4.84%; 𝑛 = 11, 𝑃 < 0.01, respectively (Figure 2).
No differences in inhibiting increased 𝐼Ca by A𝛽1−40 (𝑛 = 8,
𝑃 > 0.05) were obtained between the 100 and 300 𝜇mol/L
concentrations of EDA. No statistically significant differences
were obtained among the different concentrations of EDA
upon basal 𝐼Ca of hippocampal CA1 pyramidal neurons 1.69±
3.27%; 𝑛 = 9, 𝑃 > 0.05, 2.44 ± 4.30%; 𝑛 = 10, 𝑃 > 0.05,
3.26 ± 4.55%; 𝑛 = 9, 𝑃 > 0.05, and 3.87 ± 5.58%; 𝑛 = 18,
𝑃 > 0.05, respectively.

3.3. Improved Learning andMemory Function in EDA-Treated
Rats. As summarized in Table 1, rats in the A𝛽 group showed
statistically increased latencies as compared to that in sham-
operated rats (56.7 versus 20.5 s, 𝑃 < 0.01). The average
latency for rats in the A𝛽-EDA group was significantly
decreased (38.1 s) as compared with the A𝛽 group but
remained significantly increased when compared to the sham
group (𝑃 < 0.05). In the space exploration test, rats in
the sham group displayed the longest residence times in the
target quadrant and the maximum piercings times while rats
in the A𝛽 group demonstrated the shortest residence times
in the target quadrant and the lowest number of piercings.
These differences between the sham and A𝛽 groups were
statistically significant (𝑃 < 0.01). The average residence
times in the target quadrant, as well as the number of
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Figure 1: Effect of A𝛽
1−40

on 𝐼Ca in hippocampal neuron. (a)
Increase in the amplitude of 𝐼Ca by A𝛽1−40 (1 𝜇mol/L) in hippocam-
pal neurons. A, control; B, A𝛽

1−40
application; C, washout; D, CdCl

2

(150𝜇mol/L) application. (b) Summary of data showing increases of
current density (𝐼Ca (pA/pF)) by A𝛽1−40.

∗∗𝑃 < 0.01 versus control.

piercings for rats in the A𝛽-EDA group, were significantly
increased as compared with that of rats in the A𝛽 group
(𝑃 < 0.05).

3.4. ChAT Staining in Basal Forebrain by Immunohistochem-
istry. Results from immunohistochemistry staining showed
that fewer ChAT-positive cells were present in the basal fore-
brain of the A𝛽 group (Figure 3(b)). After EDA treatment,
ChAT-positive cell numbers were significantly increased
(Figure 3(c)). Rats in the sham group displayed the highest
number of ChAT-positive cells (Figure 3(a)). Cell counts as
performed under high power field showed that the mean
+ SD values of ChAT-positive cells in sham, A𝛽, A𝛽-EDA
groups were 33.3 ± 7.7, 10.5 ± 5.7, and 25.4 ± 7.6, respectively
(Figure 4). The differences among all three groups were
statistically significant (𝑃 < 0.01).

3.5. Ach Content in Hippocampus. The highest content of
Ach in the hippocampus was obtained in the sham group
(524.3 ± 70.2 pmol/mg) and lowest in the A𝛽 group (267.6 ±
78.1 pmol/mg) (Figure 5). Ach content in the hippocampus of
the A𝛽-EDA group (387.5 ± 85.2 pmol/mg) was significantly
increased as compared with that of the A𝛽 group (𝑃 < 0.01)
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Figure 2: Inhibition of the action of A𝛽
1−40

by EDA in hippocampal
neurons. (a) EDA reduced the amplitude of 𝐼Ca induced by A𝛽1−40. a,
A𝛽
1−40

; B, EDA (100𝜇mol/L). (b) Summary of inhibition (percent)
of 𝐼Ca by EDA at concentrations of 1, 10, 100, and 300 𝜇mol/L. ∗∗𝑃 <
0.01 versus control.

but remained significantly lower than that in the sham group
(𝑃 < 0.01).

