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ABSTRACT

Parkinson’s disease (PD) and Alzheimer’s disease (AD) are neurodegenerative disorders that
mainly affect the elderly population. It is believed that oxidative stress is involved in
development of both these diseases and that estrogen deficiency is a risk factor for
development of AD. Genistein is a plant-derived compound that is similar in structure to
estrogen and has anti-oxidative properties. The general objective of the present research was

to evaluate the effects of genistein on neurodegeneration in rat models of PD and AD.

Using a rat model of PD, we found that a single intraperitoneal dose of genistein 1 h before
intrastriatal injection of 6-hydroxydopamine (6-OHDA) attenuated apomorphine-induced
rotational behavior and protected the neurons of substantia nigra pars compacta against 6-

OHDA toxicity.

To produce an animal model of AD, we injected AB;_49 into the hippocampus of rats. Using
groups of these AP;_4o-lesioned animals, the involvement of estrogen receptors (ERs) was
evaluated by intracerebroventricular injection of the estrogen receptor antagonist fulvestrant,
and the role of oxidative stress was studied by measuring levels of malondialdehyde (MDA),
nitrite, and superoxide dismutase (SOD) activity. The results showed that intrahippocampal
injection of AB;_49 caused the following: lower spontaneous alternation score in Y-maze tasks,
impaired retention and recall capability in the passive avoidance test, and fewer correct
choices and more errors in a radial arm maze (RAM task), elevated levels of MDA and nitrite,
and a significant reduction in SOD activity in the brain tissue. Furthermore, hippocampus in
theses rats exhibited A4 immunoreactive aggregates close to the lateral blade of the dentate
gyrus (DGIb), extensive neuronal degeneration in the DGlb, high intracellular iNOS" and

+ . o . . . .
nNOS™ immunoreactivity, and extensive astrogliosis.

Genistein pretreatment ameliorated the AB-induced impairment of short-term spatial memory,
and this effect occurred via an estrogenic pathway and through attenuation of oxidative stress.
Genistein also ameliorated the degeneration of neurons, inhibited the formation of AB;_4-

positive aggregates, and alleviated AB;_4o-induced astrogliosis in the hippocampus.



SAMMANFATTNING

Parkinsons och Alzheimers sjukdom &r de vanligaste hjarnsjukdomarna hos dldre. Hog alder
och arftlighet &r riskfaktorer for badda sjukdomarna och man tror att det kvinnliga
konshormonet dstrogen har en skyddande effekt. Genistein dr en substans som utvinns ur
véxter och finns exempelvis i soja. Det har en struktur som liknar den hos dstrogen. I denna
studie undersokte vi huruvida behandling med genistein kunde minska beteendeméssiga och
strukturella stérningar i djurmodeller for Parkinsons och Alzheimers sjukdom. Vi anvéinde oss
av en rattmodell av Parkinsons sjukdom i vilken toxinet 6-hydroxydopamin injiceras i en viss
del av hjdrnan. For att efterlikna Alzheimers sjukdom injicerade vi amyloid-beta i hjdrnan pa
rattor eftersom ackumulering av amyloid-beta tros vara huvudorsaken till skadorna vid
Alzheimers sjukdom. Djuren gavs en hog dos genistein en timme innan operationen och vi
studerade sedan vilka effekter genistein hade pa minnesfunktion, hjarnstruktur och
inflammation i dessa modeller. I Parkinson-modellen rdaknade vi hur manga rotationer rattorna
utforde samt hur manga celler som fanns i specifika delar av hjarnan tva veckor efter
operationen. Antalet rotationer 6kade signifikant och antalet celler minskade markant.
Genistein minskade 6kningen i antalet rotationer och skyddade delvis nervcellerna mot 6-
hydroxydopamin. Djurmodellen for Alzheimers sjukdom hdmmade inldrning och minne i
olika beteendetest. Forbehandling med genistein lindrade stérningarna i korttidsminnet genom
att paverka Ostrogensystemet och minska bildandet av kroppsegna toxiska &mnen. Vidare
tycktes genistein himma den inflammatoriska reaktionen i hjarnan. Vi drar slutsatsen att
genistein kan lindra funktionella och strukturella stdrningar i rattmodeller f6r Parkinsons och

Alzheimers sjukdom.
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AD
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INTRODUCTION

Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, and it was
named after the British surgeon James Parkinson, who published the first detailed description
of six cases of shaking palsy in 1817 (Parkinson, 1817). PD is clinically characterized by
motor symptoms such as resting tremor, bradykinesia and rigidity of skeletal muscle, postural
instability, stooped posture, and freezing of gait. Furthermore, patients with this disease

can show non-motor symptoms including cognitive and behavioral problems, as well as
sensory impairment, and they may also suffer from sleep disorders or autonomic dysfunction
(Chaudhuri and schapira, 2009). In industrial countries, PD has a prevalence of approximately
0.3% in the general population and affects about 1% of those older than 60 (de Lau and
Breteler, 2006). This disease rarely occurs before the age of 50, and men are at higher risk
than women. In Europe, PD affected 1.2 million people in 2010, resulting in costs per patient
of EUR 5,626 for direct health care and EUR 4,417 for non-medical care. In 30 European
countries, the total cost of all care for patients with PD in 2010 was EUR 13.9 billion (de Lau
and Breteler, 2006).

Hallmarks of Parkinson’s disease

Multiple neuronal systems are affected in PD, but the basic clinical motor symptoms
mentioned above result primarily from severe loss of dopaminergic neurons in the substantia
nigra pars compacta (SNC) of the basal ganglia. This decline is accompanied by the presence
of intraneuronal inclusions called Lewy bodies, which are composed largely of a-synuclein, a
protein that is found chiefly in presynaptic terminals and plays a key role in vesicular release
of neurotransmitters, axonal transport, and mechanisms of autophagy (Ben Gedalya et al.,
2009; Koprich et al., 2011; Perez et al., 2002). The occurrence of Lewy bodies is one of the
criteria used to diagnose PD, and gliosis in the substantia nigra (SN) is also often observed in
the brain of patients affected by this disease. The non-motor symptoms are related to a general
degeneration of noradrenergic, cholinergic, or serotonergic neurons in different parts of the

brain.

Risk factors

Both genetic and non-genetic factors can contribute to an increased or decreased risk of PD.
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Genetic factors

A positive family history of PD is correlated with a higher risk of incidence of the disorder,
and 5-10% of patients with clinical signs of PD carry mutations in genes associated with the
disease. A mutation in the gene encoding a-synuclein was the first gene-related mechanism
that was suggested to underlie the initiation of PD. Today, 16 loci designated PARK1 to
PARKI16 and 11 genes on different chromosomes are known to be associated with a higher
risk of PD (for review, see Corti et al., 2011). Mutations in these loci affect the expression of
several proteins, such as ubiquitin ligase, UCHL-1, DJ-1, PTEN-induced kinase, dardarin, and
nuclear receptor, which are involved in protection against oxidative stress, mitochondrial

dysfunction, and survival of dopaminergic cells (Devine et al., 2011).

Non-genetic factors

Occupational exposure to toxins and heavy metals increase the risk of PD. In 1983, many
people exhibited typical signs of PD after taking an opioid called Desmethylprodine or MPPP
(1-methyl-4-phenyl-4-propionoxypiperidine), and it was discovered that the drug was
contaminated with N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) during
manufacturing. This observation led to the finding that MPTP selectively damages
dopaminergic neurons in the SNC, which in turn resulted in the hypothesis that some
environmental toxins can increase the risk of developing PD. Since that time, numerous
studies have been performed to examine the role of other environmental factors in the
pathogenesis of this disease. Today, we know that exposure to agricultural chemicals (e.g., the
pesticide rotenone and the herbicide paraquat) is associated with a higher risk of developing
PD, because these substances have harmful effects on dopaminergic neurons (Betarbet et al.,
2000; de Lau and Breteler, 2006). The risk of PD has also been reported to be greater after
exposure to certain heavy metals, including iron, manganese, zinc, and copper, presumably
because these elements induce oxidative stress, which in turn causes dopaminergic neuronal

depletion in the SNC (Lai et al., 2002; Tanaka et al., 2011).

Smoking decreases the risk of PD, and several hypotheses have been proposed to explain the
neuroprotective effect of this practice. For example, it has been suggested that nicotine, the
chief constituent of tobacco, can stimulate the release of dopamine, act as an antioxidant, and

alter the activity of monoamine oxidase B activity (MAO-B ) (Heman et al., 2000).
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Coffee consumption has been found to be inversely related to the risk of developing PD (Ross
et al., 2000). The active component of coffee is caffeine, which is an adenosine A; inhibitor
that improves motor deficits in mouse models of PD. Interestingly, the effect of caffeine is
stronger in men than in women, because estrogen is a competitive inhibitor of caffeine (Ross

et al., 2000).

Fat and fatty acids consumed daily in large amounts have been shown to be associated with
greater incidence of PD. It is plausible that a high lipid content increases peroxidation of
lipids and thereby raises levels of oxygen radicals, which are harmful to neurons.
Accordingly, scientists have focused more attention on the neuroprotective effect of

unsaturated fatty acids (de Lau et al., 2005).

Homocysteine is an amino acid that is synthesized by cells in the body and may have a toxic
effect on neurons and accelerate cell death in general. Therefore, recent investigations have
examined the relationship between development of PD and higher intake of vitamin B, a
substance that is associated with lower plasma levels of homocysteine (de Lau and Breteler,
2006). Some, but not all, of these studies demonstrated that high consumption of vitamin B6
is correlated with a decreased risk of PD, whereas no such impact was found for vitamin B12

or folate (Murakami et al., 2010).

Mitochondrial dysfunction and increased oxidative stress may also play an essential role in
the pathogenesis of PD (for review, see Henchcliffe and Beal, 2008). Oxidative stress to
lipids, proteins, and DNA, and also reduced levels of the antioxidant glutathione have been
observed in post-mortem brain samples from individuals with PD. Antioxidants such as
vitamins E and C can protect dopaminergic cells against free radicals, although it seems that
the influence of these agents is more pronounced during very early stages of the disease

(Devore et al., 2010).

Inflammatory cytokines and activated glial cells have been detected in clinical samples from
patients with PD, which suggests that inflammatory mechanisms are involved in pathogenesis
of the disease. Several investigations have shown that use of non-steroidal anti-inflammatory
drugs (NSAIDs) decreases the risk of PD. According to Wahner et al. (2007), both aspirin and
non-aspirin NSAID users are less likely to contract PD. However, Ton et al. (2006) conducted

a clinical study of 206 patients with newly diagnosed idiopathic PD and 383 randomly
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selected controls exposed to anti-inflammatory drugs, and these authors found only limited
support for the hypothesis that use of aspirin can reduce the risk of PD and no data indicating
that other NSAIDs offer such protection. In agreement with this finding, a large case-control
study including 22,007 physicians aged 40-84 years provided no evidence that NSAIDs can
reduce the risk of PD (Driver et al., 2011).

