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Preface

Neuroscience is a large field founded on the premise that all of behavior and
mental abilities have their origin in the structure and function of the nervous
system. This book attempts to provide an overview of major neurodegenera-
tive diseases with a special focus on diseases related to the central nervous
system (CNS). Neurodegenerative diseases add up to tremendous medical
and financial burden due to their non-partisan share for individuals of all
ages, with elderly population contributing the largest share. Due to the enig-
matic and complex nature of neurodegenerative diseases, therapeutic inter-
vention to address the same is of immense challenge for the researchers. To
date, research has suggested the involvement of diverse factors and complex
mechanisms in disease etiology, with a bolting approach still lacking to
thwart neurodegeneration. Such impuissance of researchers is mainly due to
delayed appearance of behavioral symptoms: the only diagnostic marker for
most of the neurodegenerative diseases presently. In fact, the visible symp-
toms manifest at later and peak stage of disease act as barrier for timely
intervention.

Brain has postmitotic neurons thereby lacking restoration of damaged
neurons. Previous studies have implicated neurogenesis mainly in the hippo-
campal area of the brain, while the disease pathology may encompass any
brain region. Further, restoration of damaged neurons by stem cell therapy
failed to achieve the desired effect due to the lack of versatile utilization for
treatment and its financial impact. The prime focus of this book is to intro-
duce students to the major CNS-related neurodegenerative diseases. The
chapters aim to introduce the readers about disease pathologies, related
mechanisms involved, and available therapeutics. As the disease diagnosis is
a huge challenge for physicians and researchers alike, specific chapters focus-
ing on the same have been included to assist the reader in getting a compre-
hensive view of the disease. Further, the book focuses on neurodegenerative
diseases involving mental abilities and motor responses, specifically
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease
(HD), and amyotrophic lateral sclerosis (ALS). Collectively, research to date
strongly supports the view that prevention might be a better approach to fight
the disease. In line with disease etiology and diagnosis, we have also endeav-
ored to expose the readers to the existing alternative preventive therapeutic
approaches. Alternative therapies derived from natural products may out-
weigh the side effects of the conventional approaches, thereby a potential
option for long-term treatment.
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Alpha Synuclein and Parkinson’s

Disease

Arti Parihar, Priyanka Parihar, Isha Solanki,
and Mordhwaj S. Parihar

1.1 Introduction

Parkinson’s disease (PD) is the age-related
neurodegenerative disorder diagnosed by tremor
at rest, rigidity, and bradykinesia symptoms. The
prevalence of PD increases with the increase in
age and about 2-3% population worldwide suffer
from the disease >65 years [1]. The major neuro-
pathology of PD patients is the deficit of dopami-
nergic neurons the substantia nigra pars compacta
(SNpc) region of the midbrain. The lesions caused
in these brain regions cause severe depletion of
striatal dopamine. Non-motor symptoms like
dementia, depression, anxiety, insomnia, exces-
sive daytime sleepiness, rapid eye movement
sleep disorder, constipation, difficulty in swallow-
ing, and dyspepsia may also be involved in PD
symptoms and pathology. Histological character-
istic of PD includes the occurrence of Lewy bod-
ies (LBs) in existing neurons [2]. However, little
is known about the formation of LBs. The rising
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evidence revealed that LB biogenesis may involve
neuroprotective reactions [3]. Numerous studies
have been executed to elucidate the role of
a-synuclein in the pathogenesis of PD.

Reports have shown the expression of
a-synuclein in neurons which abundantly distrib-
uted in presynaptic neuronal terminals of syn-
apses [4]. The distribution of a-synuclein in the
synaptic terminals indicates that this protein may
take an important role in synaptic plasticity,
kinetics of vesicle, and in the dopamine synthesis
and its release. The role of a-synuclein in the
pathogenesis of PD has been extensively ana-
lyzed. The observation of fibrillar a-synuclein in
LBs and the occurrence of mutations in the
a-synuclein gene in familial forms of PD have
led to the belief that this protein has a critical role
in PD pathology. The relationship of a-synuclein
and PD has been identified by a genetic finding of
AS53T mutation of a-synuclein gene (SNCA) in a
family with autosomal-dominant familial PD [5].
Furthermore the implication of a-synuclein in
PD has been corroborated by the discovery of the
other mutations of SNCA, involving A30P and
E46K in other families with inherited PD [6, 7].
The function of a-synuclein in PD was further
strengthened by the investigation in which pres-
ence of this protein was found as the primary
structural constituent of LBs [8]. Here, we pres-
ent an overview of existing knowledge on
the physiological functions, oligomerization, and
aggregation of a-synuclein and its pathological
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role in PD. Considering the nature of the various
a-synuclein structures and its mechanism of tox-
icity may be important in developing attractive
treatment options against the pathologic hall-
marks of PD and a-synucleinopathies.

Localization
and the Structure
of a-Synuclein

1.2

The varied forms of synuclein protein, «, 3, and y
are expressed at numerous locations in the ner-
vous system [9]. Synuclein a- and p-forms are
chiefly present in nerve terminals, near synaptic
vesicles in the central nervous system [10],
whereas y-synuclein is present in neuronal cells
of the peripheral nervous system [10].
a-Synuclein is mainly located in the cytoplasm
but extracellular a-synuclein has also been stud-
ied [11]. In PD, the levels of a-synuclein are
higher in cerebrospinal fluid (CSF) than age
matched controls [12], indicating that a-synuclein
is also present in extracellular brain fluids. Most
significantly, a-synuclein oligomers have abun-
dantly distributed in the extracellular space in
PD. The presence of a-synuclein both at intra-
and extracellular spaces could explain that the
extracellular a-synuclein oligomers may disperse
from one neuron to another, and this movement
might channelize the succession of the disease
from one brain region to other regions.
a-Synuclein is a 14 kDa protein (140 amino
acids; pKa of 4.7) expressed by the SNCA gene on
human chromosome 4 [13]. It is the cytoplasmic
and/or membrane-bound protein found in
presynaptic terminals of neurons [14] categorized
by an amphipathic lysine-rich amino terminus
(Fig. 1.1a—d). a-Synuclein is intrinsically located
in the cytoplasm (Fig. 1.1b) but exhibits alpha
helical confirmation when bound to cellular mem-
branes [15]. In addition, a-synuclein is also
located in other subcellular compartments such as
mitochondria (Fig. 1.1c, d) [16] and it can also be
secreted and transferred to nearby cells [17, 18].
The normal cellular state of alpha synuclein is the
a-helically folded 58 KDa tetrameric complex
that primarily exists as an unfolded monomer in
the central nervous system [19]. By structure

