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1.1 ALZHEIMERS’ DISEASE

Alzheimer's disease (AD) is an irreversible and progressive form of dementia, that slowly
destroys memory and cognitive abilities as a result of degeneration of cholinergic neurons
in specific brain areas as the hippocampus and cerebral cortex.

In 1901, doctor Alois Alzheimer, a german psychiatrist, observed a patient named Auguste
Dete; she was a 51-year-old patient who had strange behavioral symptoms (disorientation,
agitation, hallucinations and aggression), including a loss of short-term memory. This
patient, over the coming years, also showed difficulty in finding technical terms, and
disorders of writing. From the physical point of view she did not show any type of
anomalies.

Initially dr. Alzheimer recorded the behavior of his patient as "amnesic writing disorder."
Augusta D. died April 8, 1906. During autopsy, Dr. Alzheimer noticed how the brain was
uniformly atrophic with many unusual spots (which now are called amyloid plaques) and
tangled fibers (now called neurofibrillary tangles), the larger cerebral vessels showed
arteriosclerotic changes and there were alterations in the nerve fibrils. This was reported,
for the first time, on November 4, 1906, at the Congress of Psychiatry "88th meeting of
South-West German Psychiatrists” held in Tubingen (Bick et al., 1987): but his remarks
were received skeptically. Interesting to note that in the description of the clinical and
pathologic case of Auguste a young lItalian researcher, Gaetano Perusini, had a key role.
Mrs. Auguste D. was the first patient who was diagnosed with what later would be known
as a disease / Alzheimer's disease (Maurer and Maurer, 1999).

In 1910, the psychiatrist Emil Kraepelin in his treatise called, for the first time, this form of

dementia Alzheimer's disease.



1.2 EPIDEMIOLOGY

In 1976, dr. Robert Katzman called attention to the "extraordinary high prevalence and
malignancy of Alzheimer's disease,” a deadly process in the elderly, that dramatically
reduces both quality of life and survival. In subsequent years, many industrialized
countries have recognized an increase of elderly people who may be at high risk for
Alzheimer ‘s disease. Worldwide today, 24 million people have a dementia, many of whom
have Alzheimer ‘s disease. This number is expected to double every 20 years in parallel
with the aging of the population (Ferri et al., 2005)..

After 65 years there is an increase of Alzheimer’s disease patients.

The survival with Alzheimer's disease ranges from 8 to 10 years from outset, but a more
realistic estimate is around 3-5 years.

Alzheimer's disease increases mortality approximately of 40% in both gender, and this rate

also increases with age for men and women (Ferri et al., 2005).



1.3 CLINICAL SYMPTOMS

Cognitive symptoms

The memory impairment is the hallmark of AD. The initial phase is characterized by
impairment of memory (eg: objects lose, forget conversations , trouble remembering
names of people and objects, forgetting appointments) . The language deficits is the
second cognitive event in order of importance of the AD. Disnomia, verbal paraphasias
and difficulties of find words are the main characteristics of language’s problems in AD ,
and in many cases these may be the initial symptoms. The deficits in verbal fluency
showed a sensitivity of 100 % and a specificity of 92.5% for AD, so that the language
deficit is often considered the best predictor of rapid decline in AD. Also the ability to
design visuocostruttive / visuospatial are compromised in the early stages of AD, as well

as the ability to find solutions and to build ideas ( Aminoff et al ., 2008) .

Neurological signs

The general neurological examination in AD, especially in the early phase, is normal.
However, neurological disorders that occur most frequently are myoclonic movements and
extrapyramidal signs (EPS) as bradichinesia and stiffness, which increase with the
progression of the disease.

AD patients with EPS have the cognitive processes more compromises: they have more
neurofibrillary tangles in the substantia nigra, have a great neuronal loss and a more rapid
evolution of the disease than those without EPS. Nevertheless, it is still unclear the

neuropathological mechanism of this increase in EPS in AD (Aminoff et al., 2008).
5



Behavioral and psychological symptoms

Psychotic symptoms (eg, hallucinations, obsessions) and disruptive behaviors (eg,
aggressiveness, agitation, wandering) are common in patients with AD. The most common
obsessions include the scary that their spouse is unfaithful, or to be abandoned, or that a family
member has been "replaced" by an impostor with identical appearance (Capgras syndrome), or
that their home is somewhere. Visual hallucinations are more common than auditory or other
sensory hallucinations. Psychotic episodes in AD are less structured than those of other diseases
such as schizophrenia or Lewy Bodies dementia (DLB). Depressive symptoms may be present at
levels above 86% in individuals with AD: neuroimaging and neuropathological studies show that

these patients have great impairment of frontotemporal-subcortical structures.

There are three / four stages of progress of the disease (Table 2):

1. Mild (MMSE score between 21 and 26)
2. Moderate (MMSE score between 10 and 20)
3. Moderately severe (MMSE score between 10 and 14)

4. Severe: (MMSE score less than 10)



Stage by MMSE scores

Cognitive

Behavioral

Mewrological

Mild (Score =200

Masderate (Scone 19100

Relative preservation of

s0me cognitive functions,

Cognitive deficits affect
[ADL, but not ADL

All cognitive domains are
affected,

Impairments in all TADL,
and in some ADLs

Severe (Score <9) Severe deterioration of

all cognitive domains.
May need help with all
ADLz

Apathy may be present
Major depression can be
the initial symptom.
Fsychosiz, aggression and

agitation are rane

Apathy is prominent,

Depression is kess frequent
than in the mild stages.

Fsychosis, aggression, and
agitation are more frequent

Apathy is prominent,

Major depression is Jess
frequent than in other
stages.

Paychosis, aggression, and

agitation are mone frequent

The newnlogical exam is
usially normal

Mild parkinsonism in some
patients

Myoclonic movements are
WM IO

The newnlogical exam can be
narmal

More parkinsonizm in some
patients

Myuoclonic movements are
maore frequent, especially at
night

Paratonia {Gegenhalten or
Mitghem)

The neurological exam is non-
focal, but mild to moderate
parkinsonism can be present
in the majority of the
patiznts

Myuoclonic movements can be
observed during the day

IADL, mstrumenal activites of duly living (e g, job perfiomance, managng finances ); ADL, activities of duly iving (eg., getting dresasd,

comral of sphincters).

Table 2 cognitive, behavioral and neurological symptoms and signs in various stages of AD
(Aminoff et al., 2008)

The most common symptoms of Alzheimer's disease in mild form include:

a) Confusion

b) Poor memory and easy to forget things
¢) Mood swings

d) Problems in speaking

These symptoms are due to a gradual loss of brain functions. The hippocampus, main
area that controls cognitive processes (controls memory and voice functions), is the first

area that suffers a deterioration.

The most common symptoms of Alzheimer's disease in moderate stage include:

a) Visual or auditory hallucinations
b) lllusions

c) Obsessive or repetitive behaviors
d) Delirium

e) Sleep Disorders

f) Urinary and / or fecal incontinence



During the moderate stage, there is difficult to remember things even very recent.
Problems with language and the ability to speak properly could occur at this stage. This

may induce frustration, depression and mood swings.

Alzheimer's disease in a serious form

People with a severe form of Alzheimer's disease seem very disorientated and show signs
of mental confusion. During this phase patients are more susceptible to hallucinations and
delirium. They may think of smelling, seeing or hearing things that are not there in reality,
or even believe that someone has robbed or attacked.

Hallucinations and delirium are often worse during the night, and the person with
Alzheimer's may start to become violent, demanding and distrustful of those around him.
When Alzheimer's disease becomes severe, it can also cause a number of other
symptoms such as:

Difficulty in swallowing

Difficult to change the position or to ambulate without assistance
Weight and appetite loss

Increased vulnerability to infections

Complete loss of short-term and long-term memory



1.4 Neuropathological, histological and biochemical aspects

Since the beginning of 20™ century it was recognized that there are two classical lesions
that occur in the brains of Alzheimer's patients:

v" intraneuronal tangles / neurofibrillary

v’ extracellular amyloid deposits called senile plaques

Figure 1: Intraneuronal tangles (A) and extracellular B-amyloid deposits (B) (Aminoff et al.
2008)

The senile plaques lead to a massive cholinergic neuronal loss, especially in the limbic
system and association cortex, resulting in severe atrophy of the brain, dilation of the
ventricular cavities, enlargement of pits and fissures in the cortex, loss of presynaptic
markers (such as synaptophysin, indicative of an impairment of the function of neural
systems), and the weight of brain (it can decrease up to a third of normal weight) (Masliah,

2001).



In addition, there are possible changes in the dendrites and axons, which reflect changes

in the morphology, the trajectory and post-synaptic structures that may contribute to the

depletion of the function of the neural system (Fig. 2).