4. Discussion

A𝛽, a neurotoxic substance, exerts complex biological effects.
It damages nerve cells by oxidative stress, alters calcium
homeostasis, and activates a variety of proapoptotic path-
ways, all of which play an important role in the patho-
genesis of AD [12, 16]. Due to the high amount of oxygen
consumption, high levels of unsaturated fatty acids, and
the relative lack of antioxidant enzymes in the brain, nerve
cells are particularly vulnerable to free radicals generated by
oxidative stress, which results in lipid peroxidation and the
damagesmembrane structure. It is known that A𝛽 deposition
activatesmicroglia and astrocytes, which release various anti-
inflammatory cytokines and free radicals such as IL-𝛼, S100𝛽,
and TNF-𝛼. A𝛽 can promote the generation of reactive
oxygen species (ROS), which play a critical role in oxidative
damage to neurons. A𝛽 can also activate the complement
system and promote the formation of immune complexes,
which attack the neurons that aremalnutritioned or damaged
resulting in decomposition of the cell membrane and cell
death. Moreover, A𝛽 can directly generate free radicals or
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Figure 3: Representative stains of ChAT-immunoreactive neurons of the rats in the three groups: (A) sham; (B) A𝛽; (C) EDA. The toxic
effects of A𝛽 resulted in a significant reduction in ChAT-positive cells (b). EDA treatment significantly restored ChAT-positive cell numbers
(c), but this increase remained significantly lower than the cell counts in sham group (a).
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Figure 4: Number of ChAT-immunoreactive neurons in the three
groups. ∗𝑃 < 0.01, compared with A𝛽; #𝑃 < 0.01, compared with
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Figure 5: Content of Ach in the hippocampus in the three groups.
∗𝑃 < 0.01, compared with A𝛽; #𝑃 < 0.01, compared with sham.

bind with metal ions (Fe3+, Cu2+) to generate OH∙ from
H
2
O
2
or other ROS via the Fenton reaction [17]. It has been

reported that free radicals can cause increases in VGCC-
mediated calcium currents [18, 19], which suggests that the
free radicals generated by A𝛽 may be involved in this effect.
Data from other studies indicate that A𝛽may act directly on
VGCC, which can temporally increase the inward calcium
current [20–22]. In the current study, A𝛽

1−40
was added to

the perfusate, as a means to assess its acute effects on brain
slices. With this approach, we found an instant increase in
VGCC currents in hippocampal neurons, which is consistent
with the findings of an earlier report by Chen et al. [20].
Of greater significance were our results demonstrating that
acute EDA treatment effectively inhibited this A𝛽 effect
in a concentration-dependent manner. Such results suggest
that EDA administration can partially reverse A𝛽 effects
upon current regulation, thereby reducing calcium influx and
avoiding calcium overload. Such an effect may then represent
one of the mechanisms underlying the therapeutic effects of
EDA.

In our animal study, A𝛽
1−40

injected directly into the
hippocampus resulted in a decrease in learning and memory
function in the rats, thereby generating an AD animal model
of AD. With EDA treatment of these AD rats, learning and
memory scores were significantly improved. Immunostain-
ing with ChAT revealed that cholinergic neuronal survival
was higher in the basal forebrain and Ach concentration in
the hippocampus was significantly higher in EDA-treated
rats. These results suggest that EDA has the capacity of
reducing the toxic effects of A𝛽. Our findings are in accord
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with a number of other studies demonstrating a neuro-
protective role for EDA. For example, EDA reduces A𝛽
expression [14], inhibits the production of inflammatory
mediators leukotrienes, thus reducing the concentration of
hydroxyl radical, decreases the production of the toxic car-
bonyl compound (carbonyl protein, advanced glycation end
products, and malondialdehyde) [23], increases intracellular
glutathione and superoxide dismutase concentrations [13],
and reduces the expression of tau protein and glial fibrillary
acidic protein (GFAP) in the cortex and hippocampus of
the vascular dementia rat [24], thus reducing the highly
phosphorylated tau protein concentrations [25]. In addition,
EDA can stabilize the mitochondrial membrane potential,
inhibit the mitochondrial-dependent apoptotic pathways,
and inhibit the release of cytochrome C and the activation
of Caspase-3 by reducing the Bax/Bcl-2 ratio [26]. Edaravone
can also protectHT22neurons fromH

2
O
2
-induced apoptosis

by inhibiting the MAPK signaling pathway moreover [27].
Taken together, the findings of these studies combined with
the results of the current experiments suggest that EDA may
serve as a neuroprotectant that may prove to be a particularly
effective drug therapy for AD.