a-synuclein protein consists of three domains like
an amino terminus (residues 1-60), a central
hydrophobic region (61-95), so-called NAC
(non-Af component), and a carboxyl terminus
which is extremely negatively charged (Fig. 1.2)
and is prone to be unstructured [20]. The
N-terminal domain is particularly significant for
the pathological dysfunction of a-synuclein as the
rare point mutations like Ala53Thr, Ala30Pro,
Glu46Lys, His50GIn, Gly51Asp, and Ala53Glu
are present in this region [21]. However, NAC
domain is accountable for the aggregation attri-
butes of a-synuclein via inhibition of its degrada-
tion and promotion of its fibrillation [22].
Although the normal physiological role of
a-synuclein is not known, still it appears to be
involved in compartmentalization, storage, and
recycling of neurotransmitters [23]. a-Synuclein
has been shown to interrelate directly with the
membrane phospholipids, especially vesicles and
have a role in the vesicle trafficking during the
neurotransmission release. It also appears to be
associated with directive of various enzymes and
tends to augment the integer of dopamine trans-
porter molecules [24]. In addition, recombinantly
o- and B-synucleins inhibit mammalian phospha-
tidylcholine (PC)-specific phospholipases D2
activity in vitro [25], suggests that inhibition of
PLD2 may be a function of synucleins.

In aqueous solution, a-synuclein normally has
natively unfolded protein structure but may assume
oligomeric and/or fibrillar conformations in defi-
nite pathological conditions like mutations in the
SNCA gene, overexpression, oxidative stress, and
posttranslational amendment (Fig. 1.3a—d).
Studies indicate that the pathogenic species of
a-synuclein involve the posttranslationally modi-
fied, mutant, oligomeric, or aggregated forms that
could induce adverse effects by disturbing the
physiological function of a-synuclein in release of
neurotransmitters [26, 27]. Pathological form of
a-synuclein may impair mitochondrial functions
and mitophagy [28, 29]. It may also result in endo-
plasmic reticulum (ER) stress by disrupting
ER-Golgi vesicular transport [30, 31] and vitiating
the effectiveness of some protein degradation
pathways [32]. Thus a-synuclein adversely affects
the cellular physiology which consequently causes
cellular injury and death.
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Mitochondria

Fig. 1.1 Localization of a-synuclein in the cytoplasm
and mitochondria of neurons. (a) Human neuroblastoma
cells were loaded with mitotracker red (Mitochondria)
and (b) immunostained for a-synuclein using monoclonal
a-synuclein antibody (a-Synuclein). Fluorescence was
detected by confocal microscopy. The a-synuclein immu-

1.3 The Transmission
and Release of a-Synuclein

in Brain Cells

a-Synuclein has self-propagating property, there-
fore it extends gradually among interconnected
brain regions. Different brain regions have the
presence of pathological a-synuclein aggregates
involving both the peripheral nervous system
(PNS) and central nervous system (CNS) [33].
Several observations in human samples revealed
the transmission and secretion of a-synuclein in
the brain cells. Together monomeric and oligo-

noreactivity is shown in green, mitochondria staining in
red, and the merge image (merge) is yellow for overlap-
ping red and green signals (c). (d) Immuno-gold electron
microscopic localization of a-synuclein in the mitochon-
dria of human neuroblastoma cells. Immuno-gold-labeled
particles are shown by arrows

meric forms of a-synuclein species have been
observed in samples of human plasma and cere-
brospinal fluid [11, 34], which suggests that
a-synuclein can be secreted in brain cells. The
exact machinery of a-synuclein release is not
entirely understood; however, it is well identified
that a-synuclein can be secreted into the culture
medium by varied types of neuronal cells [35,
36]. Internalization of a-synuclein has also been
demonstrated [37-39], possibly through passive
diffusion by enacting with membranes and lip-
ids [40]. Majority of experiments verified that
a-synuclein may be spread from one cell to
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Fig. 1.2 Schematic representation of «-synuclein required for the aggregation process. The C-terminal

regions: (a) a-Synuclein (SNCA) genomic region on
chromosome 4q22.1, (b) SNCA gene structure, (c)
mRNA, and (d) protein domains. The amino-terminal
from amino acids 1-60 is an amphipathic region. This
region is responsible for a-synuclein—-membrane interac-
tions. Localized in this region of a-synuclein are three
point mutations (A30P, E46K, and A53T). The amino
acids 61-95 is termed as central region (NAC), NAC is

another by a cell-to-cell transmission machinery
[41]. The study confirmed that diverse forms of
human a-synuclein, involving monomers, oligo-
mers, and fibrils, might be absorbed by neurons
in vivo by endocytosis [42]. In addition, host-to-
graft transmission of human a-synuclein has also
been demonstrated in rats [43].

1.4  a-Synuclein Physiological

Functions

The physiological functions of a-synuclein are
the subject most debated in the neuroscience
field. However, several researches in the field

region from amino acids 96-140 possesses acidic
residues and several negative charges. The residue serine
129 in this region is phosphorylated in Lewy bodies. The
three missense mutations known to cause familial PD
(A30P, E46K, and A53T) lie in the amphipathic region.
The non-amyloid-p component or the NAC domain of
a-synuclein is associated with an increased tendency of
the protein to form fibrils

suggest that a-synuclein enacts at the presynaptic
terminal and controls the synaptic transmission.
The subcellular localization of a-synuclein at the
synapse supports this idea [44, 45]. Evidences
suggest that a-synuclein perform many functions
at the synapse, i.e., in the rhythm of synaptic ves-
icles, regulating the vesicle pool size,
militarization, and endocytosis [4, 46].
C-terminus region of o-synuclein has been
observed to interact with the synaptobrevin-2
(VAMP2) [47], a central player in synaptic
exocytosis [48]. Burre et al. [47] reported that the
N-terminus of the protein might bind to phospho-
lipids and endorse soluble N-ethylmaleimide-
sensitive factor attachment protein receptor
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Fig. 1.3 Aggregation of a-synuclein in human neuro-
blastoma cells. (a) Human neuroblastoma cells were over-
expressed with wild-type a-synuclein and immunostained
for a-synuclein using monoclonal antibody. (b)
Mitochondria were labeled with mitotracker red. (c)
Merge shows mitochondria and a-synuclein images over-
laid. Aggregates are shown by arrows. (d) Silver-stained