Estrogen deprivation may cause the death of dopaminergic neurons, and there is evidence to
suggest that the low levels of estrogen present in men can explain why the incidence of PD is
higher in men than in pre-menopausal women. This female sex hormone somehow protects
neurons against degeneration. According to the Parkinson Study Group POETRY
investigators (Investigator PSGP, 2011), estrogen replacement therapy in post-menopausal
women with PD may be associated with improvement in motor symptoms. The
neuroprotective effect of this hormone probably occurs through antioxidant mechanisms and
interactions with growth factors (e.g., insulin-like growth factor 1). Estrogen also activates
cascades of signaling molecules, such as the phosphatidylinositol-3 kinase/Akt and mitogen-

activated protein kinase (MAPK) pathways (Bourque et al., 2009).

Evaluation of drugs

Currently, treatment of patients diagnosed with PD is restricted to relief of symptoms,
because, unfortunately, attempts to prevent initiation or progression of the disease have failed.
In as much as dopamine deficiency leads to development of symptoms of PD, most treatment
strategies have been focused on restoration of dopamine activity and the mechanisms related

to the metabolic pathways that include this catecholamine.

Levodopa or L-dopa is a dopamine precursor that has long been considered to be the gold
standard drug for treatment of PD. L-dopa can improve motor function, daily activities, and
quality of life in PD patients, whereas other non-motor symptoms such as postural instability,
freezing, mood and sleep disorders, autonomic dysfunction, and dementia do not respond to
this drug. Sadly, chronic treatment with L-dopa is also associated with some motor
complications, motor fluctuation, and dyskinesia, and hence there is an urgent need to find

new drugs to treat this disease.
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Dopamine agonists can directly stimulate the postsynaptic receptors in the striatum. This
category of drugs includes two basic groups: ergot derivative (bromocriptine) and non-ergot
dopamine agonist (pramipexole). Side effects of dopamine agonists include hallucination,
sleepiness during daytime, and compulsive disorders (Kalinderi et al., 2011). Furthermore, the
frequency of valvulopathy, which entails fibrosis of the heart-valve resulting in thickening,
retraction, and stiffening of a heart valve, is higher in patients receiving ergolinic dopamine

agonists (reviewed by Antonini and Poewe, 2007).

Catechol-O-methyltransferase inhibitors block the enzyme that catalyzes conversion of L-
dopa to 3-omethyl-dopa, and thus they prolong the action of L-dopa in the brain. The most
serious side effect of this category of drugs is the potential to induce hepatic toxicity

(reviewed by Kalinderi et al., 2011).

MAO-B inhibitors can slow the catabolism of dopamine and thus improve the symptoms in

PD patients (reviewed by Kalinderi et al., 2011).

Anticholinergic agents can maintain the balance between dopamine and acetylcholine activity
in the striatum, and their most important feature is a beneficial effect on tremor. Today, use of
these drugs is limited, especially in the elderly, due to side effects on the central and
peripheral cholinergic systems. In a recent cohort study, Ehrt et al. (2010) found that cognitive
decline was more pronounced in patients who had been taking drugs with anticholinergic

activity over the 8-year follow-up period.

Stem cell therapy has received much attention from the scientific community over the past 20
years. The aim of such treatment is to replace the lost dopamine-producing neurons with new
cells taken from fetal ventral midbrain tissue. However, clinical trials have had varying
degrees of success, and thus this technique must be further developed before it can be
deemed appropriate for use in patients (for a recent review, see Brundin et al., 2010). Also,

the main concern in this context is indeed the ethical aspects of using human fetal tissue.

As discussed above, various drugs are used to treat PD, but all of these agents are aimed at
ameliorating the symptoms, and none of them can cure the disease. The lack of effective
therapy causes immense suffering for the patients and their families, and hence there is hope

that scientists will soon develop a drug that can successfully combat this debilitating disorder.
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Animal models of Parkinson’s disease
Animal models represent potential tools in our attempts to understand the pathophysiology of
PD, and such systems have played an important role in the development of new treatment

strategies.

Pharmacologic animal models of selective damage of dopaminergic neurons have been used
for many years in PD research, and 6-hydroxy dopamine (6-OHDA), 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), rotenone, paraquat, lipopolysaccharide, and manganese
are the toxins that have been applied most widely in rats, mice, and monkeys (Klivenyi and
Vecsei, 2011). These toxins can induce mitochondrial dysfunction, which leads to energy
deficits, oxidative stress, and finally neuronal degeneration in specific parts of the brain. The
compound 6-OHDA is structurally similar to dopamine and norepinephrine, and binds to the
plasma membrane transporters of these catecholamines. Furthermore, 6-OHDA does not cross
the blood brain barrier, but, when injected into the brain, it kills neurons containing dopamine
and norepinephrine by producing hydrogen peroxidase (Javoy et al., 1976). The 6-OHDA
animal model is particularly useful for evaluating the effects of new drugs on motor skills.
The concentration of toxins, the type of vehicle, and the methods of administration employed
can vary according to the animal species used. In general, pharmacological animal models are

reproducible and have made important contributions to our current knowledge about PD.

Transgenic animals have been and are being used extensively in attempts to produce models
of PD exhibiting pathology close to that observed in humans. In most cases, a group of mice
are genetically engineered to develop loss of dopaminergic neurons in the SN. Another group
of transgenic animals has been created that has mutations in genes related to a familiar form
of PD, and a third model was developed based on virally expressed genes in the SN (for
review, see Meredith et al., 2008). For example, a mouse model that carries a double-stranded
mitochondrial DNA (mt-DNA) break and is deficient in oxidative phosphorylation has been
produced through expression of mitochondria-targeted restriction enzyme Pstl or mito-PstI
(Pickrell et al., 2011). This model has most of the features of PD, including motor dysfunction
and degeneration of dopaminergic neurons in the SN, and it enables evaluation of the role of
mitochondria in the pathophysiology of the disease. Genetically engineered mice have also
been used to develop two models that generate progressive neuronal loss in the SNC.
Furthermore, there are Pitx3 -/- mice with a spontaneous mutation in the homeobox

transcription factor Pitx3, and engrailed knockout mice with SNC neuronal loss accompanied
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by cerebellar pathology (Meredith et al., 2008). In addition, mutations in genes encoding the
proteins a-synuclein, parkin, DJ1, and LRRK2 have been used to create models of the familial
form of PD. Animals with a mutation in a-synuclein primarily display the symptoms of the
disease and do not exhibit neuronal loss, and thus, disappointingly, they are not very useful
for investigating PD. Mutations in the gene encoding parkin can cause proteasomal
dysfunction and induce early onset of familial PD. In mice and flies, mutations in the genes
for DJ1 can lead to decreased cell resistance to oxidative stress but not loss of cells. Mutations
in LRRK2 can elicit late onset of familial PD, and a transgenic mouse model comprising these

aberrations is currently being developed (Meredith et al., 2008).

Viral-based animal models can be obtained by acute delivery of virally expressed genes such
as recombinant adeno-associated virus (rAAV) into the SN, and these animals often exhibit
neuronal loss. For example, animals with overexpression of a-synuclein show neuronal loss as
well as behavioral deficits. Thus, these models are more useful than other engineered mouse
models, if the goal is to acquire animals with the hallmarks of PD (Dehay and Bezard, 2011;
Meredith et al., 2008).

The nematode Caenorhabditis elegans and the fruit fly Drosophila melanogaster have also
been used to elucidate the cellular and molecular pathways involved in different forms of
familial PD. Drosophila melanogaster can show duplication or triplication of the a-synuclein
gene, which makes these flies a good model for investigating synucleinopathies. The
disadvantage of these two invertebrate species is that they do not produce Lewy bodies, which

are the predominant feature of PD in humans (Meredith et al., 2008).

It can be mentioned that none of the animal models described above express the genotype
and/or phenotype observed in humans. For example, most genetically engineered mice do not
exhibit the neuronal death in the SN that is the main hallmark of PD in human. The models
based on delivery of virally-expressed genes into the SN do cause neurodegeneration but only
locally in the SN, and they do not produce extra-nigral pathology, which is seen during

progression of the disease in humans. Furthermore, many of these models lack Lewy bodies.
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Alzheimer’s disease

Alzheimer’s disease (AD) was first described by Alois Alzheimer more than a century ago in
Germany, and it constitutes one of the most common causes of senile dementia. According to
a recent estimation, it is possible that almost 80% of individuals with dementia suffer from
AD (Bi, 2010; Jellinger and Attems, 2010). AD refers to a clinical syndrome that occurs in the
elderly and is severe enough to interfere with social and occupational activities. At least two
clinical abnormalities are essential for diagnosis of the disease, namely, memory loss in an
alert person and impairment of one or more of the following functions: language, attention,

perception, judgment or problem solving (Forstl and Kurz, 1999).

AD is a severe progressive neurodegenerative brain disorder that affects approximately 5% of
the population older than 65 years (Shah et al., 2008). According to the US Centers for
Disease Control and Prevention (2003), the number of people in the world who are over the
age of 65 will increase to around 1 billion by 2030. It has also been projected that by 2050 the
number of dementia cases will reach around 14 million in Europe (Mura et al., 2010) and 13.2
million in the United States (Hebert et al., 2001). Furthermore, it has been estimated that the
annual incidence of AD in the United States will increase from the 337,000 cases recorded in
1995 t0 959,000 cases in 2050 (Hebert et al., 2001). At the level of individuals, AD decreases
the quality of life and shortens life expectancy. At the societal level, the long-term care of AD
patients in nursing homes is an economic challenge in Western countries, as illustrated by a
report in which Olesen and colleagues (2012) showed that in Europe the annual cost for
patients with dementia was EUR 105.2 billion in 2010. The mentioned date certainly indicate
the tremendous impact of AD in terms of the enormous number of patients with this disease,
the pressure on their relatives, and the negative socioeconomic consequences. In short, it can

be said that AD is one of the major public health problems in the world.

Hallmarks of Alzheimer’s disease

Amyloid beta (AB) plaques, neurofibrillary tangles (NFTs), hyperphosphorylated tau protein,
and neuronal loss occurring in the brain tissue are considered to be the specific
histopathological hallmarks of AD. The A plaques, also called senile plaques, are composed
chiefly of extracellular deposits of the fibrillar form of AP peptides, most comprising 38 to 43

amino acids (Glenner and Wong, 1984), along with NFTs that arise inside affected neurons
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and contain hyperphosphorylated tau protein filaments (Goedert et al., 1988; Haass and
Selkoe, 2007).

In 1991, Hardy and Allsop suggested that the main event leading to development of AD
involves altered expression of the transmembrane amyloid precursor protein (APP) leading to
extracellular accumulation of AP. This hypothesis, which was later named the amyloid
cascade pathway (or amyloidogenic pathway), has served as the foremost explanation for how

the disease develops (Kayed et al., 2003).