5. Conclusion

Thepresent study demonstrated that edaravone, a free radical
scavenger, could inhibit the neurotoxic effect of A𝛽 in rats
and improve learning and memory ability of model animals
through attenuation of Ca2+ overload, protecting cholinergic
neurons in the basal forebrain, and increasing acetylcholine
content in the hippocampus.
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Objective. Patients with hypertension show deficits in cognitive function. However, the neural mechanisms underlying the
preattentive information processing in hypertensive patients are poorly understood. We seek to investigate whether hypertensive
patients have impairments in preattentive information processing. Methods. We compared visual mismatch negativity (vMMN)
between 15 hypertensive patients and 15 age-matched healthy controls, whichwas elicited by the change of visual duration randomly
presented in both peripheral visual fields. In addition, the global cognitive function for all participants was assessed with Mini-
Mental State Examination (MMSE). Results. The vMMN in deviant-standard comparison was observed at occipital-temporal
regions. Compared with normal healthy controls, the amplitude of vMMN was significantly decreased in hypertensive patients
(𝑃 < 0.05). Meanwhile, the vMMN peak latency was delayed in the hypertensive group (𝑃 < 0.05). However, the MMSE scores of
patients with hypertensionwere not significantly different from those of controls (𝑃 > 0.05), and therewas no significant correlation
between themean amplitude of vMMN and SBP, DBP, andMMSE in hypertensive individuals, respectively.Conclusions.These data
indicate dysfunction of automatically change detection processing in patients with hypertension. Moreover, the changes of vMMN
provide a more objective and reliable assessment for cognitive impairment in hypertensive patients.

1. Introduction

Hypertension, as one of the most common chronic diseases
among adults, contributes to the development of various
cardiovascular [1] and neurological disorders such as stroke
[2], Alzheimer’s disease [3–5], and vascular dementia [3,
6]. Moreover, patients with hypertension showed cognitive
dysfunction in several domains such as executive function,
memory, calculation, and orientation [6–11]. In addition,
recent studies suggest that attention deficits are also associ-
ated with hypertension [7, 8, 12]. Preattentive information
processing is an essential cognitive function for humans that
occurs at the very early stage of information processing [13].
Detecting changes in the surrounding environment outside
of conscious attention plays an important role in survival
[14]. Particularly, visual preattentive change detection is both

possible and necessary for the human visual system to quickly
and effectively detect sudden changes in the absence of
attention [15]. However, whether preattentive processing is
impaired in hypertensive patients is still unclear.

The mismatch negativity (MMN) is the reliable indicator
for exploring preattentive processing, reflecting the brain
ability to automatically extract task-irrelevant information
under nonattentional conditions as well as indexes of preat-
tentive sensory memory information processing [16, 17]. It
is defined by a negative deflection during the time range
of approximately 100–250ms after stimulus onset, and this
response is elicited by infrequent stimuli (deviant) com-
pared to repeated stimuli (standard) [16]. While the MMN
component being well defined in the auditory modality,
visual MMN (vMMN) has been widely found for deviant
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visual information such as color [18, 19], shape [20], size
[21], luminance [22], orientation [23], and duration [24].
Noteworthily, it has been shown that the vMMN amplitude
was changed in various diseases. For instance, the amplitude
of vMMN was decreased in patients with schizophrenia
[25] and a major depressive disorder [24] but increased
in Alzheimer’s disease [26], suggesting an impairment of
preattentive information processing in these patients.