Figure 2: Morphological changes in the neuropil of a brain with AD. The morphology and
trajectory of neuritis are interrupted in the brain of AD. The immunostaining with SMI32 in
the cortex of a AD brain (A) shows dendrites with clear winding paths (black arrows).
Image B shows relationship between the interruption of the paths of neuritis and compact
plaques (colored in blue with thioflavin S). Also note relationship between the dystrophic
swelling on axons and plaques (white arrows). Scale A: 50 um; B: 20 um (Aminoff et al.,
2008).

The biochemical basis of these two initial lesions that characterize Alzheimer's disease
(senile plaques and neurofibrillary tangles of tau protein) have been determined over the
past two decades.

The senile plaques contain extracellular deposits of B-amyloid (AR) (Glenner & Wong,
1984b; Kang et al.,, 1987) surrounded by dystrophic axons and dendrites, activated
microglia and reactive astrocytes. Immunohistochemistry analysis has revealed a
surprisingly large number of deposits of AR in the brains of patients with Alzheimer's
disease.

These lesions, usually referred to as diffuse plaques, represent deposits of A3, with 42 aa

(AB-42), that are mostly in a non-fibrillar form (Iwatsubo et al., 1994; Tagliavini et al.,

1988; Yamaguchi et al., 1988).
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However, the compact fibrillar nuclei of mature plaques, which are well evidenced by the
histological dye Congo red and thioflavin S, seem to contain mixtures of fibrils formed by
AR-42 and / or peptides AR-40. The latter is the most abundant species of AR peptides
(about 90%) that are normally produced by almost all cells throughout life.

It is well know that there is a significant relationships between the accumulation of A3 and
the extent of cognitive impairment (Cummings et al., 1996; Naslund et al., 2000). In
addition to its presence in a variety of plaque-like deposits in the brain parenchyma, AR
also accumulates within the basal membranes of some cerebral capillaries, arterioles and
venules and arterioles meningeal. While A3-40 seems to be the most abundant subunit in
these deposits microvascular, AR-42 has been shown to play a role especially in the early
stages of amyloid angiopathy (Verbeek et al., 2000). The magnitude of this microvascular
B-amyloidosis generally correlates poorly with the number of AR plaques in the brain, and

its importance in contributing to the real dementia remains a field of active research.

The other classic lesion observed in 1906 in the patient of Dr. Alzheimer is neurofibrillary
tangles, described as cytoplasmic paired bundles and helical winding filament of 10 nm.

In the 1980 it has been given a more detailed description, firstly tangles are located inside
neurons and primarily consist of neurofibrillary that are formed by tau proteins, which form
structures called microtubules. Microtubules contribute to transport of nutrients and other
important substances in the nerve cell (Wolfe, 2009). In Alzheimer's disease neurofibrillary
tangles consist of piles of phosphorylated tau proteins and arranged in a helical insoluble
structure (normally the tau protein is highly soluble) so unable to maintain the microtubular
structures which collapse leading to a loss of synapses, marked abnormalities of the
dendrite and axonal morphology, which leads to phenomena of disconnection and / or loss

of sync in the main cortical projections (Stern et al., 2004; Brown et al., 2005). Parallel to
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all this, generally, is has the initial symptoms of deterioration in the short-term memory,
followed by dementia with deterioration of language.

The neurofibrillary tangles of tau derive from hyperphosphorylation due to the imbalance
of kinase / phosphatase activity of cholinergic neurons, latter originates from increased
tone of inflammation which causes increased oxidative stress. The increased inflammatory
response is given by the deposition of insoluble plagques of amyloid beta protein (Goedert
& Spillantini, 2000; Grundke-Igbal et al., 1986; Kosik et al., 1986; Nukina & lhara, 1986;

Lee et al. 1991; Wolfe, 2009).

Normal Alzheimer's
%"' %) ) %.% "ot &
g n y

’W/x

Figure 3. Representation of the iconographic difference between normal neurons and neurons with
AD

The neurofibrillary tangles are present, particularly, in the entorhinal cortex, hippocampus,
amygdale, association cortex of the frontal lobes, temporal and parietal lobes and in

subcortical nuclei in connection with these regions.
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It is reported that B-amyloid is the central hub for the disease process, particularly as a
measurement related to age of onset of the disease, although quantitatively is not closely
correlated with the severity of dementia. The neurofibrillary tangles, however, are closely
related with the anatomical regions clinically affected with the loss of neurons and with the
severity of cognitive changes.

The neurofibrillary tangles involved mainly the cholinergic neurons of the CAl of the
hippocampus , the limbic cortex, the association cortex, and ascending neurotransmitter-
specific systems.

Amyloid plaques by themselves are sufficient to disrupt the normal physiology of
cholinergic neurons, and dystrophic neuritis close to plaques, together with the
morphological changes of axons, lead to a deterioration functional in axonal trafficking
(Stokin et al., 2005), although the details of this mechanism are still unclear (Lazarov et al.,
2005). In addition, the plaques clearly attract and activate cells of the microglia and
astrocytes in their immediate vicinity, leading to a large cascade of harmful inflammatory
phenomena (Aminoff et al., 2008).

So we could simplistically attribute the death of cholinergic neurons to two mechanisms:
an internal attack led by neurofibrillary tangles and an external attack by the plaques.
Together lead to neuronal death, in particular, cholinergic neurons with consequent

deficiency of acetylcholine (Ach).

Genesis of ARR: Processing of the Amyloid Precursor Protein

The isolation and partial sequencing of the protein AR from meningovascolar deposits of
amyloid in AD (Glenner & Wong, 1984b) and in Down's syndrome (Glenner & Wong,
1984a) have led to cloning of the gene coding for the B-amyloid, the APP (Amyloid

Precursor Protein) (Kang et al., 1987).
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The APP is a ubiquitous protein transmembrane that consists of 770 amino acids,
degraded during the shipping process on the cell surface (the process of degradation of
APP) (Selkoe, 2001) and involves three enzymes that operate proteolytic cuts: at first the
a-secretase and B-secretase and subsequently the y-secretase.

Through two successive cuts operated before by a-secretase and then
y-secretase, a peptide is produced harmless called p3 (Sisodia, 1992). The
B-secretase works a different cut that, following the subsequent cutting by the
y-secretase, leading to the production (amyloidogenic pathway, Figure 4) of two peptides
of 40 and 42 amino acids, called 3-amyloid (AR 1-40 and AR 1-42): the second (AR 1-42)
is considered the most toxic at the neuronal level. In healthy subjects the process of
degradation of APP appears to be operated mainly by a-secretase. For reasons not
entirely clear, in patients with AD, enzyme that is involved in APP is not a-secretase but

the B-secretase, with a high production of beta-amyloid protein (Selkoe, 2001).
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Figure 4. APP physiological processing with formation of soluble fragments (AB) and
amyloidogenic processing with the formation of insoluble fragments (AC)

Physiologically APP is present in human platelets as an inhibitor of factor Xla (a serine
protease) of the coagulation cascade. Other functions of APP have been demonstrated in
cell culture systems for example, carries out the function of the extracellular matrix
molecule, regulator of outgrowth axonal, and also a kind of autocrine trophic factor.

The deletion of the APP gene in mice does not result in either premature mortality or
morbidity appreciable, however, cerebral gliosis, changes in locomotor behavior and other
deficits have been seen in adult animals (Zheng et al., 1995), also culture of neurons at
birth have decreased their activity and delayed the neuriti outgrowth (Perez et al., 1997).

A possible loss of a key cellular function by APP in humans who develop AD has not yet
been demonstrated. In contrast, APP mutations seem to lead to an abnormal function,

namely lead to increased production of AR peptides potentially cytotoxic (Selkoe, 2008).
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1.5 GENETICS OF ALZHEIMER'S DISEASE

Alzheimer is a complex and heterogeneous disease, due only in a minority of cases (about
10%) to presence of mutations in specific genes (so far it has identified three genes: APP,
PS-1 and PS-2) transmitted in families with Mendelian inheritance patterns. However, in
90% of cases the disease is the result of the interaction between environmental factors
and genetic susceptibility factors, is not sufficient by themselves to determine their
appearance. Mutations in the APP gene does increase the total levels of AR or only form
of AB42, which is the main component of senile plaques. The genes of the presenilins (PS-
1 and PS-2) coding respectively for the proteins presenilin 1 and 2. The presenilins are the
components of the complex of y-secretase and mediate the proteolytic cleavage of 'APP
that leads to the production of Abeta peptides. Mutations in PS-1 and PS-2 generally result
in an increase in production of the peptide Ap42 (Migliore and Coppede, 2009).