a b c d

SDS-PAGE of cell homogenates [lane (a) unaggregated
(control) a-synuclein, lane (b) aggregated a-synuclein
(mutant A53T), lane (c) aggregated a-synuclein (A30P),
and lane (d) aggregated o-synuclein (wild type).
Unaggregated a-synuclein migrated at about 19 kDa, con-
sistent with monomeric size. Aggregated o-synuclein
showed both low and high molecular mass]
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(SNARE) complexes assembly. SNARE proteins
encounter important roles in synaptic vesicle
exocytosis [49]. Study by Diao et al. [S0] revealed
that a-synuclein was involved in synaptic trans-
mission by increasing vesicle clustering. These
studies suggest that the a-synuclein may delay
vesicle trafficking by enhancing vesicle cluster-
ing. These studies support the complex multimer-
ization dependent function of a-synuclein, which
is vastly reliant on its lipid-binding domains.
a-Synuclein can continuously transport between
cytosolic monomeric and membrane-bound mul-
timers. a-Synuclein also has an important role in
the nucleus. The N- and C-termini of a-synuclein
have a signal-like role for its nuclear transloca-
tion. Familial mutations and oxidative stress has
been found to increase its nuclear localization
[51-53]. However, the mechanism of nuclear
import of a-synuclein is still not understood.
Once a-synuclein enters the nucleus, it may par-
ticipate in the regulation of transcription. It has
been observed that o-synuclein binds to the
GCla promoter, a vital mitochondrial transcrip-
tion factor, eventually having a negative effect on
mitochondria homeostasis [54, 55]. Although
several questions are still unclear, currently there
is strong evidence for the role of a-synuclein in
intracellular trafficking, with particular focus on
synaptic vesicle trafficking.

a-Synuclein has been shown to defend dopa-
minergic cells against apoptosis by signaling
pathways involving protein kinase C (PKC). PKC
is a serine-threonine kinase involved in phosphor-
ylation of different target proteins and therefore
controls many cellular mechanisms, such as apop-
tosis. PKC is very sensitive to oxidative stress and
triggers an apoptotic cascade in dopaminergic
cells. a-Synuclein has been shown to be a PKC
downregulator that can protect dopaminergic cells
against apoptosis. a-Synuclein has been shown to
switch off the proteolytic cascade by downregula-
tion of PKCd expression. Thus in dopaminergic
cells, a-synuclein may be considered to be a neu-
roprotective protein [56]. a-Synuclein regulates
different cellular functions via activation of Ras.
The activated Ras can activate other signaling
molecules including the ERK/MAPK pathway
which is involved in sending a signal of growth

factor from the cell receptor to transcription fac-
tors in the nucleus [57].

a-Synuclein expression has also been recorded
in many other cell types, involving cells pertained
to secretory processes. o-Synuclein interacts
with insulin-containing secretory granules Kurp
channels that leads to the inhibition of insulin
secretion triggered by glucose stimulation. These
observations suggest a function of a-synuclein in
diabetes. Moreover, it has been shown that in
type 2 diabetes, there is a deposition of amy-
loidogenic protein in pancreatic -cells and these
patients are most likely to develop PD. However,
when a-synuclein combines to amyloid fibrils, an
amyloidogenic protein deposits in pancreatic
B-cells and forms irreversible damaging com-
plexes in dopaminergic cells [58]. Another
important function of a-synuclein has been
suggested for modulation of calmodulin (CaM)
activity. Calmodulin (CaM) is a messenger pro-
tein that can be activated through binding to Ca*
ions and triggers various mechanisms such as
those involved in short- and long-term memory.
Studies have revealed that both wild-type and
mutant o-synuclein can interrelate with CaM
both in vitro and in vivo. This interaction of CAM
with wild-type and mutant a-synuclein causes
a-synuclein fibrillization. a-Synuclein interacts
with many cellular proteins and acts as a molecu-
lar chaperone, because it comprises regions that
are homologous with 14-3-3 proteins which
interact with many cellular proteins. Chaperone
activity of a-Synuclein is dependent on both its
N- and C-terminal regions. The N-terminus is
accountable for interfacing of a-synuclein with
substrate proteins, leading to the arrangement of
a large complex while the C-terminus is respon-
sible for the solubilization of that complex [59].

a-Synuclein may act as an antioxidant in pre-
cluding oxidation of unsaturated lipids in synap-
tic vesicles. Dopaminergic neurons are very
sensitive to oxidative damage including the oxi-
dants produced by the metabolism of dopamine.
The a-synuclein in its monomeric form can
protect lipids from oxidation by interaction with
lipid membranes. Fibrillar form of a-synuclein
does not have this capability of protecting lipids
from oxidation. Thus monomeric form of
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a-synuclein could act as an antioxidant which has
a significant role in dopaminergic neurons to pro-
tect them against oxidative damage [60].
Monomeric a-synuclein can prevent apoptosis by
binding to cytochrome ¢ oxidase in mitochon-
drial membrane and inhibits liberation of cyto-
chrome ¢ from mitochondria to cytosol [61].

One of the key purposes of a-synuclein has
been suggested in the determination of dopamine
biosynthesis. a-Synuclein acts as the downregu-
lator of tyrosine hydroxylase (TH) activity that
may regulate dopamine production and manage
its cellular levels. Reduced expression of
a-synuclein or its aggregated form may lead to
enhanced dopamine synthesis that may lead to
oxidative stress caused by dopamine metabolism.
Both overexpression of «-synuclein and
mutations were demonstrated to upregulate the
inhibitory effect of a-synuclein on TH and dopa-
mine levels, leading to downregulation of dopa-
mine synthesis and release [62].

human neuroblastoma cells (Fig. 1.3) [65]. In
another detailed study, we showed that aggregated
a-synuclein binds specifically to the membranes
including mitochondrial membrane [65]. We
showed that overexpressions of wild-type and/or
mutants (A53T, A30P) a-synuclein increase the
aggregation in cells (Fig. 1.3) and affinity of
membrane binding which is exaggerated during
oxidative stress [66]. It has been shown that the
aggregation tendency of a-synuclein is aug-
mented by the E46K, H50Q, and A53T mutations,
whereas the opposite occurs in the G51D and
AS53E variants. A30P seems to be more suscepti-
ble to oligomerization, at the disbursement of
fibrillization [67-73]. The oligomeric species
detected in patients pretend by synucleinopathies
[74-76] has been shown to be the most toxic
forms of a-synuclein [77-79]. In addition to the
toxicity by oligomeric species, observations sus-
taining toxicity for fibrillar and mature a-synuclein
species are also being described [80-82].