There were overwhelming majorities of studies that
showed a negative correlation between hypertension and
cognitive function [6–11, 27–29]. Particularly, the N2 and P3
components of ERPs were shown to be decreased in hyper-
tensive patients compared to normal controls, suggesting the
existence of early changes in neurocognitive function in early
hypertension [30, 31]. Based on these findings, hypertensive
patients may exhibit dysfunction of preattentive change
detection; MMN should be smaller compared to normal
controls. So we aim to examine preattentive processing in
hypertensive patients by recording the mismatch negativity
(vMMN) of visual duration changes.

In this study, we determined whether information pro-
cessing at the preattentive stage is functionally impaired in
hypertensive patients by recording the duration of MMN
using the deviant-standard paradigm. Under this paradigm,
vMMN can be recorded with low-probability (20%) duration
deviant stimuli (50ms) inserted randomly in a sequence of
frequent (80%) standard stimuli (100ms). In the center of
screen, a black cross was displayed throughout the stimulus
blocks. From time to time, the cross became bigger or smaller
unpredictably. In order to effectively control the attention,
participants were instructed to ignore the peripheral stimuli
and press the left or the right button as quickly and accurately
as possiblewhen the size of the cross became bigger or smaller
[20]. Compared to the standard stimuli, deviant stimulus
elicited clearly negative detection between 150 and 300ms
after stimulus [32].

2. Methods

2.1. Participants. According to WHO Guidelines (2003),
hypertension was defined as the mean of two readings
of systolic blood pressure (SBP) of 140mmHg or greater,
diastolic BP (DBP) of 90mmHg or greater, or having a
self-report history of hypertension [33]. Then, we selected
15 hypertensive patients from Jining First People’s Hospital,
and 15 normotensive individuals that were matched with
the patients on age, gender, and education were recruited as
controls. All participants whowere diagnosed as having other
affective disorders such as secondary hypertension, stroke,
Alzheimer’s disease, mental illness, drug dependence, alcohol
dependence, and diabetes mellitus were excluded. Global
cognitive function was assessed with the Mini-Mental State
Examination (MMSE). The MMSE is a test of orientation,
attention, calculation, language, and recall with a score of 0–
30; less than or equal to 24 shows significant decline in cog-
nitive function. All subjects were right-handed, with normal
or corrected-to-normal vision. This study was approved by
the Ethics Committee at the Jining First People’s Hospital in

Shandong, China. A written informed consent was obtained
from all participants before the experiment.

2.2. Stimuli and Procedure. Two identical visual stimuli were
simultaneously presented in peripheral sides of the field with
a visual angle of 4.5∘× 4.5∘ from a distance of 1m as previously
reported [32]. The stimulus onset asynchrony (SOA) was
fixed at 600ms. In the present study, the solid red rectangles
(30mm in length and 10mm in width) were as standard
stimuli (probability 80%), with the presentation of 50ms.
Meanwhile, there were visual deviant stimuli containing two
red rectangles with 100ms duration (probability 20%). The
stimuli were presented in three 5min sequences, and each
sequence was of 300 stimuli in which the deviant occurred
among standards in a pseudorandom fashion, with the
constraint that at least two standards were presented between
any two deviants. The first 15 stimuli of each sequence were
all standard stimuli.

The subjects sat on a comfortable chair in a darkened,
sound attenuated, and electrically shielded room. In the
center of screen, a black cross was displayed throughout
the stimulus blocks. From time to time, the cross became
bigger or smaller unpredictably. Participants were instructed
to ignore the peripheral stimuli and press the left or the right
button as quickly and accurately as possible when the size of
the cross became bigger or smaller.