Among the genes studied mainly correlated with AD there are genes for: cholesterol
metabolism, inflammatory response, folate metabolism, oxidative stress and cellular
antioxidant defenses and genes involved in the production of amyloid peptide and many
others. Only the €4 allele of the Apolipoprotein E gene (APOE) has a clear risk factor. The
polymorphic variant APOE-€4 is associated with high plasma levels of cholesterol and this
predispose to increased deposit of AR peptide and the formation of senile plaques Ap42

(Migliore and Coppede, 2009).
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1.6 DIAGNOSIS

There is no specific test that can determine if a person is suffering from Alzheimer's
disease. This diagnosis is a process of elimination, combined with a careful examination of
the physical and mental state of the person, and not due to the finding of tangible evidence
of the disease, it can only provide by autopsy.
However, the current level of innovation allows us to make use of very sophisticated test
that 30-40 years ago were unthinkable. In fact, today, the diagnosis of Alzheimer's disease
is made through the combination of the following examinations or tests:

e Monitoring of thyroid function and B12 levels

e MMSE (Mini Mental State Examination)

e ADAS (Alzheimer's Dementia Assessment Scale)

¢ MODA (Milan Overall Dementia Assessment)

e Withdrawal lumbar (Tau protein)

e TAC (Computerized Axial Tomography)

e PET (Positron Emission Tomography)

e SPECT (Computerized Tomography with single photon emission)

¢ Magnetic Resonance

e PET Florbetapir F18

o Autopsy

MMSE (Mini Mental State Examination), ADAS (Alzheimer's Dementia Assessment Scale)
and MODA (Milan Overall Dementia Assessment) are 3 screening tests that have
advantage of being non-invasive and evaluate the cognitive impairment of the patient. The
MMSE is the first in which the patient undergoes, very simple and fast, it consists of
simple questions that explore the integrity of some cognitive domains of the patient. It has

17



some disadvantages such as increased sensitivity to cortical compared to subcortical
deficits, is also a test strongly influenced by demographic and cultural factors, and in fact
there are tables of adjustment for age classes and culture constructed for each population.
It has a score from O to 30:

1. Mild (MMSE score between 21 and 26)

2. Moderate (MMSE score between 10 and 20)

3. Moderately severe (MMSE score between 10 and 14)

4. Severe: (MMSE score less than 10)
It has been reported that approximately 90% of diagnoses obtained in this way is then

confirmed by autopsy.
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Mini-Mental State Examination (MMSE)

Patient's Name: Date:

Instructions: Ask the questions in the order listed. Score one point for each correct
response within each question or activity.

Maximum | Patient's

Siore Scor Questions
5 “What is the year? Season? Date? Day of the week? Month?"
5 “Where are we now: State? County? Town/city? Hospital? Floor?"

The examiner names three unrelated objects clearly and slowly, then
asks the patient to name all three of them. The patient's response is
used for scoring. The examiner repeats them until patient learns all of
them, if possible. Number of trials:

“I would like you to count backward from 100 by sevens." (93, 86, 79,
5 72, 65, ...) Stop after five answers.
Alternative: "Spell WORLD backwards.” (D-L-R-O-W)

“Earlier | told you the names of three things. Can you tell me what those

3 were?"
2 Show the pallet_ll two simple objects, such as a wristwatch and a pencil,
and ask the patient to name them.
1 “Repeat the phrase: 'No ifs, ands, or buts.™
o 3 “Take !he"paper Ir; ;our-ngh; hand foki..i; in half, and put it on the floor."

(The examiner gives the patient a piece of blank paper.)
“Please read this and do what it says.” (Written instruction is *Close
your eyes.”)

“Make up and write a sentence about anything.” (This sentence must
contain a noun and a verb.)

“Please copy this picture.” (The examiner gives the patient a blank
piece of paper and asks him/her to draw the symbol below. All 10
angles must be present and two must intersect.)

| T R
30 TOTAL
(Adapted from Rovner & Folstein, 1987)

1
Source: waw.medicne. uowa eduigeciioalsicognitiveMMSE paf Provided by NHCQF, 0106410

Figure 5. Mini Mental State Examination.
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The ADAS scale is a valuable tool for the neuropsychological diagnosis of Alzheimer's
disease. It is a good compromise between the administration of the MMSE and the
complete neuropsychological examination being longer and more accurate then MMSE
(Verhey et al., 2004).
The MODA scale is more accurate than MMSE as evaluate more cognitive domains. It
makes use of a battery of data obtained from family members and from tests. It consists
of three sections:

1. Spatial and temporal orientation

2. Scale of independence day (investigation to family)

3. Test (at number 9) investigating cognitive abilities such as attention, memory, verbal

intelligence, verbal fluency, perception, identification of stimuli

Lumbar puncture is an invasive test: according to studies published by Jonh Q.
Trojanowski, Tau protein can be assayed in the cerebrospinal fluid taken by lumbar
puncture. In the early stages of the AD, the amount of Tau protein in the liquid is well
above the norm, even if subsequently there is no evidence of correlation with the severity

of dementia.

The computed tomography scan (TAC) is first method that allows direct visualization of the
brain parenchyma and macroscopic morphological alterations. It is based on a
development of the principles of conventional radiology. With this methodology it can
measure the thickness of the brain and then search all those alterations typical of

Alzheimer's disease such as atrophy and enlargement of pits and fissures in the cortex.
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Magnetic Resonance Imaging (MRI) gives detailed images of the brain in its different
parts. The alterations of AD lead to a decrease in the volume of certain areas of the brain,

first is hippocampus, well detected with this method.

SPECT (Computerized Tomography with single photon emission) allows to evaluate the
blood flow in the brain. It provides functional image of brain that may highlight a "defective"
activity of some brain areas in a phase in which the TAC is not yet able to point out a

morphological alteration.

PET (Positron Emission Tomography) shows changes in the functioning of brain, or rather
in its metabolism (glucose consumption, oxygen, etc ...). The feedback obtained through
this method is correlated with the severity of cognitive impairment.

PET imaging with florbetapir (a diagnostic agent that identifies the cerebral deposits of
amyloid) had a sensitivity of 93% and a specificity of 100% for identifying brain plaques of

amyloid protein.
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1.7 THERAPY: BETWEEN PRESENT AND FUTURE

Actually it doesn’t exist an effective treatment for Alzheimer’s disease but there are drugs
that can help to retard pathology progression.

Indeed, in spite of many researchers and clinician’s efforts, the AD therapy still can’t take
advantage of effective solutions to stop the inexorable evolution of the disease.

By now, there are only symptomatic drugs which slow down the cognitive worsening and

to lessens the symptoms.

Look to the present

First of all, the pharmacologist therapy tries to restore physiological levels of
acetylcholine, the neurotransmitter known to be deficient in these patients.

Many studies tried to act at various levels of acetylcholine synthesis and cholinergic
synapse, however, it was not possible to have effective results.

Acetylcholine pure can’t be used because is too unstable and with limited effect.
Cholinergic agonists ( e.g bethanechol, carbachol, pilocarpine, nicotine) have systemic
effects and produce too many side effects. On the other hand, cholinesterase inhibitors are
widely used; cholinesterase is an enzyme that metabolizes acetylcholine: by inhibiting this
enzyme the amount of acetylcholine available in the synaptic space increases.
Acethilcolinesterase belongs to the idrolases family and catalyze the following reaction:

Acetylcholine + H,O — choline + acetate.

In AD therapy acetylcholinesterase inhibitors used are:

e FIRST GENERATION: Tacrine (suspended for hepatotoxicity high risk)
22



e SECOND GENERATION: : Donepezil, Rivastigmine, Galantamine, ENA 713,

Metifronato

It is important to note that these drugs have low affinity for the enzyme present in the
periphery and they are sufficiently liphofilic to pass blood-brain barrier and to act
preferentially on central nervous system (CNS).

Surely the most widely used drug is donepezil which is considered to be the first choice:
his two strengths are the only daily administration (half-life 70 hours) and not be

hepatotoxic.

Rivastigmine has excellent qualities because is very selective for brain areas and has a
low hepatotoxicity, but rivastigmine needs multiple daily doses and careful individualization
of dosage as has a efficacy’s and tolerabity’s profile dose-related. Lately the rivastigmine’s

transdermic administration has partially solved these issues .

Galantamine should be used with caution in patients with hepatic and renal failure and

requires a careful monitoring of administrations and dose levels.

The side effects of cholinesterase inhibitors are, in general, related to the increase in
cholinergic tone: insomnia, arrhythmia, bradycardia (vagotomic action), nausea, diarrhea,
epileptic episodes, aggravation of asthma (Gauthier , 2008).