1.5  «-Synuclein Misfolding

and Aggregation

Inherently perturbed proteins typically contain
primary sequences that preclude aggregation.
They are commonly high in charged residues and
prolines, and divested of long hydrophobic
stretches [63]. The NAC domain of a-synuclein is
the main aggregation sensitive region. This region
is partially sheltered by the positive and negatives
charges of the both N- and C-terminus of the pro-
tein. In fact, a-synuclein exhibits vibrant confor-
mations stabilized by retentive interactions which
offer considerable degree of compactness [64].
The retentive interactions that happen between
the C-terminus and the NAC region, and among
the N- and C-termini, may prevent protein aggre-
gation [64]. However, the native compactness of
a-synuclein might be disturbed due to the muta-
tions, alterations in environmental conditions,
and/or posttranslational modifications, that may
lead to misfolding and aggregation of the protein.
In an experimental study involving wild type and
mutants (A53T, A30P), we showed that
a-synuclein aggregates when overexpressed in

1.6  a-Synuclein and Parkinson’s

Disease

The role of a-synuclein in PD pathogenesis is con-
troversial. Several data described that the mutations
in gene encoding a-synuclein results in familial
PD, whereas the SNCA polymorphism results in
sporadic PD [83]. Transgenic mice overexpressed
with a-syn showed reduction in dopamine reup-
take, impairments in exocytosis in synaptic vesi-
cles, reduced mass of synaptic vesicle reusing pool,
and a reduction in neurotransmitter release [84].
SNCA knockout mice causes disablement in hip-
pocampal synaptic responses [26] that shows that
synuclein participate to the extended regulation
and preservation of the nerve terminal function
[85]. The pathogenic effect of both synthetic and
murine disease-associated forms of o-synuclein
has been demonstrated to cause PD-like a-synuclein
pathology in vivo [80]. Brain homogenates
obtained from old a-synuclein transgenic mice
when injected intracerebrally into the neocortex
and striatum of young asymptomatic transgenic
mice, there occur the accruement of the pathologi-
cal a-synuclein in diverse parts of the brain includ-
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ing the spinal cord. The accumulation was
connected with the cellular loss in the substantia
nigra and caused debilitated motor coordination
[86]. In similar experiment synthetic recombinant
a-synuclein preformed fibrils when injected to
young asymptomatic transgenic mice, the animal
produced the a-synuclein pathology in vivo. In an
experiment a normal mice were shown to exhibit
the a-synuclein pathology after administration of
the homogenates from patients with other synucle-
inopathies, like dementia with LB [81]. Reports
have also referenced the probable transmission of
a-synuclein pathology from the periphery to the
brain. Monomeric and oligomeric a-synuclein are
readily taken up by brain cells [87] although to a
lesser extent the fibrillar a-synuclein was also taken
up by brain cells. Human a-synuclein was also
seen in little microglial cells in the olfactory bulb,
anterior olfactory nucleus, and frontal cortex.
Accumulation of a-synuclein inside microglia sig-
nifies that microglia could offer clearing process of
the human o-synuclein present into the extracellu-
lar space by the neuronal cells.

In cases of autosomal-dominant forms of PD,
six different missense mutations have been recog-
nized in the gene encrypting for o-synuclein.
These are p.AS3T, p.A30P, p.E64K, p.H50Q,
p.G51D, and p.AS5S3E [88]. Mutations (AS53T,
A30P, and E46K) or duplication or triplication of
WT a-synuclein have been connected with unusual
forms of familial PD [5]. Many a-synuclein trans-
genic mouse models of the familial forms of PD
due to mutations in a-synuclein have been pro-
duced [89] which replicate many of the features of
a-synucleinopathy-induced  neurodegeneration,
observed in human PD and diffuse LB disease
[90]. Posttranslational alterations of a-synuclein
such as nitrosylation, oxidation, and phosphoryla-
tion have a role in amending a-synuclein aggrega-
tion and toxicity [91].

1.7  Cellular Toxicity of Wild-Type

and Mutated a-Synuclein

Numerous ex vivo and in vivo findings showed
that in vitro generated a-synuclein species have
significant toxic effects on cells [92]. Oligomers

were revealed to have different destructive effects
on cells in culture conditions. The mechanism of
toxicity in inducing cell death was proposed
through disturbance of cellular ion homeostasis
by a pore-forming mechanism. The increased
permeability and influx of ions, as a result of dis-
turbance in pore-forming machinery, from the
extracellular space may cause cell death [92].
Oligomers formed by recombinant a-synuclein
were exposed to form pores in a synthetic bilayer
assay. These protofibril-shaped species when
exposed to primary cortical neurons induced a
depolarization of the cellular membrane. Another
mechanism proposed that o-synuclein could
directly penetrate in cells and cause amplified
protein aggregation [92]. A significant neurotoxic
effect was noted when C. elegans and D. melano-
gaster were exposed to in vitro produced
a-synuclein oligomers [77]. The transgenic mice
exhibiting the artificial a-synuclein variants
E57K andE35K caused oligomer formation and
demonstrated an extreme loss of dopaminergic
neurons as compared to standard a-synuclein
transgenic mice, overexpressing wild-type
a-synuclein [78].

Oligomeric a-synuclein may cause a direct
synaptotoxic effect [93]. Exogenously added
a-synuclein oligomers on hippocampal brain
slices from rats cause an impairment on neuronal
signaling [94]. Preincubation of tissue with
a-synuclein oligomers caused an enhancement
in synaptic transmission offering to a suppres-
sion of long-term potentiation. In a recent study
by Kaufmann et al., [95] two dissimilar types of
oligomers were made either by polymerization
of monomers or by sonication of fibrils. Despite
of variations in the structure of these species,
both exhibited similar pessimistic impact on the
neuronal excitability. In vivo experiments were
also confirmed the outcome of a-synuclein
oligomers on the synaptic dysfunctions. In one
such  experiment, mice expressing the
a-synuclein mutants ES7K showed widespread
synaptic and dendritic pathology in conjunction
with the loss of synapsin 1 and reduction in syn-
aptic vesicles [96]. These observations indicate
the a-synuclein induced the disruption of pre-
synaptic neurotransmitter release machinery by
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the reduction of neuronal synaptic vesicles. The
buildup of oligomers chiefly occurs at the synap-
tic sites and is critical for the neuronal network
activity. These oligomeric or fibrillary
a-synuclein forms can propagate from one type
of neurons to other types and can produce toxic
effects in the recipient neurons [97].