The AP peptide was discovered by Glenner and Wong in (1984) and was later identified as
the main component of senile plaques, arising as a product of proteolytic cleavage of APP
(Wilquet and De Strooper, 2004). Two proteolytic routes called the amyloidogenic and non-
amyloidogenic pathways have been suggested to be responsible for the cleavage of APP. This
division occurs at six sites in the protein and is catalyzed by the enzymes a-, -, y-, 8-, &-, and
(-secretase, of which the o, B, and y forms are best known and have been studied extensively
in relation to the pathogenesis of AD. Depending on the position of cleavage, AP is usually
designated APy or AP x, where X represents the number of residues in the peptide (Lazo et al.,
2008). The A plaques observed in the brain of AD patients consist predominantly of AB; 49
and AP 42, in which the C terminus ends with the 40™ and the 42™ amino acid, respectively
(Miller et al., 1993; Roher et al., 1993; Iwatsubo et al., 1994). In the brain, deposition of AB;_
40 1S observed primarily in the cerebral vasculature (Iwatsubo et al., 1994; Suzuki et al., 1994),
whereas APB;_4; is found predominantly in the parenchyma. Compared to AB; 40, AP1 42
aggregates more easily (Jarrett et al., 1993) and also earlier in life (Iwatsubo et al., 1995;

Lemere et al., 1996).

Amyloid beta

About 10% of the APP is processed via the amyloidogenic pathway, which results in
formation of AP plaques (Cohen and Kelly, 2003). Two types of B-secretase enzyme have
been identified in the amyloidogenic cleavage process, and these are called APP-cleaving
enzymes 1 and 2 (BACE-1 and BACE-2) (Jacobsen and Iverfeldt, 2009). BACE-1 initiates
the cleavage of APP, which releases an extracellular soluble APP fragment (sAPP) and a 99-
amino-acid fragment (C99) that remains attached to the cell membrane. Thereafter, the C99
fragment is further processed by y-secretase to yield AP peptide and an intracellular domain

of APP. The y-secretase can act at two different positions in the C-terminal part of APP to
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produce peptides of different lengths (i.e., AP 40 and AB; 42, respectively), as discussed above
(Jacobsen and Iverfeldt, 2009). Although AP peptides containing 39 to 45 amino acids have
also been found, those with 40 and 42 amino acids are most common (Lazo et al., 2008). AP

can aggregate in the extracellular space of the brain and forms amyloid plaques.

The AP peptide occurs naturally in a monomeric form in vivo, and the monomers aggregate to
form dimers, trimers, tetramers, dodecamers (Dwulet and Benson, 1986), and protofibrils.
During incubation in vitro at 37 °C, Ap is initially found mainly as monomers (84%) and a
very small portion of dimers; during further incubation, the proportion of oligomers increases,
and, after two weeks, molecules with extremely high molecular weights are detected, which
correspond to fibrils (Sarroukh et al., 2011). Over the last decades, many scientists have
claimed that AP oligomers are the most toxic form of the peptide. These oligomers can
interact with neurons and glial cells, and activate mechanisms such as inflammation,
phosphorylation of Tau protein (De Felice et al., 2008; Vanessa de Jesus et al., 2009),
neuronal oxidative stress, long-term depression (LTD), inhibition of long-term potentiation
(LTP) (De Felice et al., 2007; Lambert et al., 1998), spine loss, and finally cell death (Hardy
and Selkoe, 2002; Lacor et al., 2007).

About 90% of the APP protein is cleaved by a-secretase in the central region comprising the
AB peptide sequence. This is known as the non-amyloidogenic pathway, and it results in
formation of an extracellular soluble N-terminal fragment (sAPPa) and a long intracellular C-
terminal fragment (C83) in neurons (Vanessa de Jesus et al., 2009). The intracellular domain
of APP can be translocated to the nucleus and may function as a neuropeptide (Cao and
Sudhof, 2001; Makin et al., 2005). In the healthy brain, APP is preferentially metabolized via
this pathway.

The amyloidogenic pathway has long been considered to be the main mechanism behind
development of AD, but this theory has recently been challenged by the results of new
investigations emphasizing the involvement of other pathological factors in this context.
These factors include synaptic alteration (Knobloch and Mansuy, 2008; Mitsuyama et al.,
2009; Bi, 2010) and a deficit in synaptic mitochondria (Du et al., 2010), dystrophic neuritis,
accumulation of abnormal endosomes/lysosomes and organelle turnover due to dysfunctional
autophagy (Cataldo et al., 2000; Nixon, 2007), neuronal loss (Schliebs and Arendt, 2011),
glia-mediated inflammation (Rodriguez et al., 2009; Bi, 2010), and impairment of adult
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neurogenesis in the hippocampus (Crews and Masliah, 2010). Lysosomes play a major role in
degradation of old proteins and organelles, and recent studies have shown that lysosomal
dysfunction and abnormal autophagic activity lead to altered generation of AP and thus to AD

pathogenesis (Bi, 2010).

Pathology

The loss of synapses and neurons leads to cognitive impairment and development of
dementia. Neuronal loss and atrophy occur mainly in the neocortex, hippocampus, amygdala,
and basal forebrain of AD patients (Pennanen et al., 2004; Devanand et al., 2007; Jauhiainen
et al., 2009; Lain et al., 2010). Cholinergic neurons innervating the cerebral cortex,
hippocampus, amygdala, and nucleus basalis of Meynert in the basal ganglia are affected
early in AD (Coyle et al., 1983). Axonal abnormalities or degeneration of cholinergic neurons
lead to decreased release of acetylcholine, which is believed to be the primary cause of
cognitive deficits in aged individuals (Bartus et al., 1982). A study using an animal model of
AD has shown that the neurotoxicity of Ap can be reduced by stimulating nicotinic receptors
(Kawamata and Shimohama, 2011), and therefore attention has been focused on developing
drugs that can inhibit acetylcholine esterase or stimulate acetylcholine receptors in order to

restore cholinergic function.

In addition to the cholinergic system, other neurotransmitter systems can be affected in AD
patients, including the monoaminergic, glutamatergic, and dopaminergic systems. In the
mammalian nervous system, glutamate and GABA serve as the main excitatory and inhibitory
transmitters, respectively, and dysfunction of these systems gives rise to various neurological
and psychological disorders. Recently, Tiwari and Patel (2012) observed impaired
glutamatergic and GABAergic function in the brain of transgenic (ApPPswe-PS1dE9) mouse
model of AD. Furthermore, Colom et al. (2011) injected AP, 40 in the CA1 area of the
hippocampus of rats and noted a 38% reduction in levels of choline acetyltransferase and a
26% decrease in the number of glutamate-immunoreactive neurons in the brain. Together,
these data show that the functions of multiple neurotransmitter systems can be altered in the
brain in AD. Today, the main drugs used to treat AD patients include cholinesterase inhibitors
and N-methyl-D-aspartate (NMDA) receptor antagonists. The challenge is to develop a more

multi-functional drug that can maintain neurotransmitter homeostasis.
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The results of several surveys have suggested that high levels of oxidative stress and free
radicals, or decreases in the antioxidant and/or free-radical-scavenging capacity play a role in
the development of neurodegenerative diseases (Bilbul and Schipper, 2011). In AD, oxidative
stress is manifested by, for example, increased protein oxidation, lipid peroxidation, and
formation of reactive oxygen species (ROS) (Butterfield et al., 2006). In the presence of
oxidative stress, proteins may modify their structure and function by cross-linking with other
proteins, or through nitration or carbonylation, which generally leads to loss of function.
Moreover, it is possible that the sporadic form of AD is initiated by mitochondrial dysfunction
(Mancuso et al., 2010; Swerdlow et al., 2010). Together, the data currently available in this
area illustrate the complexity of AD and the numerous factors and pathways that are involved
in initiation of this disease, several of which should clearly be targeted in therapeutic

approaches.

Astrogliosis in Alzheimer’s disease

Astrocytes are a special type of glial cells that are present in the CNS and play important roles
in the following (Sofroniew and Vinters, 2010): development, blood flow regulation, synaptic
function, brain metabolism, formation of the blood brain barrier, and homeostasis of fluids,
ions, pH, and neurotransmitters in healthy brains. Furthermore, astrocytes undergo cellular,
functional, and morphological remodeling in response to all forms of brain injury, infection,
ischemia, and neurodegenerative disease. These changes occur through a process called
reactive astrogliosis (Sofroniew, 2009), which is reflected by upregulated expression of glial
fibrillary acidic protein (GFAP) in the astrocytes (Sofroniew and Vinters, 2010). The
modification of these cells varies with the severity of the injury or disease, and it includes
progressive cellular hypertrophy, proliferation, and scar formation (Sofroniew, 2009). There
is also evidence that dysfunction or side effects of reactive astrogliosis contribute to the
development of AD (Sofroniew, 2009; Czlonkowska and Kurkowska-Jastrzebska, 2011; Li et
al., 2011).

Risk factors

This section provides a short review of the risk factors for AD. Some of these are heritable
and largely beyond our control, whereas others are associated with lifestyle or are
environmental aspects that can potentially be changed. To facilitate the discussion, here these
risk factors are assigned to genetic and non-genetic categories that are described briefly

below.
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Genetic factors

APP, presenilin-1 (PS1), and presenilin-2 (PS2). The early onset familial form of AD is
linked to mutations in these genes: APP on chromosome 21, PSI on chromosome 14, and PS2
on chromosome 1. Thirty-two different mutations in the APP gene have been found in 85
families, which together account for 10% to 15% of early onset familial AD (Bird, 2008;
Raux et al., 2005). The Swedish and London mutations are examples of changes in the APP
gene. Most of these mutations are located near the y-secretase cleavage site of the gene and

are associated with increased production of AB42 (Scheuner et al., 1996).

Over 176 different mutations have been found in the PS/ gene in 390 families, and these
account for 18% to 50% of early onset familial AD (Theuns et al., 2000). Rudzinski and
colleagues (2008) reported that a PS7 mutation designated N135S found in a Greek family

was associated with memory loss in very young individuals (around 30 years of age).

Fourteen mutations have been detected in PS2 in six families. Mutations in the PS2 gene are
associated with an increased ratio of AB42 to AP40, as also was noted for PS/, which is
caused either by elevated production of AB42 and/or decreased production of AB40 (Citron et
al., 1997; Scheuner et al., 1996). However, in contrast to PS/, mutations in PS2 result in less
efficient production of AB42 (Bentahir et al., 2006). Onset of AD generally occurs at an older

age in individuals who have a mutation in PS2 rather than in PS1.

Apolipoprotein E (ApoE). The ApoE gene is located on chromosome 9, and it has been
identified as the major risk factor for the sporadic form of AD with a late onset at around 60
years of age, which is more common than familial AD. This gene has several alleles that are
designated ApoE?2, ApoE3, and ApoE4. Having two ApoE4 alleles is associated with a higher
risk of developing the disease. ApoE3 expresses the ApoE3 protein isoform, which is
composed of 299 amino acids and has cysteine at position 112 and arginine at position 158.
These positions are occupied by cysteine residues in the ApoE2 isoform and by arginine
residues in ApoE4. These different amino acid substitutions affect the three-dimensional (3D)
structures of the proteins and their lipid-binding abilities. The ApoE proteins play an
important role in the metabolism of triglycerides and cholesterol (Bilbul and Schipper, 2011).
In experiments conducted by Rapp and colleagues (2006), the uptake of cholesterol by
neurons in vitro was lower when the cholesterol was bound to ApoE4 than when it was

coupled to ApoE2 or ApoE3. Also, Michikawa et al. (2000) have reported that efflux of
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cholesterol from neurons and astrocytes is less efficient when the cholesterol is bound to
ApoE4. Moreover, in the Iranian population, Raygani et al. (2005) found a significantly high
frequency of the APOE-€4 allele in patients suffering from AD.