One of the most important studies on this class of drugs is "AD2000", which has proven
the superiority of donepezil against other acetylcholinesterase inhibitors and placebo for
cognitive and functionals symptoms.

This class of drugs has been demostrated to be effective in the treatment of cognitive,

behavioral and functional deficits of Alzheimer’s disease (Winblad et al., 2006).
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However, results from clinics trials show that donezepil, rivastigmine and galantamine
have benefits just in the mild-moderate form of disease when MMSE score is between 10-

20 points.

Memantine is another drug generally used in therapy: it is a non competitive antagonist
with mild or moderate affinity for N-methil d-aspartic (NMDA) receptor of glutamate,
excitatory neurotransmitter expressed in areas of cerebral cortex dedicated to learning and
memory.

Glutamate plays an important role in learning and memory processes.

Excitotoxicity produced by high glutamate levels is considered to be responsible

for alterations of neurons until to cell death observed in Alzheimer disease. It has been
hypothesized that memantine blocks selectively the effects of glutamate excitotoxicity.
Efficacy has been proved in a randomized trial of 6 months, both in monotherapy and in
combination with cholinesterase inhibitor (donepezil), evaluating cognitive, functional,
behavioral domains and analyzing the impression of a global change. (Winblad & Poritis,
1999; Reisberg et al., 2003; Tariot et al., 2004).

Memantine has been approved for both moderate and severe stages of the disease. This
drug blocks tonic activation with low intensity of NMDA receptor

without interfering with phasic activation of receptor itself which is necessary for learning
and memorization: therefore on the one hand, clinic situation has been stabilized and on
the other hand pathology’s progression slows down.

Most common side effects with incidence below 2% are: hallucinations, migraine, agitation,
mental confusion, constipation (Gauthier et al., 2005).

It has well know that also non pharmacological interventions defined “strategies aimed at
reducing the impact of the disease on the level of self-sufficiency I” are important, and

these interventions use two methods complement each other:
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e Specific intervention for person

« Intervention on environment for facilitate patient’s activities.

Among various chances of non-pharmacological therapy, that has to be applied
effectively, especially in the early stages of AD, it is the Reality Orientation Therapy
(ROT).

The Reality Orientation Therapy (therapy guidance in real life) was created by Folsom in
1958 and is the widely used technique for an intense cognitive training, used for patients

with cognitive decline.

This technique is indicated for confused patients, disoriented in time, space and/or
recognition of persons.

There are two methods for ROT execution:.

the first type , called the informal program, involves a process of continuous stimulation,
within 24 hours, during which operators communicate correct information to the patient's
personal orientation, spatial and temporal contact using the usual daily and no pre-
established times is a continuous stimulation process, in 24 hours, during all operators
give to the patient corrects personal information on spatial and temporal orientation using
the daily contact and not using preconceived moments.

In particular, patient has to answer to questions like: “ Where are you?, what’s your
name?, which day is today?”, if patient answers with senseless phrases, the operator
passes to essential questions, doing noting with tactfully the mistakes.

The second type , called the formal program, consists in daily sessions of 45 minutes, in

small groups of 4-6 persons, homogeneous for decline stage; during this session an
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operator uses a methodology of standardized stimulation, aimed at refocusing the patient
to his life, his environment and to the space.

Operators carrying out the sessions Rot can be geriatrician, social worker, animator,
nurse, health worker well prepared. Is clear that lower is cognitive level of patients then
smaller will be the group, to ensure effectiveness of the intervention.

The non pharmacological treatments at the beginning of Alzheimer's disease is
effectiveness both on cognitive and behavioral symptoms. Of course, the best treatment
for a patient with AD is the association of pharmacological therapy and non

pharmacological treatments. (Caltagirone et al., 2005).

New Prospects of Therapy and Prevention

Those mentioned above are the therapies currently used to counteract AD. Worldwide
research groups are studying new drugs and substances that fight against this serious
disease. The landscape of new therapeutic prospects is vast and heterogenous.
Basically, all these researchers are trying to work on a prevention that provides
neuroprotection to:

e Primary lesion : senile plaques and neurofibrillar degeneration

e Secondary lesion: microglial activation, defects of homeostasis calcium and

oxidative stress.

Some of therapeutic approaches and of preventions for AD are:
e Estrogens
e Selegiline
¢ Antioxidants

e NGF
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Statins

Anti infammatories NSAID

Protease inhibitors

Immunotherpy ( e.g. Bapineuzuma)

Melanocortins a new class of drugs which from preliminary studies and from

literature seem to have a high probability to counteract AD.
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2.0 MELANOCORTINS

Adrenocorticotropic hormone (ACTH), and a-, B- and y-melanocyte-stimulating
hormones (a-, B- and y-MSH) are endogenous peptide products of the pro-
opiomelanocortin gene, collectively called melanocortins. Studies performed at the
Institute of Pharmacology, University of Modena, were the first to show, since 1955, some
extra-hormonal effects of melanocortins, and over the ensuing decades several other
independent investigators reported many extra-hormonal effects of these neuropeptides
(Ferrari ,1958, Ferrari et al., 1955, 1963; Catania, 2008; De Wied, 1969; O’'Donohue and
Dorsa, 1982; Versteeg et al., 1998). Melanocortins are found in a variety of peripheral
tissues and within the central nervous system (CNS) (Catania 2008; Catania et al., 2004;
143 Montjoy 2010, 168 Schioth 2001; 197 Wikberg et al., 2000): a-MSH is the natural
melanocortin peptide able to induce all extra-hormonal effects of melanocortins. It affects
many central and peripheral body functions, including food intake, sexual behavior, pain
sensitivity, fever control, pigmentation, learning and memory (Bertolini el al., 1969;
Brzoska et al., 2008; Catania et al., 2004; De Wied, 1969; Corander et al., 2009; Getting
2006; Eberle, 1988; Ferrari et al.,, 1963; O’'Donohue and Dorsa, 1982; Schioth 2001;
Wikberg and Mutulis, 2008), and plays a protective role in hypoxic conditions (Catania
2008, Catania et al., 2004; Giuliani et al., 2012; Guarini et al., 1996, 1997, 1998, 2003;
Halloway et al., 2011; Versteeg et al., 1998). Several a-MSH fragments, including
synthetic analogs, have been also tested (Catania et al., 2004; Brzoska et al., 2008;

Versteeg et al., 1998; Wikberg et al., 2000).
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2.1 Melanocortin receptors

Melanocortins act on five different melanocortin G protein-linked receptors (MC;-MCs),
all positively coupled to adenylate cyclise (Table 1) (Catania, 2007, 2008; Catania et al.,
2004; Getting, 2006; Mountjoy, 2010; Schioth, 2001, 2005; Tatro, 1996). MC receptors are
largely distributed in various brain areas and peripheral tissues. MC; is expressed in
melanocytes, melanoma cells, skin glands, hair follicle, testis and cells involved in the
immune/inflammatory response; MC,, the ACTH receptor, is mainly expressed in the
adrenal glands but also in white adipose tissue and in the skin; MCs is expressed in the
brain, placenta, gut, heart and testis; MC4 occurs in various brain areas, but it has been
recently recognized also in the periphery; the MCs receptor, initially recognized in the
brain, was subsequently found to be ubiquitous, but mainly in peripheral organs. MC3 and
MC, are the predominant subtypes expressed in the CNS, being expression of MC4
broader than that of MC; receptors. It is well-known that melanocortins and synthetic
analogs reach the CNS in pharmacologically-relevant concentrations after systemic
injection, and experimental evidence also points in this direction (Banks, 1995; Catania et
al., 2004; Giuliani et al., 2012; Mountjoy, 2010; Wikberg et al., 2000). Synthesis of
selective agonists and antagonists at MC receptors has produced a progressively

increasing interest for this family of drugs in view of their possible therapeutic use.
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Function

MC1R

Melanoma cells,
melanocytes,
skin glands, hair
follicle, testis,
pituitary, anti-
inflammatory cells,
periaqueductal grey

Pigmentation,
inflammation

a-MSH

@© Clinuvel Pharmaceuticals Ltd 2010

MC2R

Adrenal cortex,
adipocytes, skin

steroidgenesis

ACTH

30

MC3R

Brain, placenta, gut,

heart, testis

Energy
homeostasis,
sexual behaviour

a, B and y-MSH

MC4R

Brain, adipose
tissue

Appetite
regulation

ACTH,
a and 3-MSH

Tablel. Affinity, distribution and functions of melanocortin receptors

MCS5R

Adrenal gland,
adipose tissue,
kidney, leukoeytes,
lung, lymph node,
mammary gland,
ovary, testis, uterus,
brain, skeletal
muscle, exocrine
tissues

Exocrine
function
ACTH, a-MSH

3
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2.2 Evidence of the neuroprotective and neurogenic effects of melanocortins

After an hypoxic condition such as ischemic stroke, brain damage may occur through
several pathological mechanisms, including those excitotoxic, inflammatory and apoptotic
(Gladstone et al., 2002; Leker and Shohami 2002; Tatro, 2006). Some progress has been
made in stroke early management and rehabilitation over the past years but, despite
intensive investigations, no novel drugs have had clinically proven success for
neuroprotection, and very recent clinical trials have obtained as well disappointing results (
Gladstone et al., 2002; O’Collins et al., 2006; Zorowitz and Brainin, 2011). The only
approved therapy for ischemic stroke is thrombolysis within 3-4.5 hours of symptom onset
and mechanical removal of the clot. However, only a low percentage of all stroke patients
can receive thrombolytic agents, and only few of these treated patients experience some
benefits; furthermore, clinical evidence indicates that these drugs also have deleterious
effects, including intracerebral hemorrhage, cytotoxicity and cerebral edema (Tatro 2006;

Yepes at al., 2009).