The toxicity of a-synuclein depends on its
properties of binding to cytoplasmic organelles
possibly via N-terminal region. Our previous
studies [66] clearly showed the binding of
a-synuclein with the mitochondrial membrane
when aggregated. The overexpression of either
wild-type or mutants (A537, A30P) forms of
a-synuclein in human neuroblastoma cells
increases the accumulation of proteins. The accu-
mulated forms of a-synuclein upon binding to the
mitochondria cause decline in the mitochondrial
membrane potential and hamper the respiration
[66]. a-Synuclein oligomers have been shown to
block the proteins import into the mitochondria
by communicating with the translocase of the
outer membrane 20 (TOM 20) [98]. In addition,
the accumulations of a-synuclein oligomers in
the endoplasmic reticulum (ER) cause ER stress
and perturb its functions including the ER-mito-
chondria associations [99]. ER possesses inter-
linked chaperone proteins that guide the correct
folding of secreted proteins. These ER chaper-
ones including the grp94, grp78, and PDI have
been found to be compromised in the brain stem
and spinal cord of an a-synuclein A53T trans-
genic mouse model [100], thus suggesting that
a-synuclein may interfere with the process of
folding, translocation, or degradation of protein
in neurons.

1.8  Mechanisms of x-Synuclein

Toxicity

Insufficient is known about the machinery of tox-
icity innate to cell-to-cell transmitted a-synuclein.
The approach of a-synuclein transmission and
the variations of the SNCA gene manipulate
a-synuclein transmission remain to be explored.
The cell-to-cell imparted and endogenously
expressed a-synuclein both contribute to cyto-

toxic mechanisms that straightly influence neuro-
nal survival. a-Synuclein aggregation and its
cell-to-cell transmission particularly affect neu-
ronal physiological mechanisms like vesicle traf-
ficking including neurotransmitter release and
recycling [26, 27]. Its membrane binding affinity
with cytoplasmic organelles especially mito-
chondria and thus consequent dysfunction of
mitochondria perturbs not only the metabolic
procedures but also degradative mechanisms
[101, 102]. The interruption of vesicular trans-
port machinery, specifically those that activate
endoplasmic reticulum stress [30] is another
important negative effect of a-synuclein. It was
reported that extracellular a-synuclein causes
activation of astrocytes and microglia in vitro and
in vivo executing neuroinflammatory response
alike observed in PD pathology [80]. Apparently
neurons are extremely susceptible to glial cells-
derived proinflammatory factors, consequently
representing a substitutional neurotoxic process
generated by cells that have attained a-synuclein
from the extracellular milieu. a-Synuclein pro-
duces both protective and damaging effects.
a-Synuclein secreted by neurons could provoke
toxicity inside the cytoplasm of neighboring cells
and also in the extracellular space. This may
cause activation of glial cells in the brain that
may induce chronic inflammation, thus partici-
pating to the succession of the pathology through-
out the brain. Glial cells including both astrocytes
and microglia are able to absorb and degrade syn-
thetic recombinant a-synuclein [103]. In fact,
a-synuclein can be exchanged among neurons
and glial cells in vitro [104]. Neuron-derived
a-synuclein exposed to rat primary astrocytes
[104] and microglia [105] resulted in induction
of an inflammatory reaction. o-Synuclein in
aggregated form activates the microglia and thus
originates inflammation and damage of exagger-
ated neurons [105, 106]. a-Synuclein was found
to activate the microglia in a primary mesence-
phalic neuron-glia culture system, which was fol-
lowed by enhancement of dopaminergic
neurodegeneration [105]. In another study, when
cultured microglial cells were incubated with
protofibrils of a-synuclein, proinflammatory sig-
naling mechanisms involving p38, ERK1/2 MAP
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kinases and NF-xB turned out to be activated.
Administration of a-synuclein protofibrils into
the substantia nigra of adult rats induced the acti-
vation of microglia in addition to neuronal cell
loss, which could be inhibited by the MAP kinase
inhibitor semapimod [106]. These findings sug-
gest that oligomeric/protofibrillar o-synuclein
could exert few of its adverse effects by enhanc-
ing inflammatory responses in the pretended
tissue.

Abnormally high level of a-synuclein may
also disturb mitophagy. Postmortem brain tissues
obtained from PD patients showed the aggrega-
tion of a-synuclein. This aggregation increases
oxidative stress and agitates mitochondrial func-
tion [47]. Our own work showed that mitochon-
dria are very sensitive for oxidative stress induced
by wild-type and mutated a-synuclein [65, 66].
Furthermore, both in vivo and in vitro, expres-
sion of a-isoforms of a-synuclein in neuronal
cells induces the dysfunction of mitochondria,
which will ultimately lead to the declined
respiration and neuronal cell death [107].
Overexpression of a-synuclein may be restricted
in mitochondria and interrupt the mitochondrial
membrane potential by opening the mitochon-
drial permeability transition pore (mPTP) [66],
thus developing mitophagy [108].