Down'’s syndrome. Individuals with Down’s syndrome are potentially at increased risk of AD
after the age of 35 due to the presence of an additional chromosome 21 (trisomy 21) carrying
the APP gene. The pathological picture shows the presence of AP plaques and NFTs in the
brain of these patients (Tagliavini et al., 1989).

Other genes. There are many reports concerning the association between increased risk of AD
and polymorphism in different genes. Two of the polymorphisms that are discussed most
often occur in the genes that encode anti-inflammatory interleukin (IL) and brain-derived
neurotrophic factor (BDNF). Regarding the polymorphism in the IL genes, Qin and
coworkers (2012) recently reviewed 32 case-control studies including 7,046 AD cases and
7,534 controls, and they concluded that an association exists between IL-1A -889C/T
polymorphism and the risk of AD in Caucasian populations. Also, Lio et al. (2003) studied
132 AD patients in northern Italy and found that the single nucleotide polymorphism 1082A
of IL-10 promoter was significantly more common in those patients compared to 213 healthy
controls. Furthermore, Arosio et al. (2004) studied 65 AD patients and 65 controls and

observed an association between an increased risk of AD and homozygosity for two
polymorphisms: A allele of IL-10 (—1082 G/A) and C allele of IL-6 (—174 G/C).

Feher and collegues (2009) have suggested that Val66Met polymorphism of the gene
encoding BDNF gene is associated with development of AD. Those researchers studied 160
AD patients and found a significantly higher frequency of the BDNF Val allele in those
subjects than in controls. Kunugi et al. (2001) observed a significantly higher frequency of the
C270T polymorphism of BDNF in 170 Japanese patients with sporadic AD, as compared to
controls. This finding was confirmed by Riemenschneider et al. (2002) in a study of 210
German Alzheimer’s patients, and these investigators also suggested that the BDNF C270T
polymorphism is a risk factor for AD, particularly in individuals who lack the ApoE-€4 allele .
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Non-genetic factors

The following non-genetic factors can be related to AD:

Hypertension. According to epidemiological studies, individuals with hypertension

(elevated systolic pressure) are at higher risk of developing AD late in life, and anti-
hypertensive drugs may diminish the risk of dementia and cognitive decline (Tzourio et al.,
2003).

Cerebral ischemia/hypoxia Individuals with stroke or transient ischemic attacks are also

at greater risk of developing AD during old age (Kalaria, 2000). It is believed that this is due
to overexpression of BACEI in hypoxia, resulting in overproduction of Ap (Sun et al., 2006).
Lack of exercise. Age-related cognitive deficits can be reduced by exercise. In animal
models, voluntary wheel running has been found to decrease amyloid deposition and enhance
AP clearance, and there is evidence that treadmill exercise can ameliorate the accumulation of
phosphorylated tau in rodents. Investigations of exercise-induced neuroprotection in both
animal models and human populations have revealed the involvement of reduced
inflammation in the CNS (Stranahan et al., 2012).

Insulin/Glucose. Several studies have discussed the association between diabetes, late-life
dementia, and AD. Diabetes is usually characterized by obesity, heart disease, and high blood
pressure, and those factors may increase the risk of developing AD.

Increased lipids or cholesterol High serum levels of these substances can raise the risk of
AD during aging, regardless of the ApoE genes involved (Kivipelto et al., 2002).

Estrogen deficiency. It has been proposed that a deficit in this hormone is associated with

an increased risk of AD, and that estrogen replacement therapy might improve cognitive
function and decrease the risk of AD in women (Tang et al., 1996).

High levels of glucocorticoids. Such concentrations can be detected in the blood and

saliva of AD patients, which suggests that glucocorticoids have adverse effects on
hippocampal function and cognition in humans (Balldin et al., 1983).

Melatonin. This hormone is secreted by the pineal gland, and it is a powerful free radical
scavenger and anti-inflammatory agent. Melatonin is also involved in inhibition of Ap
aggregation and it can attenuate tau hyperphosphorylation (Reiter et al., 1997). According to
Olcese et al. (2009), long-term oral administration of melatonin suppresses the A
aggregation, decreased levels of cytokines such as tumor necrosis factor alpha (TNFa) in
hippocampus and reduced cortical expression of mRNA for three antioxidant enzymes (i.e.,

SOD-1, glutathione peroxidase, and catalase) in a transgenic mouse model of AD.
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Vitamin deficiencies Inadequate levels of vitamins B1 (thiamin), B6 (pyridoxine), B12
(cobalamin), and B9 (folate) may augment the risk of AD (Bilbul and Schipper, 2011), and a
diet of vitamin-D-free food has been found to intensify learning deficits in a rat model of AD
(Taghizadeh et al., 2011). Vitamin A, which includes retinol, retinal, and retinoic acid, and j-
carotene, has the potential to inhibit the formation of f-amyloid fibrils (Ono and Yamada,
2011). In addition, vitamin E has been shown to protect against neurodegeneration by
lowering oxidative stress (Guan et al., 2012).

Toxins. The risk of AD is significantly increased by abuse of certain illicit drugs (e.g.,
methamphetamine) and by exposure to heavy metals such as copper, zinc, and particularly
iron, or pesticides and herbicides (reviewed by Parron et al., 2011; Schrag et al., 2011).
Inflammatory factors. Chemokines and cytokines, as well as reactive microglia, have been
detected in and around A plaques in both animals and patients with AD (Bilbul and
Schipper, 2011). Recently, Martin-Moreno et al. (2012) showed that prolonged oral
administration of anti-inflammatory cannabinoids to transgenic (Tg) APP mice normalized
the cognitive deficiency and reduced the density of Ibal-positive hippocampal microglia and
expression of cyclooxygenase (COX) 2 protein and TNFo mRNA to the normal levels seen in
wild-type mice.

Other factors It is also possible that the risk of AD late in life is increased by factors such
as traumatic head injury, Parkinson disease, human immunodeficiency virus (HIV), stress,

depression, and schizophrenia (Bilbul and Schipper, 2011).

Evaluation of drugs

Unfortunately, as already mentioned, no cure has yet been found for AD, because the exact
pathogenesis of this disease is not known. As discussed above, many factors are involved in
initiation and progression of AD. The treatments approved by the US Food and Drug
Administration (FDA) consist of acetylcholinesterase (AChE) inhibitors and NMDA receptor
antagonists that enhance cholinergic functions in the brain. Other treatment options include
anti-inflammatory agents such as corticosteroids or NSAIDs (McGeer and Rogers, 1992),

antioxidants, and estrogen replacement and anti-amyloid drugs.

Cholinergic agents and NMDA receptor antagonists. Tacrine is an AChE inhibitor used to
treat AD patients. AChE and NMDA receptor antagonists can only alleviate symptoms and
are effective mainly during the early stages of the disease. These drugs can have undesired

side effects such as the following (reviewed by Wollen, 2010): for tacrine, liver problems and

26



loss of appetite or nausea; for NMDA receptor antagonists, hallucination, confusion, and

mood swings.

Anti-inflammatory agents. Data from epidemiological studies have implied that NSAIDs help
protect against AD, and there is evidence that the biological mechanisms of these drugs
involve reduced production and aggregation of AP, and inhibition of the activities of COX
and B-secretase. It has also been suggested that allosteric modulation of y-secretase activity
constitutes a mechanism in this context, but clinical trials evaluating NSAIDs, including COX
inhibitors and steroids, have failed to support the results of epidemiological studies (for
reviews, see Cole and Frautschy, 2010; Imbimbo, 2009). Notably, alleviation of the microglial
response to AP has been observed in rodents given anti-inflammatory agents (Yamada and
Nabeshima, 2000), and therefore researchers around the globe are testing numerous anti-
inflammatory drugs for treating patients with AD. This work is very difficult due to the large
number of anti-inflammatory agents that have diverse and essentially unknown mechanisms

of action. On the other hand, this diversity greatly improves the likelihood of success.

Antioxidants. As mentioned, there is evidence that oxidative stress plays an important role in
the pathogenesis of AD, and hence antioxidants may be useful for preventing or delaying the
onset of the disease (Yankner, 1996). Numerous antioxidants can be used in this context, and
they act via different mechanisms. For example, acetyl-L-carnitine and R-alphalipoic acid
inhibit factors that damage mitochondria (reviewed by Palacios et al., 2011), and idebenone
exerts a dose-dependent anti-dementia effect in AD patients (Gutzmann and Hadler, 1998).
The red-orange pigment beta-carotene found in carrots and other plants and fruits are also
very effective in quenching oxygen radicals, and vitamins B, C, and E can shield against
oxidative stress. Moreover, cellular components are protected by vitamin C in aqueous
environments and by vitamin E in lipid environments. It has been recommended that multiple
antioxidant agents can be used, because these substance differ regarding their mechanisms of
action, and prolonged use of a single antioxidant is not suitable due to the risk of toxicity

(Prasad et al., 2002).

Estrogen. Epidemiological investigations have indicated that the prevalence of AD is two to
three times greater in women than men after the age of 65, and this gender difference has been
linked to absence of the female hormone estrogen later in life. Yamada et al. (1999a) have

demonstrated that 17B-estradiol used as estrogen replacement therapy can partly prevent the
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memory deficit induced by AB; 4. It has been proposed that estrogen delays the onset of AD
by modulating cholinergic neuronal activity, monoamine metabolism, and expression of
BDNF mRNA in the brain (Mateos et al., 2012). Estrogen is a nerve growth factor, and as
such it promotes connections between synapses and survival of neurons. This hormone can
also alleviate the excitotoxicity, oxidative injury, and neuronal degeneration induced by Ap
(Simpkins et al., 1997). Amtul et al. (2010) studied transgenic mice treated with 17p-estradiol
and found that a significantly higher level of APP was processed by a-secretase in these
animals, which resulted in increased levels of non-amyloidogenic sSAPPa and a marked
reduction in AB42 and A plaques. Enhanced AB42 degradation has also been observed in
human neuroblastoma SH-SYSY cells exposed to 17B-estradiol in vitro (Xiao et al., 2010). It
should be pointed out that several clinical studies have failed to show any protective effect of
estrogen against development of symptoms of AD, and the therapeutic use of estrogen may
have undesirable effects such as inducing endometrial carcinoma and breast cancer (Green et

al., 2012).

Together, the results of previous research suggest that prevention or treatment of AD will
require drugs that contain one or several different active substances, each of which should be

able to neutralize one or more risk factors for this disease.

Animal models of Alzheimer’s disease

Age is the greatest risk factor for AD. Animals with a short lifespan age fairly quickly, and
thus they can serve as suitable models for studying the mechanisms of normal aging and the
pathological mechanisms of age-related diseases over a relative limited period of time.
Another advantage of such animals is that they have a short gestation period, which is
essential for investigating the effect of interventions over several generations. The fruit fly
Drosophila melanogaster has a lifespan of only two to three months, and rabbits and rodents
also have comparatively short lifespans and gestation periods. Accordingly, these animals
constitute good general research models, and they can also provide opportunities to

investigate specific diseases with relevant genetic backgrounds.