Intriguing neuroprotective properties of melanocortins in experimental brain ischemia
have been reported. Lipton’s group showed that a-MSH improves the recovery of auditory-
evoked potentials in a dog model of transient brain stem ischemia (Huh et al., 1997).
Tatro’s group reported that a-MSH reduces brain TNF-a levels in transient global and focal
cerebral ischemia in mice (Huang and Tatro, 2002). Recently, our group has been given
the first clear evidence that these neuropeptides afford a strong neuroprotection against
damage consequent to global or focal cerebral ischemia in gerbils and rats (Giuliani et al.,
2006 a,b; 2007, 2009). Subsequently, other research groups confirmed the
neuroprotective effect of a-MSH in other models of global and focal cerebral ischemia in

rats (Catania et al., 2009; Patel et al., 2010). Furthermore, NDP-o-MSH protected against
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traumatic brain injury in rats (Bitto et al., 2012), a brain disorder often characterized by
early ischemic episode and which shares with ischemic stroke many pathophysiological
pathways that lead to secondary cellular death (Kwon et al., 1999; Leker and Shohami,

2002).

For some years it is known that neural stem cells exist in the CNS of all adult
mammals, including humans. New neural progenitors are generated in at least two brain
regions, the subventricular zone of the lateral ventricles and the subgranular zone of the
hippocampal dentate gyrus, and the generation of new neurons can increase under
pathological conditions including cerebral ischemia (Duan et al., 2008; Kazanis, 2009;
Lichtenwalner and Parent, 2006; Suh et al., 2009). Impressively, more recent findings from
our laboratory gave for the first time evidence that delayed, short-term treatment of stroke
animals with melanocortins strongly stimulates the brain generation of new cells which
develop properties of mature and functional neurons in the damaged areas (Giuliani et al.,

2011).

In stroke and traumatic brain injury patients, no novel drugs so far have had
established clinical effectiveness, mainly because of toxic side effects and short
therapeutic treatment window, as well as for a single-mechanism of neuronal damage
:blockade (Gladstone et al., 2002; Leker and Shohami 2002: O’Collins et al., 2006
Tatro 2006; Yepes at al., 2009). Indeed, overall informations from clinical trials suggest
that an approach targeting an array of key pathophysiological mechanisms — which seem
to be parallel rather than with a sequential link — appears to be a key future approach for
an effective and safe management of stroke and traumatic brain injury. MC3 and MC,
receptors are the most expressed MC receptor subtypes within the CNS, with a brain
distribution of MC, receptors broader than that of MC; (Catania 2008; Catania et al., 2004;

Getting 2006; Wikberg et al., 2000). These receptors, therefore, have been investigated by
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some research groups in stroke and traumatic brain injury, and activation of CNS MC4
receptors seems to be the first step in the neuroprotective and neurogenic effects of
melanocortins. Indeed, short-term treatment with NDP-a-MSH (agonist at MC;, MCs, MC,4
and MCs receptors), but not with the selective MCj3 receptor agonist y.-MSH, protected
stroke and traumatic brain injury animals, and stimulated neurogenesis, and these effects
were prevented by pharmacological blockade of MC, receptors. It is of note that
melanocortin agonists at MC, receptors resulted able to produce both effective
neuroprotection and to stimulate neurogenesis, with a broad time window (Bitto et al.,

2012; Giuliani et al., 2006 a,b, 2007, 2011; Ottani et al., 2009; Spaccapelo et al., 2011).

Experimental evidence indicates that the melanocortin-induced neuroprotection occurs
through a counteraction of the main ischemia-related mechanisms of brain damage, such
as the excitotoxic, inflammatory and apoptotic reactions. In fact, treatment of
stroke/traumatic brain injury animals with a-MSH or NDP-a-MSH was associated with a
decrease in TNF-q, IL-1B and IL-6 brain levels, as well as with blunted activation of the
mitogen-activated protein kinase members JNK, p38 and ERK 1/2 (Bitto et al., 2012;
Giuliani et al., 2006 b; Ottani et al., 2009; Spaccapelo et al., 2011). Furthermore, NDP-a-
MSH produced overexpression of IL-10, Bcl-2 and Bcl-xL proteins, inhibition of caspase-3
activity, and decrease of DNA fragmentation and High Mobility Group Box-1 levels (Bitto et
al., 2012; Giuliani et al., 2006 b; Spaccapelo et al., 2011). Also, a-MSH rescued neurons
from kainic acid-induced excitotoxic death, likely by inhibiting a NF-kB-dependent
excitotoxic effect of glutamate (Forslin, 2007). Because a-MSH and NDP-a-MSH do not
stimulate MC, receptors (Catania et al., 2004; Spaccapelo et al., 2011; Wikberg et al.,
2000), an involvement of adrenal glands can be ruled out. Moreover, the antipyretic action
of melanocortins is well established, and hypothermia can contribute to neuroprotection

(Spulber et al., 2005; Tatro and Sinha, 2003; Tatro, 2006; Stefanutti et al., 2008).

33



Melanocortins are known to reach the CNS in pharmacologically relevant
concentrations after systemic administration (Banks and Kastin, 1995; Vergoni and
Bertolini, 2000; Catania et al., 2004; Corander et al., 2009; Giuliani et al., 2012).
Endogenous melanocortins are largely distributed in the CNS and, as stated above, MC4
receptors are highly expressed in various brain areas including the cortex and
hippocampus (Catania et al., 2004; Wikberg and Mutulis, 2008; Mountjoy, 2010; Giuliani et
al., 2012): melanocortins and these receptors may play a physiological neuroprotective
role not only in acute neurodegenerative disorders (Giuliani et al., 2012), but also in
chronic neurodegenerative disorders as AD. Indeed, low ACTH/a-MSH levels in the
cerebrospinal fluid and some brain areas were noticed in patients with dementia likely
related to AD (Facchinetti et al., 1984; Arai et al., 1986) and in the cerebrospinal fluid of
patients with late onset of AD-type dementia (Rainero et al., 1988). Further, a-MSH
produces neurotrophic effects on central cholinergic neurons that can be useful in AD
(Anderson, 1986). Again, a-MSH has been shown to modulate production of inflammatory
mediators by ApB-stimulated cultured murine microglial cells (Galimberti et al., 1999).
Finally, MC,; receptor activation induced brain-derived neurotrophic factor (BDNF)
expression in cultured rat astrocytes (Caruso et al., 2012), and BDNF has proved to be
neuroprotective in several experimental models of neurodegenerative diseases including

AD (Nagahara and Tuszynsky, 2011).
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3.0 AIM

| hypothesized, on the basis of the above background, that melanocortins could be able
to slow down the progression of a chronic neurodegenerative disease as AD. This
hypothesis also was supported by the evidence that, despite the different triggering
causes, a number of pathophysiological pathways/mechanisms leading to neuronal
damage and death are common to acute and chronic neurodegenerative disorders
including AD (Zipp and Aktas, 2006; Lo, 2010; Gao et al., 2012). Therefore, in the present
study | investigated the possible neuroprotective role of melanocortins in a triple-
transgenic mouse model of AD (3xTg-AD) that most closely mimics human AD features

(vale et al., 2010).
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4.0 METHODS

4.1. Animals

For these investigations, male 12 week-old (at the start of the study) 3xTg-AD mice and their wild-
type littermates (The Jackson Laboratories, Bar Harbor, ME, USA) were used. These mice are
harbor human transgenes APPsye, PS1uiev and taupser. (that is, they co-express mutant human
APP, PS1 and tau protein, respectively) (Oddo et al., 2003; Vale et al., 2010; Wang et al., 2010;
Giuliani et al.,, 2013). They were kept in air-conditioned colony rooms (temperature 21 + 1°C,
humidity 60%) on a natural light/dark cycle, with food in pellets and tap water available ad libitum.
Body weight was recorded throughout the observation period, and rectal temperature was
maintained close to 37°C by means of heating lamps. Animal sacrifice at the end of the study was
performed under general anesthesia with sodium pentobarbital (50 mg/kg) intraperitoneally (i.p.)
(Sigma-Aldrich, Milan, Iltaly). Housing conditions and experimental procedures were in strict
accordance with the European Community regulations on the use and care of animals for scientific
purposes (CEE Council 89/609; Italian D.L. 22-1-92 No. 116), and were approved by the

Committee on Animal Health and Care of Modena and Reggio Emilia University.