1.9  Concluding Remarks

a-Synuclein plays an imperative role in various
physiological purposes involving regulation of
dopamine neurotransmitter, synaptic transmis-
sion, inhibiting oxidation of unsaturated lipids in
synaptic vesicles. a-Synuclein accumulates in PD
brains, in neuronal cells of the substantia nigra,
pons, medulla, and gut leading to inflammation
and cellular death and subsequently difficulties in
movement, digestion, circulation, and sleep.
Experimental studies also support the hypothesis
that mutations in SNCA gene and o-synuclein
oligomers have a vital role in the pathology of PD
and other age-related disorders [109]. The mecha-
nisms of toxic and damaging effects of prefibrillar
species of a-synuclein have been recognized
using molecular and biochemical methods. The

main mechanisms of oligomeric a-synuclein cel-
lular toxicity include: mitochondrial impairments,
ER stress, synaptic impairment, and affected cell
membrane functionality. Furthermore, oligomers
of a-synuclein may act as seeds for the arrange-
ment of aggregates and also appear to be prone to
transfer among cells. Stopping the a-synuclein
from aggregation is the most potential target for
treatment of PD. The strong evidence in favor of
a-synuclein oligomers indicates that they are pre-
dominantly accountable for the dissemination of
pathology. Therefore such oligomeric species of
a-synuclein should be appropriate targets for
early therapeutic intervention in Parkinson’s dis-
ease and other age-related  disorders.
Immunotherapy which efficiently interferes with
uptake of extracellular a-synuclein has also been
recently tried [110].
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2.1 Introduction

Parkinson’s disease (PD) is the second most com-
mon neurodegenerative disease with clinical
motor syndrome characterized by bradykinesia,
resting tremor, muscle rigidity, and postural
instability caused by reduced level of dopamine
[1]. Although the cause of the disease remains
elusive, recent studies suggest that mitochondrial
dysfunction, oxidative stress, neuroinflamma-
tion, misfolded protein stress, and lysosomal
defects lead to the death of dopamine (DA) pro-
ducing neurons in the SNc (substantia nigra pars
compacta) area. Genetic studies over the past
20 years identified several genes mutation which
lead to familial forms of the disease. Parkinson’s
disease may be caused by single gene mutation in
autosomal dominant or recessive fashion and
these genetic mutations account for about
10-15% of the cases of PD. In the current PD
genetics nomenclature, 18 specific chromosomal
regions, are termed PARK (to denote their puta-
tive link to PD), and numbered in chronological
order of their identification (PARK1, PARK2,
PARKS3, etc., where PARK1 and PARK4 are the
same gene, SNCA) [2]. Mutations in autosomal
recessively inherited genes, namely parkin,
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PINKI, and DJ-1, typically lead to early onset of
PD. The genes PINKI and parkin appear to work
in the same pathway that controls mitochondrial
quality and integrity during cellular oxidative
stress. Dominantly inherited mutations in leu-
cine-rich repeat kinase 2 (LRRK2) and
a-Synuclein (a-SYN) cause late-onset PD and
have characteristic Lewy body pathology. Recent
GWAS (genome-wide association studies) study
suggests that genetic variants of a-SYN and
LRRK2 confer an increased risk for late-onset
sporadic PD [3].

2.1.1 Neuropathology of PD

The neuropathology of PD is characterized by a
specific pattern of DA-producing neuronal loss in
substantia nigra pars compacta (SNc) with Lewy
bodies (LB) rich in a-SYN in the surviving neu-
rons [4]. It has been suggested that PD may begin
in the lower brainstem and olfactory bulb where
the substantia nigra only becoming affected dur-
ing the middle stages of the disease [5]. However,
not all the clinical features of PD are attributable
to the degeneration of DA neurons [6]. Non-
dopaminergic neuron degeneration accounts for
other features of the disease like depression,
dementia, sleep, olfactory and balance problems
[7] that typically occur in advanced stages of
PD. The non-dopaminergic features of PD are
often the most disabling, and current treatment
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with L-DOPA obviously does not cure these
symptoms [8]. Most recently, it has been sug-
gested that connection between spreading of
Lewy pathology and development of clinical PD
is very weak [9].

2.2  Genetic Models of PD

It is noteworthy that patient-based genetic studies
identified the role of genetics in PD which further
justify to generate model organisms to elucidate
the function of those genes. Animal models are
advantageous since it allows manipulation of the
condition and yields result in short time.
Currently, there are many genetic models of PD,
including vertebrate organisms like rat, mice, and
zebrafish; invertebrate organisms like Drosophila
melanogaster and Caenorhabditis elegans. These
genetic PD models have been informative in
understanding molecular pathways and patho-
logical changes in PD [10].

2.2.1 Vertebrate Models of PD

Mouse is the most preferred model to study neuro-
degenerative diseases such as PD disorders. This is
because mouse possesses human alike neuronal
networks and genetic homologs [11]. Since PD is
a chronic disorder, promoter should be strong as
well as constitutively active throughout the life-
time of mice. Conditional temporal expression of a
transgene can also be used to control the expres-
sion [12]. A more advanced technique is the tetra-
cycline (Tet)-regulated transgenic switch in which
expression of the transgene follows the activity
pattern of the promoter in the driver construct. The
ability of Tet-transactivator protein (tTA) to change
its conformation and affinity for Tet-resistant pro-
tein (tetP) by doxycycline allows temporal on/off
control of transgene induction [10, 13, 14].
Stereotaxic viral injection of different viruses
(e.g., lentivirus, recombinant adeno-associated
virus [rAAV], and herpes simplex virus [HSV])
can be used for the expression of desired trans-
gene. Gene knockout (KO) and knock-in (KI) can
also be achieved by homologous recombination.

In the conventional transgenic system, a gene is
overexpressed under the control of a promoter that
drives the expression in preferred organ like brain.
Usually dominant mutants (i.e., AS3T, A30P, and
E46K for a-SYN; G2019S and R1441C/G mutants
for LRRK2) are preferred to be overexpressed
because the mode of inheritance supports a gain of
toxicity and hence an exaggeration of its endoge-
nous function. Deletion of important exons or
introduction of premature termination should be
able to simulate early-onset PD caused by autoso-
mal-recessive gene. Deletion of parkin, PINKI,
and DJ-1 has however not yielded mouse with
desired phenotype [10]. Even knocking out all
three genes together has proved ineffective [15]
possibly due to potential compensatory mecha-
nisms elicited in mouse model. The Cre—loxP-
mediated conditional KO approach is widely used
when embryonic lethality prevents studying dele-
tion of a gene in adult animals [16]. Rat models of
PINK1, DJ-1, and Parkin genes have been gener-
ated using zinc finger technology. The phenotype
of these rats showed progressive neurodegenera-
tion and early behavioral deficits, suggesting that
these recessive genes may be essential for the sur-
vival of dopaminergic neurons in the SNc area
[17]. The neuroanatomy of zebrafish is typical that
of vertebrates with forebrain, hindbrain, and spinal
cord, and their genes are highly homologous to
that of humans and hence it has been used as a PD
model organism. For example, transient knock-
down of DJ-1 using morpholino antisense oligo-
nucleotides has shown loss of function of DJ-1 in
zebrafish.