It was previously widely believed that only humans develop the entire spectrum of the
pathological symptoms of familial and sporadic AD. However, this assumption was refuted
when some features of AD neuropathology were also observed in non-human species.

Amyloid deposits were found in aged bears, dogs, and primates, and NFTs were detected in
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sheep, bears, and baboons. In one investigation (Woodruff-Pak, 2008), extensive A}
accumulation, hyperphosphorylated tau, cholinergic neuronal loss, and massive brain atrophy
were observed in one of five old mouse lemurs. Many studies have used numerous different
species ranging from worms and flies to polar bears and genetically designed mice to clarify
the mechanisms underlying the development of AD, and to find a suitable approach for
treatment of patients with this disease (Woodruff-Pak, 2008). So far, however, no perfect
animal model has been established that expresses all the pathological, behavioral,
biochemical, and anatomical abnormalities associated with AD in humans. The animal models
that are used today show partial neuropathological and behavioral deficits, which are induced
by pharmacological and/or genetic manipulation of different species (reviewed by Yamada
and Nabeshima, 2000). Examples of several types of animal models of AD are discussed

briefly below.

Neurotransmitter manipulation. Cholinergic degeneration in the basal forebrain is related to
cognitive dysfunction, and such degeneration is the earliest stage of AD pathology (Winkler
et al., 1998). To study the role of this system in learning and memory deficit in dementia,
scientists have developed various animal models (McDonald and Overmier, 1998).
Cholinergic lesions have been induced by use of electrocoagulation, excitotoxins,
fimbria/fornix transection, and cholinotoxin (reviewd by Yamada and Nabeshima, 2000).
These animal models do not exhibit the neuropathological features of AD, such as amyloid
plaques and NFTs, and they have been used primarily to evaluate the validity and

effectiveness of therapeutic interventions with cholinergic drugs (Itoh et al., 1997).

Transgenic animal models. Different types of gene manipulations have been performed,
particularly in mice and fruit flies, to generate animal models with AB-associated
neuropathological features. The models can express human APP, C-terminal fragment of APP
(Kammesheidt et al., 1997), AP, and familial AD mutations (Games et al., 1995). One line of
transgenic mice contains double mutations that overexpress human APP695, which is
widespread in Swedish families with early onset AD; this mouse model is designated Tg2576,
and it displays cognitive impairment and AD-like neuropathy (Hsiao et al., 1996). Tg2576
mice characteristically exhibit abundant gliosis and neuritic dystrophy, which are
accompanied by AP deposition, but not by neuronal loss in CA1 (Irizarry et al., 1997). In
contrast to the Tg2576 animals, APP23 transgenic mice do show a significant decrease in the

CA1 pyramidal population. Another example of a transgenic mouse model in this group
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carries the London mutation and is thus designated APP-London; increased levels of AB; 42
have been found in young APP-London animals, and neuritis plaques have been observed in
old individuals (Calhoun et al., 1998).

Transgenic techniques have been used to generate animal models with NFT-like
neuropathology. The first NFT-positive mouse model was called INPL3. Cross-breeding of
this model with Tg2576 animals created a new model exhibiting tau pathology but not A
pathology (Lewis et al., 2001). Also, a triple transgenic mouse model was produced by
crossing animals expressing the wild-type tau isoform with mice carrying the London and
Swedish APP mutations and PS1 mutations; the new line in this case showed only
cytoskeletal alteration and somatodendritic accumulation of tau (Boutajangout et al., 2004;
Perl, 2010). Other efforts have led to transgenic mice that overexpressed human mutant PS1
and showed neurodegeneration without AP deposits, and mice with PS1 mutations that

displayed higher levels of AB4 43)in the brain (Duff et al., 1996).

Non-transgenic animal models. Many investigators have established that acute or chronic
infusion of various AP fragments into the brain of rodents can induce neurodegeneration in
some parts of the brain and impair learning and memory (Pepeu et al., 1996; Flood et al.,
1991). AB1 40, AP1 42, and APas 35 are the fragments used most extensively in vivo. In 1991,
Kowall and colleagues observed neuronal loss in rats that had received an intracerebral
injection of AP 40, and in 1994 Nitta and coworkers found that rats given continuous
cerebroventricular infusion of AB; 49 at a dose of 300 pmol/day showed significant
impairment of spatial reference memory in the water maze and passive avoidance tests. The
rodent model using infusion of A into the brain enables investigation of AB-associated
pathology without any overexpression of genes. However, this method also has
disadvantages, for example the biochemical form of AP can be affected by the infusion time,
and the temperature and the length of time the peptide is incubated in solution before the
surgery can affect the toxicity of the peptide. It is also plausible that the site of needle
insertion differs slightly between animals in the same experiment, because the injections are
administered manually. Clear advantages of this model are that it is inexpensive and

reproducible when carried out very carefully.
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Phytoestrogens

Soy is the major source of phytoestrogens, and has long been used as traditional food. The
name phytoestrogen comes from the Greek phyrfo, which means plant, and the word estrogen,
which is the hormone that regulates fertility in female mammals. Phytoestrogens are found in
seeds, fruits, and vegetables. These plant-derived compounds are structurally similar to
estrogen and have estrogen-like activities. Indeed, phytoestrogens can act as estrogen
agonists, showing synergic function with endogenous estrogen and thereby inducing
estrogenic effects, or as estrogen antagonists that may block the estrogenic receptors or
change their functional properties to prevent estrogenic activity (Brzezinski and Debi, 1999).
There are a number of subtypes of phytoestrogens, including isoflavones, coumestans,
lignans (Ososki and Kennelly, 2003), chalcones (Rafi et al., 2000), flavones (De Keukeleire
et al., 1999), and prenylflavonoids (Kitaoka et al., 1998). There are two basic subgroups of
isoflavones called aglycones and glycosides. Genistein (4°,5,7-dihydroxyisoflavone) is the
well-known aglycone form of isoflavones (Ososki and Kennelly, 2003). Both aglycones and

glycosides are metabolized in the gastrointestinal tract after consumption (King et al., 1996).

Genistein metabolism

Genistein is the isoflavone that has received the most attention due to its estrogenic,
neuroprotective, antioxidant, anti-inflammatory and anti-proliferative. The presence of OH at
C-5 is necessary for the inhibitory effect of genistein, whereas OH groups at C-7 and C-4 are
responsible for the greatest inhibitory action of this compound on tyrosine kinase activity
(Ogawara et al., 1989). Genistein is present at concentrations of approximately 2.0 to 229
pg/g in food, and, when within the gastrointestinal system, it is first metabolized to
dihydrogenistein and then to 6'-hydroxy-O-DMA (Kurzer and Hu, 1997). The plasma level of
genistein reaches a maximum after a single oral dose and declines with a half-life of
approximately 9 h. Genistein can penetrate the blood-brain barrier and it has been detected in
brain tissue in a dose-dependent manner (An et al., 2001; Robertson and Harrison, 2004) and
in lower concentrations than in other tissues. An increased concentration of genistein in brain
tissue has been observed two hours after gavage administration of the substance to rats
(Chang et al., 2000). The low rate of penetration across the blood-brain barrier does not
exclude the possibility that even a relatively low concentration of genistein can have a

beneficial effect on brain function. The bioavailability and other properties of phytoestrogens
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and genistein can be affected by various factors, such as the method of administration, the

dosage used, and the gender and metabolism of the recipient (Kelly et al., 1995).

Pharmacological properties of genistein

Phytoestrogens, including genistein, have stable structures and low molecular weight, which
allows them to pass through cell membranes and interact with intracellular enzymes and
receptors (Adlercreutz, 1999). Genistein can bind to three types of (ERs), designated ERa,
ERB, and ERy (Hawkins et al 2000), and it shows the greatest affinity for ERP. The effects of
estrogen are mediated through pathways that are either dependent (genomic) or not dependent
(non-genomic) on the ERs in the nucleus. The genomic mechanisms involve binding of the
estrogen-ER complex to the elements of the target gene promoter and to regulate nuclear gene
transcription. By binding to the ERs, the phytoestrogens genistein may induce estrogen-
responsive gene products that interfere with the metabolism or action of steroid hormones,
and in that way affect transcription pathways (Santti et al., 1998).The non-genomic
mechanisms involve ERs that do not bind to DNA but lead to rapid activation of signaling
cascades such as mitogen-activated protein kinases (MAPKSs) and protein kinase A (PKA),
and C (PKC) (Singh et al., 1999; Qiu et al., 2003). Non-genomic effects include also
inhibition of the activities of tyrosine kinase and DNA topoisomerase, suppression of
angiogenesis, and exertion of antioxidant effects (Rusin et al., 2010). Oral administration of
genistein can block COX2 expression via an ER-dependent mechanism and prevent inhibition

of NFB activity (Seibel et al., 2009).

Effects of phytoestrogens/genistein

It has been suggested that phytoestrogens can act as estrogen agonists to increase the levels of
choline acetyltransferase and nerve growth factor messenger RNA in the frontal cortex and
hippocampus (Pan et al., 1999). Moreover, there is evidence that these compounds can
increase spine density and synapse formation in the hippocampus of adult animals and they
may also interact with the transcription of neurotrophin genes (File et al., 2003).
Phytoestrogens can improve cognitive function and memory as well (File et al., 2001). Both
genistein and estrogen can be considered as antioxidants that scavenge free radicals
(Moosmann and Behl, 1999), a task they achieve by donating hydrogen atoms from the
phenolic hydroxyl group (Wright et al., 2001). The results of recent studies have shown that
genistein has a neuroprotective effect against AP toxicity both in vitro and in vivo (Bang et al.,

2004).
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A soy-derived isoflavone such as genistein can protect low-density lipoprotein from oxidation
(Badeau et al., 2005). Genistein at low concentrations stimulates cell proliferation, whereas at
high concentrations it inhibits this function. The latter effect occurs at doses greater than 10
puM due to the inhibition of the tyrosine kinase activity (Ososki and Kennelly, 2003).
Genistein also exerts a protective effect on the cardiovascular system by causing the
following: a drop in the plasma lipid concentration, decreased formation of thrombus (via
inhibition of platelet action), and improvements in systemic arterial compliance and

antioxidant activity (van der Schouw et al., 2000).

In humans, daily intake of a high concentration of genistein (i.e., approximately 10-fold above
the average daily dose) can be mutagenic (Setchell et al., 1997). Furthermore, phytoestrogens
such as coumestrol and genistein have been found to induce structural chromosomal
aberrations in cultured human peripheral blood lymphocytes. Genistein can also inhibit the
activity of topoisomerase II and exert a clastogenic effect on human chromosomes, which
may result in the DNA strand breakage seen in human leukemia and gastric cancer (Sirtori et
al., 2005). Moreover, Sassi-Messai et al. (2009) studied zebrafish and found that genistein
induced apoptosis in those animals when administered at a dose of 20 mg/day, and this

occurred in an ER-independent manner in the hind brain and the anterior spinal cord.
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AIMS OF THE RESEARCH

The general objective of the present research was to evaluate the effect of genistein on

neurodegeneration.

The specific aims were as follows:

To study the effect of genistein on degeneration of neurons in the substantia nigra pars

compacta in a rat model of Parkinson disease (Paper I).
To study the impact of genistein on learning and memory impairments, as well as the
involvement of estrogen receptors and oxidative stress in relation to learning and memory

deficit, in an animal model of Alzheimer’s disease (Paper II).