4.2. Drugs and treatment schedules

(Nle*, D-Phe”)a-MSH (NDP-a-MSH; agonist at melanocortin MC;, MC3s, MC,4 and MCs receptors),
synthetic melanocortin analog with long-lasting biological activity (Giuliani et al., 2006,2007,2011;
Minutoli et al., 2011) kindly provided by Prof. Paolo Grieco (University of Naples Federico Il), and
the selective melanocortin MC, receptor antagonist HS024 (Giuliani et al., 2006,2007,2011;
Minutoli et al., 2011), cyclic MSH analog purchased from Tocris (Bristol, UK), were used. NDP-a-

MSH was dissolved in saline (1 ml/kg) and i.p. administered (340 pg/kg, once daily for 18 weeks).
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Pretreatment with HS024 (130 pg/kg, dissolved in saline 1 ml/kg), when done, was performed i.p.
once daily, 20 min before each administration of NDP-a-MSH. Control animals (3xTg-AD and wild-
type mice) received an equal volume of saline by the same route of administration; as further
control animals, wild-type mice treated with NDP-a-MSH alone and HS024 alone, and 3xTg-AD
mice treated with HS024 alone, were also used. The doses of NDP-a-MSH and HS024 were
chosen on the basis of our previous studies performed in other experimental degenerative
conditions, including neurodegeneration (Giuliani et al., 2006,2007,2009,2011; Minutoli et al.,

2011; Bitto et al., 2012).
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4.3. Assessment of spatial learning and memory

| used the Morris water-maze test with minor modifications, as previously described (Giuliani et al.,
2006,2007,2009,2011,2013; Bitto et al., 2012). This test measures animal’'s ability to learn,
remember and go to a place in space defined only by its position relative to distal extramaze cues.
The apparatus consisted of a circular white pool (80 cm in diameter and 55 cm in height) filled to a
depth of 15 cm with water (27 °C) rendered opaque with milk powder. Mice (10 per group) were
trained to find the spatial location of a platform of clear perspex hidden by arranging for its top
surface (7 cm in diameter) to be 1 cm below the water level. To this end, four points on the
apparatus wall (North, South, East, West) were defined by means of different geometrical figures,
and conspicuous cues were placed in a fixed position around the pool. In each daily training,
latency to escape onto the hidden platform was recorded. Each mouse received four daily trials
starting each time from a different cardinal point in a random succession for 5 days consecutively.
In each trial, if the animal failed to locate the platform within 60 s, escape latency was considered
same as 60 s (therefore, the daily maximally possible total escape latency was 240 s). During the
seventeenth week of age, mice were subjected to a first 5-day training sequence (to assay
learning), followed 3 days later by a second 1-day training (to assay memory). Two other sessions
(like previous ones) of the Morris test were undertaken again during the thirtieth week of age (last

week of the study, lasted 18 weeks). Tests were performed in a sound-proof room.

Lynn Talzon 2007

Figure 6. Morris Water Maze apparatus
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4.4. Histology

At the end of the last behavioral test (30 week-old mice), transcardial perfusion with ice-cold 4%
paraformaldehyde (phosphate-buffered) was performed in 4 animals per group (randomly taken),
then mouse brains were removed and processed for histological examination, as previously
described (Giuliani et al., 2006,2007,2009; Spaccapelo et al., 2011). Hippocampus and isocortex
morphology was studied in 7-um thick paraffin-embedded sections, hematoxylin-eosin stained; the
extent of AB plaques was assessed after ethanol-Congo red/Weigert hematoxylin staining or
aqueous thioflavin-S (Salkovic-Petrisic et al., 2011; Giuliani et al., 2013). Morphological analyses
were performed by using an Axiophot photomicroscope (Carl Zeiss, Jena, Germany), under
ordinary, polarized and fluorescent light. Histometry was performed by using an image system
(analySIS, Soft Imaging System GmbH, Muinster, Germany). Extracellular AR deposits (AR
plaques) were estimated, on the whole slide stained by Congo red, in five seriated sections per
animal taken every 100 ym starting -1 mm (frontal isocortex) and +2 mm (hippocampus) from

bregma zero coordinate.

4.5. Assay of malondialdehyde concentration

To assess oxidative stress, concentration of malondialdehyde (MDA), used as marker of lipid
peroxidation index, was measured in the cerebral cortex of mice using a colorimetric commercial
kit (Calbiochem, San Diego, CA) (Bagheri et al., 2011; Giuliani et al., 2013). We chose this brain
region because the hippocampal material was used for all the other biological assessments
scheduled in the present study. Briefly, after the last behavioral test, the remaining animals (6 per
group, 30 week-old) were sacrificed and the cortex was dissected from the brain, blotted dry and
then weighed. After centrifugation of the cortex lysate, 0.65 ml of 10.3 mM N-methyl-2phenyl-indole
in acetonitrile were added to 0.2 ml of the supernatant. After vortexing for 3—4 s and adding 0.15 ml
of HCI 37%, samples were mixed well and closed with a tight stopper and incubated at 45 °C for

60 min. The samples were then cooled on ice and optical density was spectrophotometrically
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measured at 532 nm (340 ATTC; SLT Lab Instruments, Grodig, Austria). MDA concentration was
calculated from a standard curve established with serial dilutions of tetraethoxypropane, and

expressed as mmol/g of tissue.

4.6. Assay of nitrite concentration

To assess nitrosative stress, concentration of nitrites (as NO product) was also measured in the
cerebral cortex of the above mice (6 per group) sacrificed after the last behavioral test, as
previously described (Bagheri et al., 2011; Giuliani et al., 2013). Briefly, the cortex was dissected
from the brain, blotted dry and then weighed. After centrifugation of the cortex lysate, 100 pl of the
supernatant were incubated with an equal volume of Griess reagent (1% sulphanilamide and 0.1%
naphthyl-ethylenediamine dihydrocloride in 2.5% phosphoric acid). After 10 min of incubation at
room temperature, optical density of the cromophore so formed was spectrophotometrically
measured at 540 nm (340 ATTC; SLT Lab Instruments). Nitrite concentration was calculated from
a standard curve established with serial dilutions of sodium nitrite, and expressed as nmol/g of

tissue.

4.7. Isolation of cytoplasmic and nuclear proteins and Western blot analysis

The whole hippocampi were also dissected from the above mouse brains (6 animals per group;
mice were sacrificed within 90 min after the end of the last behavioral test to detect, as well, Zif268
expression: Tashiro et al., 2007; Giuliani et al., 2009,2011). The hippocampi were used to measure
phosphorylation state/level of PS1, APP, AB, tau, Zif268, tumor necrosis factor-a (TNF-a), and
caspase-3. After extraction of nuclear (for Zif268 analysis) and cytoplasmatic (for analysis of all the
other markers) proteins, as previously described (Giuliani et al., 2006,2009,2013; Ottani et al.,
2009; Bitto et al., 2012), proteins (30 ug for each sample) were denatured, electrophoretically

separated and transferred onto nitrocellulose membranes. Staining of the blots with Ponceau’s
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solution showed that total protein amount was equal in each lane. The blots were then blocked and
incubated overnight at 4 °C with the following primary antibodies: phospho (p)-tau Thrl81, p-tau
Ser396, p-tau Ser202, p-APP Thr668, AB (1-42 specific) and PS1 (Cell Signaling, Charlottesville,
VA, USA), active caspase-3 (Bio-Vision, San Francisco, CA, USA), TNF-a (Millipore, Billerica, MA,
USA), Zif268 (Abcam). The day after, the membranes were incubated with a specific secondary
antibody peroxidase-conjugated for 1h at room temperature. To prove equal loading, the blots
were analyzed for B-actin expression (house-keeping gene) using an anti-B-actin antibody (Cell
Signaling). The membranes were analyzed by the enhanced chemiluminescence system according
to the manufacturer's protocol (Millipore). The protein signals were quantified by scanning
densitometry using a bio-image analysis system (Bio-Profil, Celbio, Italy) and expressed as relative
integrated intensity in comparison with those of naive wild-type animals (Giuliani et al.,

2006,2009,2013; Ottani et al., 2009; Bitto et al., 2012).