2.2.2 Invertebrate Models of PD

C. elegans and D. melanogaster are small, inex-
pensive to culture models with short life spans
and hence time effective. Although they lack
o-SYN homolog and have limited repertoire of
cell death effectors, these models offer the advan-
tage of identifying evolutionarily conserved path-
ways. However, the validity of these studies is a
variable on their reproducibility in human system.
A large number of mutant strains are available as
stocks for the researchers to use them effectively
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Table 2.1 Summary of PD genetic model organisms and associated phenotypes

Transgene | C. elegans Drosophila Mouse Rat
a-SYN Loss of DA neurons but | Age-dependent DA | Functional abnormality Age-dependent loss of
non-progressive, No LB | neuronal loss, DA with no DA neuronal loss | DA neuron, motor
inclusions responsive impairment, LB
locomotor deficit, inclusions (viral vector
LB inclusions injection)
LRRK-2 | Reduced DA levels; DA | Decline in age- Minimal or no Loss of DA neurons in
neuronal degeneration, dependent DA neurodegeneration except | SNc (viral vector
Increased vulnerability responsive one report. Deficit in DA | injection)
to mitochondrial locomotor activity, transmission and DA
complex I inhibitors loss of DA neurons responsive behavior
PARKIN | Mitochondrial Muscle Deficit in DA metabolism | Progressive dose-
dysfunction; decreased degeneration, male and behavior without DA | dependent DA
life span infertility, DA neuronal loss, Reduced neuronal death
neuronal mitochondrial respiratory
degeneration, chain proteins. Age-
mitochondrial dependent motor deficit
defects and neuron loss in BAC
mice
PINK-1 Neurite outgrowth Muscle No neurodegeneration, Motor impairment
defects; mitochondrial degeneration, male mild mitochondrial with robust
cristae defects, sensitive | infertility, DA function abnormality. vocalization deficits,
to oxidative stress neuronal Moderate reduction in DA cell loss in SNc,
degeneration with striatal DA levels with LB inclusions.
enlarged low motor activity Increased disruption of
mitochondrial defect mitochondrial
homeostasis and
vulnerability to
oxidative stress
DJ-1 Increased vulnerability Age-dependent loss | DA neurotransmission Early motor deficit,
to mitochondrial of DA neurons, no defects, mitochondrial progressive
complex I inhibitors major phenotypic dysfunction neurodegeneration
defect
to provide insights on the pathways involved. In 2.3 Autosomal-Dominant PD

reverse genetic approach, RNA interference
(RNAI) to knockdown target genes is achieved by
simply injecting, soaking, or feeding the C. ele-
gans with dsSRNA which is complementary to the
targeted gene. Similar to human CNS, dopamine
plays important functions like locomotion, feed-
ing, sleep/circadian rhythms, and learning in dro-
sophila. The nervous system dysfunction in these
models can be studied using the changes in rest-
ing and synaptic potentials and linking these
changes to behavioral deficits and loss of DA neu-
rons [18, 19]. The Drosophila genome encodes
homologs of DJ-1, PINK1, PARKIN, LRRK2,
and VPS35. Expression of human SYN in
Drosophila results in dopaminergic neuronal loss
[20, 21]. Table 2.1 summarizes various genetic
models of PD and their observable phenotype.

2.3.1 SNCA (PARK1/4)

Missense mutation in the SNCA gene identified
by Polymeropoulos et al. [22] is the first
PD-associated gene identified. Soon, Spillantini
and colleagues established that a-SYN protein is
the major component of the LB. The three
dominant a-SYN mutations identified in separate
family studies are A30P, A53T, and E46K [22—
24]. Duplication and triplication of the wild-type
a-SYN locus are also shown to cause familial PD
[25]. Polymorphisms around the SNCA locus are
also significantly associated in two recent
genome-wide association studies of sporadic PD
[3, 26]. Thus, a-SYN plays critical role in both
familial and sporadic PD [27].
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The a-SYN, a presynaptic phosphoprotein,
although found to be unstructured in free state,
also exists in a variety of structures, including
oligomers, protofibrils, fibrils, and filaments.
The soluble protofibrils and fibrils seem to be the
most toxic forms [28] than the insoluble aggre-
gate present in Lewy bodies [29]. In mouse with
pan-neuronal or DA-specific promoters driven
expression of a-SYN wild type (WT) or mutants
causes the severity and age of onset of disease
depended heavily on the promoter and levels of
transgene expression. These mouse models how-
ever lack the key pathological feature of PD
which is DA neuronal loss. However, they show
neurodegeneration in other anatomical sites and
functional abnormalities in the nigrostriatal sys-
tem [16, 30]. The mouse prion promoter (mPrP)
driven AS53T transgenic mice exhibit more path-
ological phenotype which includes increased
phosphorylation, ubiquitination, and aggrega-
tion of a-SYN, leading to progressive neurode-
generation [31]. Although the anatomical site is
not the one traditionally associated with PD,
these systems may however serve to study mech-
anisms of a-SYN-induced neurodegeneration.
Since there is no obvious DA neuronal loss in
most a-SYN transgenic mice, MPTP (1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine) intoxica-
tion is wused additionally [32]. Through
mitochondrial dysfunction it is sufficient to
induce a-SYN aggregation and DA neuronal
loss [16]. Interestingly, expression of human
WT, A53T, and A30P a-SYN in drosophila pro-
duced many pathological hallmarks of PD like
the age-dependent DA neuron loss, Lewy body
like inclusions containing a-SYN, and other
locomotor deficits [20]. Although C. elegans
overexpressing a-SYN has been shown to cause
loss of DA neurons, they lack significant Lewy
body like pathology [33, 34].

2.3.1.1 Mitochondrial Dysfunction
Causes a-SYN Accumulation
Malfunction in mitochondrial complex I is con-
stantly observed in sporadic PD and this estab-
lished the link between mitochondrial dysfunction
and synucleinopathy [35]. Various studies have
established that inhibition of mitochondrial com-

plex I causes selective DA neurodegeneration
(Banerjee et al.2009). Impairment of proteasomal
and lysosomal systems can lead to
a-synucleinopathy, since they play a significant
role in catabolizing a-SYN. However, it leads to
general neurodegeneration without selectivity for
DA neuronal system. But mitochondrial complex
Iinhibition selectively impairs DA neurons and is
thus a causative event while impairment of the
proteasomal and lysosomal systems are most
probably only the downstream events in the
pathogenesis of PD. Further, a-SYN knockout
mouse is resistant to the DA neurotoxicity caused
by MPTP and other mitochondrial toxins [36].
Transgenic mice overexpressing human AS53T
o-SYN mutant exhibit mitochondrial abnormali-
ties including mitochondrial DNA damage and
degeneration [37]. It has been reported that
silencing of SYN prevents dopamine neurons
loss when exposed with mitochondrial complex I
inhibitor, MPTP [38]. Overexpression of a-SYN,
on the other hand, makes mouse more susceptible
to mitochondrial toxins like paraquat [39]. In this
context, new treatment modalities preventing
mitochondrial damage may be more promising
for controlling PD.