To evaluate the toxic effect of AP;_4oinjection into the rat brain and to ascertain whether

genistein can protect neurons against Ap-induced toxicity (Paper I11).

To evaluate the morphological responses of astrocytes to the presence of AB;_49in the brain

before and after treatment with genistein (Paper IV).
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METHODOLOGY

Animals (Papers I-1V)

The animals used in the studies were adult male Sprague Dawley or Wistar rats that weighed
250-300 g at the start of the experiments. The experiments were conducted in accordance
with the policies stipulated in the Guide for the Care and Use of Laboratory Animals (NIH)

and by the Research Council of Iran University of Medical Sciences (Tehran, Iran).

Genistein treatment (Papers I-1V)

The rats received 10 mg/kg genistein (Sigma Chemical Co.) one hour before surgery.
Genistein was either dissolved in propylene glycol and administered by an intraperitoneal
(i.p.) injection (Paper I) or dissolved in Cremophor-EL (Cr-EL) (BASF Corp.) and given
orally by gavage (Papers II-1V). Cr-EL is a derivative of castor oil, and propylene glycol
(also called 1-2propanediol) is a colorless, odorless, viscous liquid that is used as an

emulsifier and a moisturizing agent.

Surgery (Papers I-1V)

In the study reported in Paper I, rats were anesthetized with an i.p. injection of ketamine (100
mg/kg) and xylazine (5 mg/kg). Thereafter, the animals received a unilateral intrastriatal
injection of 5 uL of 0.9% saline containing 2.5 pg/pL 6-hydroxydopamine-HCl (6-OHDA;
Sigma Chemical CO.) and 0.2% ascorbic acid (w/v) at a rate of 1 pL/min at the following
coordinates: L —3 mm, AP +9.2 mm, V +4.5 mm from the center of the interaural line,
according to the atlas of Paxinos and Watson (1998). The rats in the sham-operated group
were given 5 pL of 0.9% saline—0.2% ascorbic acid administered in a similar manner as the

solution containing 6-OHDA.

The rats in the other three studies (Papers II-1V) were anesthetized by i.p. injection of
ketamine (100 mg/kg) and xylazine (10 mg/kg). After that, the animals received 4 uL of
normal saline or AB;-49 (0.5 nM/uL dissolved in 0.9% normal saline, pH 8.0; Sigma Chemical
Co.) bilaterally in the hippocampus at coordinates of —3.5 mm posterior to bregma, 2 mm
lateral to the sagittal suture, and 2.8 mm below the dura mater, according to the stereotaxic

atlas (Paxinos and Watson, 1998).
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In the second investigations (Paper II), the ER antagonist fulvestrant (10 pg dissolved in

5 pL of artificial CSF; Sigma Chemicals Co.) was given as an intracerebroventricular (i.c.v.)
injection at a dose of 10 pg/rat (5 pL) at coordinates of —0.8 mm posterior and 1.4 mm lateral
to bregma, and 4 mm below the dura (Paxinos and Watson, 1998) 30 min before injection of
AP. We used fulvestrant to block the estrogenic effect of genistein. Previous observations
have indicated that i.c.v. injection of this drug reverses the inhibitory effect of estrogen on the
pulse frequency of gonadotropin-releasing hormone (GhRH) (Steyn et al., 2007). Fulvestrant
acts by disrupting shuttling of ER between the nucleus and the cytoplasm (Dauvois et al.,
1993), and by decreasing cellular expression of ER (Wade et al., 1993).

Behavioral tests (Papers I and II)

Rotational behavior (Paper 1)

The rats were tested for rotational behavior after injection of apomorphine hydrochloride (2
mg/kg, i.p.) given one week before (baseline) and two weeks after the surgery. Briefly, the
animals were allowed to habituate to the cylindrical test chamber in a quiet isolated room for
10 min. Thereafter the drug was injected, and 1 min later full rotations were counted at 10-
min intervals for 60 min.

The net number of rotations was defined as the positive scores (turns to the right) minus the
negative scores (turns to the left). Since the toxin (6-OHDA) was injected in the left

hemisphere, the animal showed rotations to the right.

Radial maze task (Paper I1)

Spatial learning and memory can be tested using an eight-armed radial maze (RAM) that is
made of black Plexiglas and has a recessed food cup at the end of each arm. In our
experiments, rats were given free access to water, but the amount of food was restricted to
keep them at around 80—85% of free-feeding body weight in order to induce food-searching
behavior. The animals were allowed to move around freely in the maze and learned to visit
each arm and not to re-enter an arm that had already been visited during the same test. Each
entry into each arm with all four paws was scored during a period of 10 min. The number of
correct choices or errors was recorded to assess the performance of the animals in each
session. A re-entry in a visited arm was considered as an error. The rats were trained in the
maze before the surgery, and those that made 6—7 correct choices out of 10 entries were

selected for further use in the study.
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Y-maze (Paper II)

The Y-maze test is used to evaluate the tendency of rodents to explore a new environment.
The specific parts of the brain involved in performance of this task include the hippocampus,
the basal forebrain, and the septal and prefrontal cortex. This test can be used to detect the
presence of cognitive deficits and to assess the positive or negative effects of a toxin or

treatment.

The maze we used was made of black Plexiglas, and the three arms (40L x 30H x 15W cm)
converged in an equilateral triangular central area that was15 cm at its longest axis. In our
experiments, a rat was first allowed to explore the maze for 8 min. Thereafter, the animal was
left in the central triangle, and triple entries were recorded. An entry was considered to be
complete when the base of the animal’s tail was entirely within an arm. Alternation was
defined as successive entries into the three arms in overlapping triplet sets. The maximum
number of possible spontaneous alternations was determined as the total number of arms
entered minus 2, and the percentage was calculated as the ratio of actual to possible

alternations x 100.

Passive avoidance task (Paper II)

The passive avoidance task can be used to evaluate learning and memory in rodents. The
apparatus in this test consists of one dark and one illuminated chamber separated by a
guillotine door. On the training day, animals learn to avoid the dark chamber, because they
were given a single inescapable foot shock (1 mA, 1 s) in that location on their first visit. If
the animals remain a longer time in the illuminated chamber in a subsequent retention trial, it
means that they have no problem remembering the foot shock previously delivered in the dark
chamber. We evaluated the efficacy of AP and genistein treatment by measuring what we
called the initial latency on the training day and the step-through latency (STL) on the trial
day. Latency was determined as the time interval between being placed in the starting

chamber and entering the dark chamber.

Biochemistry (Paper II)
Rats were deeply anesthetized (ketamine, 150 mg/kg) and decapitated in a guillotine, and their
brains were removed within 5 min. The hippocampi were isolated and blotted dry, and

prepared as 5% tissue homogenates in ice-cold 0.9% saline solution. Each homogenate was
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centrifuged (1000g, 4 °C, 10 min), and an aliquot of the supernatant were stored at —80 °C

until used.

Hippocampal malondialdehyde (MDA) concentration was used as a marker of lipid
peroxidation index and was calculated by measuring thiobarbituric acid reactive substances
(TBARS) in the hippocampal supernatants. Briefly, trichloroacetic acid and TBARS reagent
were added to aliquots of supernatant and then mixed and incubated at 100 °C for 80 min.
After cooling on ice, the samples were centrifuged at 1000g for 10 min, and the absorbance
was read at 532 nm. The results of TBARS measurements were expressed as MDA

equivalents, using tetracthoxypropane as standard.

Hippocampal superoxide dismutase (SOD) activity was measured by incubating supernatant
with xanthine and xanthine oxidase in potassium phosphate buffer (PBS, pH 7.8; 37 °C) for
40 min. Next, nitroblue tetrazolium (NBT) was added to the samples, and formation of blue
formazan was monitored spectrophotometrically at 550 nm. The amount of protein that
inhibited NBT reduction to 50% of maximum was defined as 1 nitrite unit (NU) of SOD

activity.

Hippocampal nitrite (NO;) concentration was assayed by the Griess method. The compound
NO has a short half-life and is rapidly converted to the stable end products nitrate (NO3) and
nitrite (NO,). In the assay used here, NO; was converted to NO, by cadmium, and then color
development was done with Griess reagent (sulfanilamide and N-naphthyl ethylenediamine)

in acidic medium. The absorbance was determined using a spectrophotometer at 540 nm.

The protein content of the supernatant was measured by the Bradford method, using bovine

serum albumin (Sigma Chemical Co.) as the standard (Bradford, 1976).

Perfusion, nissl staining (Papers I, I11, and IV)

Two (paper 1) or three (Paper III-1V) weeks after surgery, animals were anesthetized with
ketamine (150 mg/kg) and perfused with 4% paraformaldehyde in 0.1 M phosphate buffer
solution. Thereafter, samples of brain tissue between 2.9 and 4.2 mm interaural (Paper I), and
between 5.04 and 3.00 mm caudal to the bregma (Paper II) were embedded and 50-um
(Paper I) or 20-um (Paper III-1V) coronal sections were obtained and stained with cresyl
violet (Nissl method).
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Immunohistochemistry (Papers Il and IV)

Sections were incubated at 4 °C overnight with antibodies against inducible and neuronal
nitric oxide synthase (iNOS and nNOS), and AB;-4¢ diluted in PBS containing 3.5% normal
serum, 0.25% bovine serum albumin (BSA), and 0.25% Triton X-100. Thereafter, the sections
were rinsed in PBS, incubated in 3% H,0,, washed in PBS, and then incubated for 1 h at
room temperature with secondary antibodies followed by 3,3'-diaminobenzidine (DAB), and

the nuclei were stained with Meyer’s hematoxylin.

To detect glial fibrillary acidic protein (GFAP), all sections were incubated at 4 °C overnight
with serum-free protein block and polyclonal antibodies against GFAP (1:1500; Dako,
Denmark). Next, the sections were washed in PBS and incubated for 1 h at room temperature
with alkaline phosphatase conjugated IgG antibodies (1:100; Dako, Denmark); this was
achieved using liquid permanent red chromogen diluted with liquid permanent red substrate
buffer. Some sections were also stained with 4,6-diamidino-2-phenylindole (DAPI) before
mounting. The intensity of GFAP immunoreactivity was measured using the Zen program

(Zen Software Inc., 2009) and 3D micrographs obtained in a confocal microscope.

Cell counting (Papers I and II1)
The cell counting was performed to determine the relative changes in the number of neurons
in the brains of the experimental rats compared to controls. Cells that were counted had a

clear membrane and a visible nucleolus.

In the first (Paper I), we used every second Nissl-stained section for quantitative evaluation of
cell survival. In a subsequent investigation (Paper I1I), the number of hippocampal neurons
was counted in CA1 (four fields), CA3 (two fields), and the whole lateral blade (Ib) of the
dentate gyrus (DG) in a mediolateral direction in every sixth cresyl-violet-stained section.
This was done using a light microscope (Zeiss, Germany; 400x, field diameter 440 pm), and
the iNOS- and nNOS-positive cells were counted in all hippocampal subfields in a total of

five sections from each animal.