2.3. Electroencephalogram Recording and Analysis. The elec-
troencephalogram (EEG) was continuously recorded (band-
pass 0.1–200Hz, sampling rate 1000Hz) with Neuroscan
Scan LT Amplifier, using an elastic cap with 32-channel
Ag/Agcl electrodes according to the extended international
10–20 system. The reference electrode was placed on the
nose tip. Vertical EOG and horizontal EOG were recorded
with two pairs of electrodes, one placed above and below
left eye and the other at the right and left lateral canthi.
The impedances of the electrodes were maintained below
5 kΩ throughout the experiment. The EOG artifacts were
corrected using the correlation method and low-pass filter
(30Hz, 24 dB/octave). The EEG was segmented into the
epoch from 100ms before stimulus to 600ms after stim-
ulus (100ms prestimulus period served as a baseline for
the amplitude measurement). The trails contaminated with
artifacts outside ±100𝜇V were excluded from averaging. The
EEG segments were averaged separately for standard and
deviant stimuli in different conditions. MMN was obtained
by subtracting ERPs to standard stimuli fromERPs to deviant
stimuli for duration. At least 63 deviant stimuli enter the final
waveforms.

2.4. Statistical Analysis. Statistical analyses were carried out
using the software Statistical Package for the Social Sciences,
version 13.0 for Windows. According to Figure 2, the most
negative peak occurred at 150 to 300ms after stimulus onset
at the occipital-temporal electrode sites. Hence, the mean
amplitudes of vMMNweremeasured for three timewindows,
including 150–200ms, 200–250ms, and 250–300ms after
stimulus onset, respectively. The electrode sites we selected
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Figure 1:The grand average ERPwaveforms at the temporal-occipital sites elicited by deviant and standard stimuli in normal andhypertensive
groups, respectively.
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Figure 2: The vMMN elicited by visual duration stimuli at the temporal-occipital sites in normal and hypertensive groups as well as 2D
mapping of vMMN in two groups.

were A1, A2, TP7, TP8, O1, O2, and Oz. To compare the dif-
ferences of vMMN between two groups, a two-way ANOVA
of Group (Hypertension, Normal) × Site (A1, A2, TP7, TP8,
O1, O2, Oz) was conducted. The degrees of freedom were
corrected using Greenhouse-Geisser’s adjustment, and Bon-
ferroni’s correction tests were carried out as post hoc analysis.
Moreover, the differences in the baseline characteristics were
tested by independent-sample 𝑡-tests; the correlation between
the mean amplitude of vMMN and SBP, DBP, and MMSE

scores was calculated by one-sample 𝑡-tests, respectively. A
𝑃 value less than 0.05 was considered statistically significant.

3. Results

3.1. Characteristics of Study Participants. The mean age of
hypertensive patients and normotensives was 53.33 (SD 7.51,
age range 43–65 years) years and 52.00 (SD 6.18, age range
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Table 1: The baseline characteristics of the participants.

Baseline characteristics Hypertensive
(𝑛 = 15)

Normotensive
(𝑛 = 15)

𝑃
value

Number of males 8 8
Age (years), mean (SD) 53.33 (7.51) 52.00 (6.18) 0.60
Education (years),
mean (SD) 12.60 (2.64) 12.27 (2.58) 0.73

Systolic BP (mmHg), mean
(SD) 168.73 (14.07) 123.87 (9.88) 0.00

Diastolic BP (mmHg), mean
(SD) 90.47 (9.16) 73.93 (6.63) 0.00

MMSE scores, mean (SD) 27.53 (1.36) 28.07 (1.28) 0.28
P value is for test of difference between hypertensive and normotensive.
BP: blood pressure; SD: standard deviation.

Table 2:Mean and standard deviation of accuracy rates and reaction
times for the hypertensive patients and normal controls.

Hypertensive
patients

Normal
controls

𝑃
value

RT (ms), mean (SD) 330.22 (49.02) 335.22 (30.57) 0.74
ACC (%), mean (SD) 98.56 (2.62) 99.24 (1.78) 0.41
P value is for test of difference between hypertensive patients and normal
controls.
SD: standard deviation; ACC: accuracy rates; RT: reaction times.

43–63 years) years, respectively. The mean level of education
was 12.60 (SD 2.64) years for hypertensive participants and
12.27 (SD2.58) years for controls. As expected, systolic BP and
diastolic BP of patients with hypertension were much higher
than normal controls (𝑃 < 0.05). There were no significant
differences in the mean of age, sex, education, and MMSE
(𝑃 > 0.05) (Table 1).