4.8. Statistical analysis

All data were detected blind to the treatment and are shown as mean + SEM. Values were
analyzed by means of two-way repeated measures ANOVA (behavioral data) or one-way ANOVA
(all other data) followed by the Student-Newman-Keuls’ test. A value of p < 0.05 was considered

significant.
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5.0 RESULTS

5.1 Pharmacological activation of melanocortin MC4 receptors improves cognitive

processes

Progressive memory loss and severe cognitive decline characterize AD (Igbal & Grundke-
Igbal, 2010, 2011; Tayeb et al., 2012). Therefore, | investigated with Morris Test the ability
of 3xTg-AD mice to learn, remember and reach a place in space defined only by their
position relative to distal extramaze cues.

In saline-treated control 3xTg-AD mice | observed an impaired ability (as compared with
wild-type mice) in place finding during all four Morris test sessions (Fig. 7). On the contrary
3xTg-AD mice treated with the melanocortin NDP-a-MSH showed a significant
improvement in learning and memory performance from the first training day, compared
with saline-treated control 3xTg-AD mice (Fig. 7).

The predominant melanocortin receptor subtypes expressed in CNS are MCz and MCy,
and MC,; activation has been demonstrated to induce neuroprotection in acute
neurodegenerative conditions (Mountjoy, 2010; Giuliani et al., 2012). So, | investigated the
role of this receptor subtype. The favorable effect of NDP-a-MSH — which activates MC,
MC3;, MC,4 and MCs receptors (Giuliani et al., 2006,2007,2009,2011) — on the behavioral
performance of 3xTg-AD mice was completely blocked by pretreatment with the selective
MC, receptor antagonist HS024 (Fig. 7).

Of note, at the here used nanomolar doses, neither NDP-a-MSH alone nor HS024 alone
significantly affected learning and memory in wild-type mice (not shown), and no signs of

toxicity were recorded in mice treated with NDP-a-MSH and HS024.
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Fig. 7. NDP-a-MSH improves learning and memory in 3xTg-AD mice. Histograms’ height
indicates mean values + standard error of the mean of (A-D) latency to escape onto the hidden
platform (Morris Water Maze test; n=10 mice per group). The effects of NDP-a- MSH (340 ug/kg
i.p., once daily for 18 weeks, starting treatment at 12 weeks of age) were prevented by
pretreatment with the MC4 receptor antagonist HS024 (130 wg/kg i.p., before each administration
of NDP-a-MSH). WT= wild type mice; 3xTg=3XTg-AD mice; S=saline; NDP= NDP-a-MSH; HS=
HS024. * p < 0.001 versus the corresponding value of 3xTg-AD mice treated with saline; # p <
0.001 versus the corresponding value of 3xTg-AD mice treated with NDP-a-MSH alone.
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5.2. Pharmacological activation of melanocortin MC, receptors reduces brain

amyloid deposit and neuronal death

The AD-related brain morphological alterations (Oddo et al., 2003; Blennow, 2010; Igbal
and Grundke-Igbal, 2010,2011) were studied after the fourth session of behavioral tests, in
some animals randomly taken from each experimental group. Inside the frontal isocortex
of saline-treated 30 week-old 3xTg-AD mice | found a number of neurons showing
irreversible (pyknosis, nuclear dust) or reversible (swollen perikaryon, cellular shrinkage)
alterations, with considerable neuronal loss and increase of microglia cells. In the
hippocampus and frontal isocortex of saline-treated 30 week-old 3xTg-AD mice | also
observed a substantial extracellular amyloid deposit (Fig. 8 A-C). On the contrary, in 3xTg-
AD mice treated with NDP-a-MSH | detected a significant preservation of the
morphological picture, with a marked reduction in amyloid deposit (hippocampus and
frontal isocortex), and a greater number of viable neurons (frontal isocortex), if compared
with saline-treated 3xTg-AD animals (Fig. 8 A, B, D). The beneficial effects of NDP-a-MSH
on morphological picture, amyloid deposit and neuron viability were prevented by

pretreatment with the selective MC, receptor antagonist HS024 (Fig. 8 A, B).
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Fig. 8. NDP-a-MSH reduces histological damage and AB deposit in the hippocampus and
isocortex of 3xTg-AD mice. Histograms’ height indicates mean values * standard error of the
mean at 30 weeks of age (n= 4 mice per group). Treatments as in Figure 7 ; the effects of NDP-a-
MSH were prevented by pretreatment with the MC4 receptor antagonist HS024. The figure shows
a lesser morphological damage and lower amount of AS deposit in the NDP-a-MSH-treated 3xTg-
AD mouse (D) at ordinary (image on the left, brown plaques), polarized (center, birefringent
image), and fluorescent (right) light, in comparison with saline solution treated one (C) (ethanol
Congo red/Weigert hematoxylin staining and thioflavin S). W= wild-type mice; 3xTg=3xTg-AD
mice; S= saline; NDP= NDP-a-MSH; HS= HS024. * p < 0.001 versus the corresponding value of
3xTg-AD mice treated with saline; # p < 0.001 versus the corresponding value of 3xTg-AD mice
treated with NDP-a-MSH alone. Field wide= 205 um.
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5.3 Pharmacological activation of melanocortin MC4 receptors increases gene Zif268

expression/activity

Zif268 is an immediate early gene whose expression is dependent on synaptic activity and
it is used as indicator of recently activated neurons, synaptic transmission and plasticity
(Giuliani et al., 2009, 2011; Sanchez et al., 2012). Accordingly, in this work | measured
Zif268 protein levels in the hippocampus of 30 weeks old animals within 90 min after the
end of the fourth session of behavioral study. Immunoblot analysis showed a very low
Zif268 expression in saline-treated 3xTg-AD mice, relative to wild-type animals. Contrarily,
treatment of 3xTg-AD mice with NDP-a-MSH produced a significant increase in the

expression of this activity-dependent gene Zif268 (Fig. 9).
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Fig. 9. NDP-a-MSH improves hippocampus Zif268 over-expression. Histograms’ height
indicates mean values * standard error of Zif268 expression assessed within 90 minutes after the
last session of the Morris test (n = 6). Treatments as in Figure 7; the effects of NDP-a- MSH were
prevented by pretreatment with the MC4 receptor antagonist HS024. Top shows representative
immunoblots highlighting Zif268 expression; B-actin expression is also shown. WT=wild type mice;
3xTg=3xTg-AD mice; S=saline; NDP=NDP-a-MSH; HS=HS024. * p < 0.001 versus the
corresponding value of 3xTg-AD mice treated with saline; # p < 0.001 versus the corresponding
value of 3xTg-AD mice treated with NDP-a-MSH alone.
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5.4 Pharmacological activation of melanocortin MC,4 receptors reduces
level/phosphorylation state of amyloid/tau cascade proteins

| also assessed in the hippocampus of the above 30 week-old 3xTg-AD mice, by western
blot analysis, the main proteins of the amyloid cascade and tau protein (Oddo et al., 2003;
Craig-Schapiro et al., 2009; Yu et al., 2009; Hanisch et al., 2010;).

In 3xTg-AD mice treated with saline | detected hyperphosphorylation of APP at Thr668
and of tau protein at Thrl81, Ser396 and Ser202, as well as over-expression of PS1 and
AB (Fig. 10). Contrarily, in 3xTg-AD mice treated with NDP-a-MSH the
phosphorylation/expression level of the amyloid/tau cascade proteins markedly decreased,
relative to that of saline-treated 3xTg-AD mice (Fig.10).

This protective effect was inhibited by pretreatment with the MC, receptor antagonist

HS024 (Fig. 10).
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Fig.10. NDP-a-MSH reduces APP, PS1, AB, and tau level/phosphorylation state in the
hippocampus of 3xTg-AD mice. Histograms’ height indicates mean values * standard error of
the mean at 30 weeks of age (6 mice per group). Treatments as in Figure 7; the effect of NDP-a-
MSH on p-APP Thr668 (A), PS1 (B), ABle42 (C), p-tau Thrl81 (D), p-tau Ser396 (E), and p-tau
Ser202 (F) expression was prevented by pretreatment with the MC4 receptor antagonist HS024.
Top of each panel shows representative immunoblots highlighting p-APP Thr668, PS1, ABle42, p-
tau Thrl81, p-tau Ser396, and p-tau Ser202 expression; B-actin expression is also shown.
WT=wild-type mice; 3xTg= 3xTg-AD mice; S=saline; NDP=NDP-a-MSH; HS=HS024. * p < 0.001
versus the corresponding value of 3xTg-AD mice treated with saline; # p < 0.001 versus the
corresponding value of 3xTg-AD mice treated with NDP-a-MSH alone.
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5.5 Pharmacological activation of melanocortin MC,4 receptors attenuates oxidative

and nitrosative stress

To explore another feature of AD, namely excitotoxicity-triggered oxidative and nitrosative
stress (Gao et al., 2012; Karbowski & Neutzner, 2012), at the end of the fourth session of
the Morris test | evaluated MDA concentration (as an index of oxidative stress-induced
lipid peroxidation) and nitrite concentration (nitric oxide breakdown products, as an index
of nitrosative stress) in the cerebral cortex, another vulnerable region of the AD brain.