Morphometric study of astrocytes (Paper IV)
A confocal microscope (Olympus, Zeiss) was used to acquire images for morphometric
analysis. We used two sections from each animal and captured 3D images (z-stack) of fifty

astrocytes, each showing a clearly visible soma, a DAPI-stained nucleus, and no overlapping
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branches; these cells were located in an area between the hippocampal fissure and stratum
granulare in the medial blade of the dentate gyrus (DGmb) in hippocampal formation. For the
morphometric analysis, 3D images of 900 astrocytes were created from 14,000 consecutive
2D images taken at a uniform interval of 1.01 um. The X, Y, and Z properties of the images
were 0.132, 0.132, and 1 um/pixel, respectively. All measurements were performed on coded
slides. The length of branches was determined by drawing individual branches using Easy
Image Analysis® 2000 software (Tekno Optic, Stockholm, Sweden). Volocity 5.5 (Perkin
Elmer Inc., USA) was used to measure the following for each astrocyte: the surface area and
volume of the DAPI-stained nucleus, the cell body, the entire cell (i.e., the cell body and
branches), and the area and volume of the tissue covered by the astrocyte (referred to as the
astrocyte territory). Measurement of the astrocyte territory was achieved by drawing a line

connecting the tips of the branches.
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RESULTS AND DISCUSSIONS

The main findings and brief discussions of the four studies are presented below. For details,

please see Papers I-IV.

Effects of genistein in a 6-OHDA rat model of Parkinson disease (Paper I)

Rotational behavior. The total net number of rotations in the tested rats showed that
apomorphine i.p injection 2 weeks after surgery caused a very significant contralateral turning
in the 6-OHDA lesion group (P < 0.001) and less significant rotations in the genistein-treated
6-OHDA lesion group (P < 0.005), as compared to the sham-operated group. The number of
rotations in the 6-OHDA-genistein-treated group was significantly lower (P < 0.0/) than in
the 6-OHDA group not given genistein.

Cell counting. The results of histological analysis studies showed the following: no significant
difference in the number of Nissl-stained neurons between the right and the left SNC in the
sham group; a significant reduction on the left (injected) side only in the lesion group (only 6-
OHDA injection); no such difference in the lesion-genistein group. Interestingly, the number

of neurons in the SNC did not differ significantly between the sham and the lesion-genistein

group.

In this study, we produced a rat model of PD by performing intrastriatal injection of 6-OHDA
to cause unilateral damage to the nigrostriatal dopaminergic system. After being introduced in
this location, the 6-OHDA is taken up by dopamine transporter and leads to permanent
depletion of tyrosine hydroxylase (TH)-positive neurons. The toxic effect of 6-OHDA is
related to production of intracellular free radicals (Schwarting and Huston, 1997) and
mitochondrial dysfunction. The degeneration of neurons is followed by a reduction in the
striatal dopamine level and upregulation of dopaminergic postsynaptic receptors on the
damaged side (Schwarting and Huston, 1996). These changes generate motor asymmetry that
can be evaluated using dopaminergic agonists such as apomorphine (Schwarting and Huston,
1996). This is done by recording the rotational behavior of animals in a test chamber, and the
turns induced by apomorphine are considered to be particularly reliable as indicators of
nigrostriatal dopamine depletion (Shapiro et al., 1987). The attenuation of rotational behavior
we observed in the 6-OHDA-genistein-treated lesioned group in our study may have been due

to a protective effect of genistein against nigral neurodegeneration, as well as maintenance of
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striatal dopamine at a level that is not accompanied by a marked turning behavior.
Furthermore, it is plausible that genistein reduced damage and loss of neurons by
counteracting oxidative stress (Goodman et al., 1996; Blum-Degen et al., 1998), and it may
also have modulated dopaminergic activity (Cyr et al., 2002) and thereby decreased the
apomorphine-induced rotations in the 6-OHDA -lesioned rats. In addition, there is growing
evidence that estrogen provides its potent neuroprotective effects through mitochondrial
mechanisms. Phytoestrogens such as genistein have a high binding affinity for

ERB, and this affinity is greater in the CNS regions than in the peripheral organs. The
estrogenic effects may be exerted either directly or indirectly via signal transduction pathways
that are induced not only by estrogens, but by other factors as well. Estrogens have been
shown to influence the concentration and localization of anti-apoptotic proteins, and their
protective actions may occur directly and synergistically with antioxidants such as
glutathione. There is also evidence that estrogen prevents lipid peroxidation by sacrificing

itself to oxidation (Singh et al., 2006).

In conclusion, the results of this study suggest that genistein can ameliorate 6-OHDA-induced

neurodegeneration of dopaminergic neurons in rats.

Effects of genistein on learning and memory deficit in an A4 rat model of AD (Paper
1y
Y-maze. We used the Y-Maze test to measure the motivation of rats to explore new

environments. In such a maze, rodents prefer to investigate a new arm rather than return to
one they have already visited. Many parts of the brain, including the hippocampus, are
involved in learning and remembering aspects of this behavior. Our results showed that the
alternation score recorded at the end of the study was significantly lower for AB-injected rats
(P < 0.01) compared to animals in a sham group. Moreover, the score was significantly
higher (P < 0.05) for genistein-treated AB-injected animals compared to those that only
received an AP injection. The alternation score was also higher for AB-injected rats given
genistein and the estrogen receptor antagonist fulvestrant compared to the animals that only

received an AP injection, although this difference was not statistically significant.

Passive avoidance test. Learning and memory can also be evaluated in rodents by use of the
passive avoidance test. In short, the animals learn to avoid a part of a test chamber by

remembering that they had previously experienced a harmful stimulus given in that
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environment. When using this test, we found no significant difference in the initial latency
between the groups. Regarding step-through latency (STL), we observed marked impairment
of retention and recall capacity in the AB-injected rats (p < 0.005) and the AB-injected rats
given genistein and fulvestrant (P < 0.01), as compared to the sham-operated animals. STL
was significantly improved by genistein treatment compared to AP injection (P < 0.05), but

this difference was completely abolished by the presence of fulvestrant (P < 0.05).

Ram task. AP-injected rats showed a significant deficit in spatial cognition and memory, as
indicated by a lower number of correct choices (P < (0.01) and a higher number of errors

(P < 0.0I) compared to the sham-operated group. Administration of genistein resulted in a
non-significant increase in the number of correct choices (35.6%) but led to a significantly
lower number of errors (36.8%, P < 0.05). Genistein given together with fulvestrant did not

affect the number of correct choices or errors in the AB-injected animals.

Oxidative stress. Analyzing hippocampal tissue, we found that AB-injected rats exhibited
significantly elevated levels of MDA (P < 0.01) and nitrite (P < (.005), and a significant
reduction in SOD activity (P < 0.005) compared to the sham-operated group. Pretreatment
with genistein significantly attenuated the increase in MDA (P < 0.05) but had no significant

impact on the levels of nitrite and SOD.

In this study, we observed impaired memory in rats after injection of soluble AB; 49 into the
dorsal hippocampus, which agrees with the results of previous investigations (Nitta et al.,
1997; Tanaka et al., 1998). Furthermore, we noted that genistein pretreatment reduced, but did
not completely prevented, the loss of memory caused by AB; 4. The attenuation of memory
loss by genistein may be related to the effect of this drug on certain mechanisms related to
cognitive function in AD. For example, genistein has structure and activity similar to
estrogen, and it functions as a relatively selective ERP agonist (An et al., 2001), which may
partly explain our findings. A part of attenuation of memory loss can be due to decreased cell

loss of hippocampal neurons by genistein as suggested by the results of our paper IIL.

There is evidence that direct interaction of AP with mitochondria induces production of free
radicals, mitochondrial dysfunction, and cell death (Reddy, 2006), and antioxidants such as a-
tocopherol have been reported to protect against learning and memory deficits caused by AB

(Yamada et al., 1999b). It has also been suggested that the antioxidant activity of genistein is
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due to the ability of this compound to decrease oxidant production by mitochondria (Borras et
al., 2010). Activation of extracellular signal-regulated kinases (ERKSs) is one of the pathways
that can be influenced by estrogen (Singh et al., 1999). The highest levels of ERKs are found
in the hippocampus and some other parts of the brain (Ortiz et al., 1995), and thus the effects
of substances with affinity for ERs can be very pronounced in these areas. In addition, Borras
and colleagues (2006) have shown that genistein can contribute to activation of MAP kinases
and NF«B, and increase the antioxidant activity of manganese superoxide dismutase

(MnSOD).

In conclusion, our results suggest that, in rat, pretreatment with genistein prevents A4
induced impairment of short-term spatial recognition memory in a Y-maze and learning and
memory in a passive avoidance test, and these effects occur via an estrogenic pathway and by

attenuating oxidative stress.

Effects of genistein on the hippocampus in an Af;_49 rat model of AD (Paper I1I)

Nissl staining. Cresyl violet staining of sections of hippocampus from sham-operated rats
indicated normal morphology with no neuronal loss in the subfields of this region. However,
in such sections from rats injected with AP;_4, the lateral blade of dentate gyrus (DGlb)
showed signs of extensive cell loss, and homogeneous extracellular pink material was
observed close to the DGIb. Also, the numbers of neurons in CA1, CA3, and DGIb were
significantly lower in the AB-injected animals compared to the sham-operated group (P = 0.3,
P =10.002, and P <0.0001, respectively). Finally, considering the six AB-injected rats that
also received genistein, the DGIb appeared completely normal in two, showed segmental
degeneration in one, and had completely degenerated in three. Furthermore, the hippocampal
sections from these rats did not contain the homogeneous extracellular pink material that we
had observed in the animals received only AB;_4 injection. The mean numbers of cells in the
CALl, CA3, and DGIb were lower in the AB-injected genistein-treated rats compared to the
sham-operated genistein-treated rats (P = 0.03, P <0.0001, and P < 0.0001, respectively).
However, the rate of cell survival in the DGIb was significantly improved in the AB-genistein-

treated group compared to group given only AB;_4 (P =0.03).

AP immunoreactivity. No immunoreactivity against anti-Af antibody was observed in sham-

operated and genistein-treated rats, whereas animals that received a hippocampal injection of
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APj_40 showed positive extracellular immunoreactivity at the site of neurodegeneration in the

DGlb.

Congo red staining. None of the brain sections from the rats included in this study showed

any apple-green birefringence when studied in a polarizing microscope.

iNOS and nNOS. We found that intracellular iNOS"™ and nNOS" immunoreactivity in the
hippocampus was more extensive in rats injected with AB;_4 compared to those that only
underwent sham operation. Furthermore, in the hippocampus of the AB-injected rats, the
mean number of iNOS" cells was significantly increased (P = 0.01), whereas there was only a
statistically insignificant rise in the number of nNOS" cells. The AB-injected rats that were
also given genistein displayed the same patterns of distribution of iNOS" and nNOS" cells as
seen in the animals subjected only to A injection. Genistein treatment alone raised the
number of nNOS" cells (P = 0.0001), but not iNOS" cells, as compared to sham operation

together with genistein treatment.