3.2. Accuracy Rates and Reaction Time. For all participants,
mean accuracy of target stimuli was above 94%, showing that
participants were paying attention to the cross changes. The
mean accuracy rates (ACC) and reaction time (RT) of target
stimuli did not differ between patients and normal controls
(𝑃
𝑠
> 0.05) (Table 2).

3.3. ERPs. Figure 1 showed the grand-averaged ERPs elicited
by standard and deviant stimuli at the temporal-occipital
electrode sites in both hypertension and control groups. In
both groups, P1, N1, and P2 components at the temporal-
occipital area were elicited by visual duration stimuli. As
shown the difference waveforms in Figure 2, vMMN as the
negative detection at the time range of 150–300ms after
stimuli onset was observed. In comparison with controls, the
vMMN was decreased in hypertensive patients. Meanwhile,
as shown in the 2D scalp distribution of vMMN in Figure 2,
the amplitudes of vMMN were larger at the posterior over
frontal brain areas. There was a reduction in the temporal-
occipital scalp distribution of hypertensive individuals.These
differences of latency and amplitude were reported in Tables
3 and 4, respectively.

Table 3: The vMMN latencies elicited by duration deviant in
patients with hypertension and normal controls.

Latency (ms) Hypertensive
patients

Normal
controls 𝑃 value

TP7 263.4 (11.1) 232.1 (11.1) 0.06
TP8 242.1 (12.8) 211.5 (12.8) 0.10
A1 244.9 (11.8) 220.1 (11.8) 0.15
A2 240.1 (13.2) 224.5 (13.2) 0.41
O1 237.7 (9.8) 196.6 (9.8) 0.006
OZ 231.9 (10.7) 216.5 (10.7) 0.32
O2 225.5 (10.6) 210.7 (10.6) 0.33
Total 240.8 (7.1) 216.0 (7.5) 0.02
P value is for test of difference between hypertensive patients and normal
controls.
Data were expressed as mean (standard error).

Table 4: The vMMN amplitudes elicited by duration deviant in
patients with hypertension and normal controls.

Amplitude
(𝜇V) Hypertensive patients Normal

controls 𝑃 value

TP7 1.5 (0.7) −1.0 (0.7) 0.02
TP8 0.9 (0.6) −0.7 (0.6) 0.07
A1 1.2 (0.7) −0.9 (0.7) 0.04
A2 1.1 (0.6) −1.3 (0.6) 0.004
O1 0.6 (0.6) −1.3 (0.6) 0.03
OZ 0.5 (0.5) −1.2 (0.5) 0.04
O2 0.2 (0.6) −1.1 (0.6) 0.15
Total 0.9 (0.5) −1.1 (0.5) 0.02
P value is for test of difference between hypertensive patients and normal
controls.
Data were expressed as mean (standard error).

3.3.1. Peak Latency. The results of two-way repeated ANOVA
showed significant main effect of Group on MMN elicited
by visual duration (𝐹(1, 28) = 6.10, 𝑃 = 0.02, partial
𝜂2 = 0.18); the peak latency of vMMN was delayed
in hypertensive patients (240.8ms) compared with healthy
controls (216.0ms). Meanwhile, this main effect of Site was
more conspicuous at temporal-occipital regions (𝐹(1, 28) =
2.31, 𝑃 = 0.04, partial 𝜂2 = 0.08). However, in both groups
the Site × Group interaction was not significant (𝐹 < 1, 𝑃 >
0.05). The absolute value of latency of vMMN was illustrated
in Table 3. Mean Amplitude