In saline-treated 3xTg-AD mice | detected a higher concentration of MDA and nitrites, as
compared with wild-type animals (Fig. 11).

A significant decrease of MDA and nitrite levels was noticed in 3xTg-AD mice treated with

NDP-a-MSH, and this favourable effect was abated by pretreatment with the MC, receptor

antagonist HS024 (Fig. 11).

>
w

(<]
o
J

80 -

[<1]
o
1

MDA
(mmol/g of tissue)
3
Nitrites
(nmol/g of tissue)

60

40 -

N
o
*
*

20 - *

Fig. 11. NDP-a-MSH reduces malondialdeyde (MDA) and nitrite levels in the cerebral cortex
of 3xTg-AD mice. Histograms’ height indicates mean values + SEM at 30 weeks of age (n=6 mice
per group). Treatments as in Figure 7; the effect of NDP-a-MSH on (A) MDA and (B) nitrite levels
was prevented by pretreatment with the MC4 receptor antagonist HS024. WT= wild-type mice;
3xTg=3xTg-AD mice; S=saline; NDP=NDP-a-MSH; HS=HS024. * p < 0.001 versus the
corresponding value of 3xTg-AD mice treated with saline; # p < 0.001 versus the corresponding
value of 3xTg-AD mice treated with NDP-a-MSH alone.
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5.6 Pharmacological activation of melanocortin MC, receptors counteracts

inflammatory and apoptotic responses

Finally, in 30 week-old 3xTg-AD mice | also explored by western blot analysis the
inflammatory and apoptotic cascades, which have an established pathophysiological role
in AD (Friedlander, 2003; Zipp & Aktas, 2006; Tayeb et al., 2012).

Assay of hippocampus TNF-a showed high levels of this pro-inflammatory cytokine in
saline-treated 3xTg-AD mice, but low levels in those treated with NDP-a-MSH (Fig 15 A).
Also this neuroprotective effect of NDP-a-MSH was blunted by pretreatment with the MCy4
receptor antagonist HS024 (Fig. 12 A).

Next, to investigate apoptosis, | assessed expression of one of the apoptosis proteins
(Friedlander, 2003; Giuliani et al., 2006b, 2012). The hippocampus level of the
downstream executioner caspase-3 — assessed for its specific involvement in DNA
fragmentation (Friedlander, 2003; Giuliani et al., 2006b, 2012) — was significantly higher in
saline-treated 3xTg-AD mice than in wild-type animals, whereas in 3xTg-AD mice treated
with NDP-a-MSH it was very reduced (Fig.12 B). As expected, the effect of NDP-a-MSH
on caspase-3 expression was as well inhibited by pretreatment with the MC4 receptor

antagonist HS024 (Fig. 12 B).
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Fig.12: NDP-a-MSH modulates inflammatory and apoptotic cascades in 3xTg-AD mice.
Histograms’ height indicates mean values + standard error of the mean at 30 weeks of age (n = 6
mice per group). Treatments as in Figure 7; the effect of NDP-a-MSH on the levels of TNF-a (A)
and caspase-3 (B) was prevented by pretreatment with the MC4 receptor antagonist HS024. Tops
of panels show representative immunoblots highlighting tumor necrosis factor and caspase-3
expression; 3-actin expression is also shown. WT=wild-type mice; 3xTg=3xTg-AD mice; S= saline;
NDP=NDP-a-MSH; HS=HS024.* p < 0.01, at least, versus the corresponding value of 3xTg-AD
mice treated with saline solution; # p < 0.01 versus the corresponding value of 3xTg-AD mice
treated with NDP-a-MSH alone.
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Discussion

The neuropathology of AD consists mainly of senile plagues and neurofibrillary tangles in
the brain, and this leads to a progressive neurodegenerative disorder associated with
cognitive decline and behavioral deficits. The current approved therapy relies on activation
of anti-glutamatergic and cholinergic mechanisms, but it only induces modest and transient
symptom improvement (Tayeb et al., 2012; Galimberti et al., 2013).

The rapid aging of populations worldwide, with consequent increase in AD incidence,
represents a real social and economic alarm (Gustavsson et al., 2011), thus innovative
pharmacological approaches are required.

In this work | demonstrated that the melanocortin peptide NDP-a-MSH significantly
protects against impairment in learning and memory in a 3xTg-AD mouse model that most
closely mimics human AD, such effect being accompanied by a hippocampus significant
increase in the expression of the synaptic activity-dependent gene Zif268. The NDP-a-
MSH-induced improvement in behavioral performance is also associated with isocortex
and hippocampus reduced AB deposits, APP and tau phosphorylation levels, and
decreased neuronal loss. In fact, these data give evidence that melanocortins reduce AR
generation and tau phosphorylation successfully targeting APP Thr668, PS1, and tau
protein at sites Thrl81, Ser396 and Ser202. It is worth noting that among the several
potential phosphorylation sites of APP and tau, APP Thr668, as well as tau Thrl81, tau
Ser396 and tau Ser202, play a relevant role in AD pathology: indeed,
hyperphosphorylation of APP Thr668 is essential for increasing AB generation, and
hyperphosphorylation of tau Thrl81, tau Ser396 and tau Ser202 plays a key role in
converting tau into a molecule that inhibits microtubule assembly and polymerizes into
intraneuronal neurofibrillary tangles (Oddo et al., 2003; Chang et al., 2006; Craig-Schapiro

et al., 2009; Yu et al., 2009; Blennow, 2010; Hanisch et al., 2010; Igbal and Grundke-Igbal,
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2010,2011; Ittner and Gotz, 2011). | also show that treatment with NDP-a-MSH diminished
the oxidative and nitrosative stress, as indicated by the reduced levels of MDA and nitrites
in the cerebral cortex. Inflammatory cascade was too attenuated, as proved by the
decrease in the hippocampus TNF-a. Further, apoptosis was modulated, as indicated by
counteraction of caspase-3 activation. So, these data showing that melanocortin-induced
cognitive improvement is likewise associated with brain reduced levels of the pro-
inflammatory cytokine TNF-a and the apoptosis down-stream executioner caspase-3
support the idea that, for an effective neuroprotection against AD, counteracting these
mechanisms is also suitable (Friedlander, 2003; Zipp and Aktas, 2006; Tayeb et al., 2012).

All these protective events occurred at nanomolar doses and seem to be mediated by
central MC4 receptors, since NDP-a-MSH failed to protect 3xTg-AD mice pretreated with
the selective MC, receptor antagonist HS024.

The multiple beneficial effects against AD found in this present study, therefore, might
be due to a physiologically arranged self-defence machinery that is activated after the MC,4
receptor-mediated signal transduction of NDP-a-MSH, and that targets multiple AD-related
pathophysiological pathways; notably, learning was faster in NDP-a-MSH-treated 3xTg-AD
animals than in wild-type ones treated with saline or NDP-a-MSH, likely because of a
protective AD-induced sensitization of MC4 receptors.

It is relevant to note that melanocortins have established, adrenal-independent, anti-
inflammatory effects (Catania et al., 2004; Giuliani et al., 2012), and the present data are
consistent with this notion: indeed, NDP-a-MSH does not stimulates adrenal glands,
because it does not bind MC, receptors, which are expressed in adrenal cortex and
mediate glucocorticoid release.

Interestingly, no signs of toxicity were recorded in the present investigation throughout
the 18 weeks of melanocortin treatment: indeed, NDP-a-MSH and the MC, receptor

antagonist HS024 were administered at nanomolar doses, and melanocortins are devoid
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of appreciable toxicity also in long-term treatments (Catania et al., 2004; Brzoska et al.,
2008; Wikberg and Mutulis, 2008; Minutoli et al., 2012).

In conclusion, in the present study | found that melanocortins acting at MC4 receptors can
induce a considerable neuroprotection in the course of a mild AD, through a counteraction
of multiple pathophysiological mechanisms. These findings could have important clinical
implication. However, to assess the potential therapeutic value of melanocortins,
investigations by beginning treatment when experimental AD is at more severe stages are

also needed.
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