GFAP immunoreactivity. The AP;_s-injected animals exhibited extensive signs of astrogliosis
in the hippocampus, seen as the presence GFAP" cells, and the reactive astrocytes contained
dense networks with branches that in some cases overlapped. The mean intensity of GFAP
immunoreactivity was significantly increased in the hippocampus of these rats compared to
sham-operated animals (P = 0.0006). Genistein treatment of A;_s-injected rats did not
change the general pattern of GFAP immunoreactivity, although some minor differences were
observed. For example, the AP;_40 injected genistein-treated rats showed a sharp decline in the
intensive GFAP immunoreactivity in locations where the DGIb appeared normal, and they
also exhibited less astrogliosis in the polymorphic and granular cell layers of the DG
compared to the animals exposed solely to AB;_49. Furthermore, the mean intensity of GFAP"
immunoreactivity was decreased significantly in the animals given both AP and genistein

compared to those given AB only (P < 0.02).

Cremophor-EL (Cr-EL). AB;_so-injected rats treated with Cr-EL showed diverse effects
similar to those observed in the AP-injected genistein-treated rats. In addition, compared to
rats that received only AB; 40, those given both APy 40 and Cr-EL showed a similar number of

Nissl-stained neurons in the CA1 and CA3, a larger number of such cells in the DGlb
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(P = 0.02), an increased number of nNOS" cells (P = 0.01), and similar pattern and intensity

of GFAP immunoreactivity.

Several methodological considerations of this study can be discussed, such as the variables
that can affect the toxicity of the AP peptide (Busciglio et al., 1992). A freshly prepared
solution of AP can be less toxic than a solution that has been incubated for hours at a
temperature higher than 20 °C, because the AP is in monomer form in the former but creates
neurotoxic fibrils in the latter (Kim et al., 2003). We injected Af solution within 30 min to 4 h
of preparation, and hence it is likely that the peptide was primarily in monomer form. To
elucidate the conformational forms of the AB;_4 used in our study, we sent a sample of the
AP1_40 solution to Professor Per Hammarstrom at Linkdping University for analysis by the
thioflavin T fluorescence assay. The results showed that the solution we administered to rats
contained both free and fibrillar forms of AB;_40. The relative fluorescence unit (RFU) for the
fibrillar form was approximately 2% of the reference RFU for fully mature A fibrils, which
indicated that the predominant proportion of the injected AP;_49 was in non-fibrillar form. On
the other hand, the Congo red staining showed no apple-green birefringence in polarized
microscopy, which is the standard method for detecting the fibrillar form of this peptide. It is
plausible that the content of fibrils in the solution we used (i.e., 2%) was not large enough to
induce apple-green birefringence. The lack of a large amount of fibrillar AB; 49 implies that
even the non-fibrillar form of AP has neurotoxic properties, as has also been suggested by
other investigators (Resende et al, 2008).

Considering another methodological aspect of our study, Cuevas et al. (2011) have suggested
that intrahippocampal injection of AP increases expression of the receptor for advanced
glycation end products (RAGE), which leads to events such as enhanced production of pro-
apoptotic factors and NO. The pathological effects of AP are associated with other events,
including increased synaptic transmission (Cuevas et al., 2011), imbalance between elevated
levels of inflammatory cytokines and decreased levels of neurotrophic factors in the brain
tissue (Ji et al., 2011), and mitochondrial dysfunction (Ren et al., 2011; Tillement et al.,
2011). Together, these findings show that A triggers a cascade of extra- and intracellular
events, all of which may be involved in neuronal degeneration. NO has been found to induce
neurotransmitter release from hippocampal slices (Lonart et al. 1992), and it is known to play
a role in regulating hippocampal synaptic plasticity. The expression of NOS increases in
various neurodegenerative diseases (Calabrese et al. 2007). Research has shown that

expression of iNOS rises in both glial and nerve cells after exposure to AP (Valles et al. 2010)
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or various inflammatory agents (Moncada et al. 1991; Yun et al. 1997), and it is prevented by
treatment with genistein (Lu et al. 2009; Valles et al. 2010). In our study, genistein alleviated
gliosis, and this was seen as decreased intensity of GFAP immunoreactivity. The mechanism
of this effect of genistein is not known. However, previous studies have shown that
inflammation-inducing agents such as AB can trigger NF-kB activation in astrocytes
(Gonzalez-Velasquez et al. 2011) and thereby induce an inflammatory response, and this

activation can be inhibited by genistein (Hsieh et al. 2011).

In conclusion, our findings suggest that genistein can inhibit the formation of Af deposits and

the astrogliosis induced by injecting Ap into the hippocampus.

Effects of genistein on astrocytes in an Af;_4 rat model of AD (Paper IV)

Qualitative observations

Sham-operated rats. In the cortex, GFAP" astrocytes were small, sparsely distributed, and
exhibited stellate morphology with multiple short branches, and the occurrence of these cells
increased from layer 1 to layer 6. In the hippocampus, the CA1 subfield showed a few
astrocytes with long branches, and the CA2 subfield displayed a dense network of small
astrocytes with overlapping short branches. Both the DGmb and the DGIb exhibited weak
GFAP immunoreactivity. In the area in focus in our morphometric analysis, the branches of
each astrocyte either protruded symmetrically around the cell, thereby creating a stellate
appearance, or they were asymmetrically arborized and pointed toward one side of the cell,

with the nucleus located laterally in the cell body.

AP _go-injected rats. In these animals, the hippocampus from the CA1 subfield to the
polymorph layer of the DG displayed extensive signs of GFAP immunoreactivity, particularly
in the area of the DGIDb that exhibited severe loss of neurons. The CA2 contained only a few
GFAP" astrocytes, and the DGmb showed negative GFAP immunoreactivity. Overall,
astrocytes in the hippocampus had multiple long branches that were either thin or thick. Most
of the astrocytes were stellate in shape, and in some the nucleus was located laterally and the

branches were directed towards one side of the cell.

AP _sp-injected genistein-treated rats. In this group, the occurrence of GFAP™ astrocytes in the
cortex increased from layer 1 towards layer 6 in three of the rats, whereas such

immunoreactivity was absent in the other two animals. The immunoreactivity was extremely
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pronounced in the DGIb and the polymorphic layer of the hippocampus in the animals that
exhibited neuronal degeneration, but it was weak in the rats with a normal DGIb. In three of
the animals, the branches of the astrocytes in the hippocampus generally had short and thin
branches, with a stellate form resembling that observed in the sham-operated rats. In the other
two rats, the corresponding branches were long and thin, and many of the astrocytes had an
atrophic appearance that included the lack of a distinct cell body and branches creating an

irregular pattern with very little tertiary branching.

AP;_go-injected rats treated with Cr-EL. The brains of these animals showed a pattern of
gliosis that was very similar to that observed in the brains of the rats given only AP injection
(not discussed further here). Overall, astrocytes in the hippocampus of the four animals in this
group had long branches of varying thickness, and many of them showed the atrophic pattern

described for the genistein-treated rats.

Quantitative observations

All values obtained for the AB;_4o-injected rats given Cr-EL (with the exception of
measurements of the surface area of both the soma and entire astrocyte) differed significantly
from the corresponding values for the sham-operated rats, but showed the same pattern as the

values for the AB;_4o-injected rats (not discussed further here).

Astrocyte nucleus. The mean volume of the nuclei in the astrocytes in the sham-operated rats
was 663 um’. Injection of APy 4 led to a 37% increase in this parameter and a 27% increase
in the surface area of the cells. Genistein treatment prevented the Af;_4-induced increase in
nuclear volume and significantly decreased the increment of the surface area (P < 0.0001 vs.

ApB-injected rats).

Astrocyte cell body (soma). Compared to astrocytes in the sham-operated group, those in the
rats injected with AB;_4 showed a 23% increase in cell body volume and a 43% larger surface
area (P <0.0001). The AB;_40-induced enlargement was significantly inhibited by treatment
with genistein (volume P = 0.003 and surface area P < 0.0001 vs. AB-injected rats).
Interestingly, genistein also reduced the enlargement of the cell body that was caused solely
by insertion of the needle; this was indicated by the observation that, compared with
astrocytes in the sham-operated animals, those in the genistein-treated rats had a 19% smaller

mean cell body volume (P = 0.003) and a 6% smaller surface area (P < 0.0001).
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Total length of astrocyte branches. Injection of AP caused a significant increase (15%;
P =0.004) in the total length of GFAP" branches, and this elongation was inhibited by

genistein.

Astrocyte size (soma + branches). Injection of AB;_49 caused an 11% increase in the volume
(P =0.03) and the surface area (P < 0.05) of the astrocytes, and both these increases were
inhibited by genistein to a level that was even lower than that observed in the sham-operated

rats (P < 0.0001 for volume; P <0.001 for surface area).

Astrocyte territory. The functional territory of these cells was assessed by measuring the
surface area and the volume of the tissue covered by individual astrocytes. Compared to the
sham-operated rats, the animals that received an injection of AB;_49 showed increases of 22%
in the mean territory volume (P < 0.0001) and 17% in the surface area (P < 0.004) of
astrocytes, and genistein inhibited the effect of AB;_4 on the territory volume and also

lessened the impact of the amyloid on territory surface area (P < 0.004).

GFAP intensity. Injection of AP increased the presence of GFAP" astrocytes in the
hippocampus by 135% (P = 0.0001), and this rise was inhibited by genistein.

Astrocytes are normally stellate in shape and have fine extending processes, but, depending
on their location in the CNS, their morphology and size can be modified (Sullivan et al.,
2010). This morphological transformation can occur fairly rapidly and requires redistribution
of the cytoskeletal proteins (Safavi-Abbasi et al., 2001). In a diseased condition, such as the
presence of large amount of AP peptide in the brain, the astrocytic processes become
convoluted and can exhibit swollen terminals. The results of our study (Paper IV) suggest
that, when A4 is present in brain tissue, the astrocytes increase in 3D size so that can
interact with a larger portion of the extracellular environment. The occurrence of reactive
astrogliosis early after an injury is considered to be beneficial; this process can re-establish
the chemical environment by removing harmful molecules and improve the physical
environment by creating scar tissue that prevents spreading of harmful molecules to the

healthy part of the tissue (Buffo et al. 2010).

In conclusion, the results of the current 3D confocal microscopy indicate that an astrocyte

can enlarge the size of its nucleus, cell body, and branches in response to the presence of

49



APBi1-a0. Furthermore, our findings suggest that genistein has anti-inflammatory properties and
can inhibit Af_y-induced astrogliosis. Indeed, in our experiments, genistein ameliorated

astrogliosis that was induced in the brains of rats by mechanical injury due to needle

insertion.
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CONCLUSIONS

The findings of these studies show that:

- Genistein can ameliorate 6-OHDA-induced degeneration of dopaminergic neurons in a rat

model of Parkinson’s disease.

- Genistein can ameliorate A;_so-induced degeneration of hippocampal neurons in a rat

model of Alzheimer’s disease.
- Pretreatment with genistein prevents AP;_4o-induced impairments in aspects of learning and
memory through a mechanism involving the estrogenic pathway and inhibition of oxidative

stress.

- Genistein can inhibit the formation of AP deposits and astrogliosis induced by injecting A

into the hippocampus.

Collectively this shows that genistein has neuroprotective effects in animal models of

Parkinson’s and Alzheimer’s disease.
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