For the mean amplitude of vMMN, there was no signif-
icant main effect of Group in 200–250ms time window as
well as in 250–300ms time window. However, during the
time range between 150ms and 200ms, the vMMNamplitude
was significantly smaller (𝐹(1, 28) = 6.14, 𝑃 = 0.02, partial
𝜂2 = 0.18) in the patients with hypertension (0.86 𝜇V)
than that in the controls (−1.06 𝜇V). Importantly, the vMMN
amplitude of patients had no significant differences from zero
(𝑃 > 0.05). In addition, the main effect of Site was marginally
significant (𝐹(6, 28) = 1.95, 𝑃 = 0.08, partial 𝜂2 = 0.07)
and post hoc comparisons demonstrated that the vMMNwas



6 BioMed Research International

larger at the occipital electrode sites (O1, O2, and Oz) than
left temporal electrode sites (A1, TP7) and right temporal
electrode sites (A2, TP8). No other effects were significant
(𝑃 > 0.05) (Table 4).

3.4. Correlation between the Mean Amplitudes of vMMN
and SBP, DBP, and MMSE Scores. To examine whether the
vMMN was related to SBP, DBP, and MMSE of hypertensive
individuals, Pearson’s correlation analyses were used. The
amplitude of the vMMNwas not significantly correlated with
either SBP or DBP (𝑃

𝑠
> 0.05). In addition, there was no

significant correlation between MMN and MMSE scores at
temporal-occipital sites (𝑃 > 0.05).

4. Discussion

This clinical study suggested that, in the latency range
of approximately 150–200ms after stimuli onset, the peak
latency of vMMN was delayed in hypertensive individuals
compared with healthy controls. Furthermore, the vMMN
amplitude significantly declined in patients with hyperten-
sion than that in normal control group. To the best of our
knowledge, this is the first report showing impairment of the
vMMN in patients with hypertension.

It has been widely proven that the auditoryMMN reflects
sensory memory-based processing, but the presence of an
analogous ERPs’ component in the visual modality is still a
matter of controversy. Nevertheless, recent vMMN studies
summarized that if the paradigm can control visual attention,
there is practicability for visual MMN [34]. Therefore, it is
crucial to control for conscious attention in the experiment
paradigm, designed to argue for a preattentive and automatic
sensory information processing in vMMN[24]. In the present
study, participants were required to identify the size changes
that were cross-successively presented at the center of the
screen and to ignore both peripheral stimuli (standard,
deviant), which effectively controlled the attention, and this
method had been successfully used in previous vMMN
experiments [20, 24, 32]. In addition, automatic detection
of visual changes was also reflected by a posterior positive
component [35, 36], which was considered as an index of
detection of a divergent stimulus feature [37].Whereaswe did
not access change-related positivity to different durations in
our present experiment, possible reasons could be related to
different stimuli and contrast of stimuli.

Although no research has investigated the effects of
hypertension specifically on preattentive processing, a few
previous studies exploring the relation of hypertension and
cognitive function have provided some important evidence
for this issue. Particularly, many studies have demonstrated
that hypertension could result in cognitive impairment [7–
11, 28–31]. Goldstein et al. [7] demonstrated that hypertension
was associated with faster cognitive decline and a cognitive
phenotype characterized by poorer attention and executive
functioning and slower processing. Moreover, a cohort study
of 1737 rural Chinese elderly people suggested a significant
association between hypertension and cognitive decline.
This study had the strength of examining cognitive decline

using multiple instruments and found that new learning and
formation of new memories were significantly associated
with hypertension [10]. All these data may suggest changes
of preattentive automatically processing as the based stage of
information processing. Our study showed that there was no
difference between two groups in global cognitive function as
assessed by MMSE. Possible reasons could be that MMSE as
a measurement of global cognitive function is not sensitive
enough and that the study sample was relatively small.

Importantly, some past studies using ERPs’ components
N2 and P3 measured cognition of hypertensive patients
and suggested that information processing and memory
are modulated by rise in blood pressure and cognition is
delayed in patients with hypertension [30, 31]. Cicconetti et
al. [31] recorded ERPs with an odd ball acoustic paradigm
to investigate the relationship between SBP levels and neu-
rocognitive function in the early stages of isolated systolic
hypertension (ISH). The results showed that the N2 latency
of ISH patients was significantly higher than controls (𝑃 <
0.0001), indicating the existence of early subclinical impair-
ments in neurocognitive function in early ISH, detectable
through ERPs. Meanwhile, another study on elderly with
borderline isolated systolic hypertension (BISH) by event-
related potentials (ERPs) showed that N2 and P300 latencies
were significantly higher than the normotensive, which also
suggested a gradual change of the cognitive processes related
to the increased blood pressure [38].

Our present study verified the damage of preattentive
processing in hypertensive subjects. In 150–200ms time
window, the vMMN amplitude of patients with hypertension
was significantly smaller, or even absent, compared with
controls, as well as the peak latency of vMMN being delayed
in hypertensive patients. Although there were no related
vMMN studies on patients with hypertension, the changes of
MMN elicited by visual duration deviant have been shown
in various diseases such as major depressive disorder (MDD)
[24]. For instance, in a study comparing the preattentive
change detection in patients with a major depressive disorder
(MDD) and healthy controls, Qiu et al. [24] found that the
mean amplitude of vMMN elicited by exposure duration
of visual stimuli was significantly smaller in the patients
(−0.91 𝜇V) than in the healthy controls (−2.74𝜇V). These
results suggested functional impairment of preattentive basic
visual information processing in MDD patients.

Moreover, we did not find significant correlation between
the vMMN amplitude and SBP or DBP, respectively. This
result was in line with a previous study of MDD patients;
the severity of depressive symptoms had no significant
interaction with increment vMMN in MDD patients [24].
Consequently, it was reasonable that the preattentive change
detection reflected by MMN component of ERPs was not
relevant to the blood pressure level in the hypertensive group.
However, the study sample was relatively small, neither the
patient’s grade nor course of hypertension was considered,
and the correlation between the amplitude of vMMNand SBP
or DBP needs further study.

Although the results suggested functional impairment of
preattentive basic visual information processing in hyper-
tensive patients, the cognitive assessment by MMSE was in
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the normal range and there was no significant difference
between patients and normal controls. Moreover, there was
no correlation between the mean amplitudes of vMMN
and MMSE in patients with hypertension. Consistent with
our finding, Cicconetti et al. [31] obtained similar results
during N2 and P300 ERPs study in patients with ISH.
Therefore, these findings suggest the detectable existence of
early subclinical alterations in preattentive change detection
in hypertensives through vMMN component of ERPs. In
our study, we first took event-related potentials (ERPs)
by recording the mismatch negativity (MMN) indicating
dysfunction of preattentive processing in patients with hyper-
tension. However, the patient’s age and grade and course
of hypertension were not considered, which may contribute
different effects to preattentive processing.

5. Conclusions

In conclusion, our study provides evidence suggesting
the impairment of preattentive processing in hypertensive
patients. Besides, the impairment of preattentive processing
could be a distinguishing trait of hypertension but unre-
lated to the blood pressure levels. Moreover, the decreased
amplitude of MMN was more sensitive and reliable than
MMSE to assess cognitive impairment of patients with
hypertension. Findings from this study have significant
implications for better understanding the neuralmechanisms
that link hypertension to cognitive impairment, dementia,
and Alzheimer’s disease. Future studies will be necessary
to determine whether the grade or course of hypertensive
patients affects preattentive processing.
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“Distraction in a visual multi-deviant paradigm: behavioral
and event-related potential effects,” International Journal of
Psychophysiology, vol. 72, no. 3, pp. 260–266, 2009.

[21] M. Kimura, J. Katayama, and H. Murohashi, “Probability-
independent and -dependent ERPs reflecting visual change
detection,” Psychophysiology, vol. 43, no. 2, pp. 180–189, 2006.



8 BioMed Research International

[22] C. Stagg, P. Hindley, A. Tales, and S. Butler, “Visual mismatch
negativity: the detection of stimulus change,” NeuroReport, vol.
15, no. 4, pp. 659–663, 2004.

[23] M. Kimura, J. Katayama, H. Ohira, and E. Schröger, “Visual
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