DA-specific mitochondrial transcription fac-
tor A (TFAM) knockout in mouse leads to DA
neurodegeneration and Lewy body formation.
Moreover, it has been shown that PD patients
accumulate o-SYN in the SNc and the striatum
has a decreased mitochondrial complex I activity
[40]. a-SYN transgenic mice not only show mito-
chondrial impairment but also enhance DNA
damage in which poly (ADP-ribose) polymerase
(PARP-1) is overactivated leading to cell death
[41]. PARP deletion also protects DA neurons
from MPTP-induced toxicity [42]. Thus it may
be postulated that a-SYN aggregation may prob-
ably impair the regulation of PARPI.

2.3.1.2 SYN Mutation Induces
Lysosomal and Autosomal
Dysfunction
The autophagy-lysosome pathway plays a critical
role in degrading proteins with longer half-lives
[43]. Lysosomal pathway inhibition leads to
accumulation of a-SYN, suggesting that a-SYN
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catabolism is not solely mediated by proteasomal
pathway. The chaperone-mediated lysosomal
uptake pathway also mediates a-SYN binding to
lysosomal membrane receptors. Mutant a-SYN
shows deficient translocation blocking uptake of
other substrates as well, thus causing misfolded
protein stress [44]. Although not directly involved
in proteosomal degradation, a-SYN overexpres-
sion causes inhibition of proteasome function
[44]. A recent study in drosophila showed that
expression of Rabll, a regulator of exocytosis
could reverse the severe phenotype caused by
overexpression of wild-type SYN [18].

2.3.1.3 SYNin Neuronal Synapse

a-SYN was initially identified as a synaptic and
nuclear protein. Although their role remains elu-
sive, evidence suggests that the protein plays a
role in maintenance of synaptic vesicle pools
and activity-dependent dopamine release [45].
The presynaptic cysteine-string protein knock-
out in mice causes severe phenotype that is res-
cued by a-SYN overexpression [46], providing
evidence that a-SYN might modulate synaptic
vesicle function.

2.3.2 LRRK2 (PARKS)

In 2004, the genetic cause of chromosome 12
linked to PD was attributed to mutations in the
LRRK? (Leucine-rich repeat kinase-2) gene [47].
Mutations in LRRK2 cause autosomal-dominant
PD. LRRK2, a large protein with multidomain is
ubiquitously expressed in neurons and localizes
with membranes and lipid rafts [48]. A deletion
mutant for C.elegans lrk-1 (Irk-1 is similar to
human LRRKI1, homolog of LRRK?2), indicates
its significant role in localizing synaptic vesicle
proteins to terminals [49]. The most common
mutation in LRRK?2 is G2019S with a frequency
of 1% in sporadic PD and 4% in hereditary PD
and the risk increases with age. Autopsy of
patients with LRRK2-associated PD shows
a-SYN inclusions, and hence LRRK?2 and a-SYN
might share common pathogenic mechanisms.
Unlike a-SYN mutation, dosage effect is not
seen in LRRK2 mutations and the disease in

homozygotes is clinically identical to heterozy-
gotes carrying the mutation. The toxicity of
LRRK2 mutation in vitro is kinase and GTP-
binding dependent and this piece of information
is invaluable for probable therapeutic interven-
tions [50]. In C. elegans, overexpression of either
wild-type or G2019S LRRK2 caused DA neuro-
nal loss [51]. LRRK2 G2019S mutation also
shows vulnerability to rotenone toxicity com-
pared to wild type. In drosophila, overexpression
of human LRRK2 impairs DA-dependent loco-
motor activity and also causes loss of DA neu-
rons [52]. The Lrrk loss-of-function mutant
homolog in drosophila also shows deficits in syn-
aptic transmission. In another independent study,
using a different clone of Lrrk loss-of-function
mutant, no difference in EJP (excitatory junction
potential) amplitude was found between the
mutants and wild type.

The current transgenic mouse models of PD
are not very robust in producing PD phenotype
compared to cellular and drosophila model sys-
tems. Despite several transgenic techniques like
conventional, bacterial artificial chromosome
(BAC) transgenic, mutant LRRK?2 Knock-In, and
tet-inducible transgenic, only one of the LRRK?2
models reproduced age-dependent DA neuron
death in the nigrostriatal system [53]. BAC trans-
genic mice and conditional expression of LRRK?2
WT and LRRK?2 G2019S showed no characteris-
tic phenotype and no neuronal loss [54, 55].
R1441C mutation in LRRK?2 has been shown to
impair stimulated dopamine neurotransmission
and D2 receptor function [56]. The R1441G BAC
mouse model shows a strong phenotype with aki-
nesia, reversible with L-Dopa and dopamine ago-
nist apomorphine treatment [57]. It is noteworthy
that mice that express mutant LRRK?2 using vary-
ing promoters have different levels of expression.
Thus, most LRRK?2 transgenic animals although
lacking neuronal loss manifest earliest deficits
like DA transmission and DA-responsive behav-
ior defects. The aberrant kinase activity of
LRRK2 might cause phosphorylation of sub-
strates that misregulates binding partners and
other regulators. In HSV-LRRK2 G2019S viral
induced DA neurodegeneration models, the aber-
rant kinase activity of LRRK2 G2019SS was
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prevented by inhibitor of LRRK2 kinase activity
that abolished its toxicity [58]. Thus identifica-
tion of phosphosubstrates involved would help in
deciphering the pathogenic mechanisms induced
by LRRK?2 mutations [2, 16].

2.3.2.1 LRRK2 Affects Mitochondrial
Function

In C. elegans, RNAi-mediated silencing of Irk-1
increased the toxicity to rotenone treatment and
overexpression of wild-type LRRK?2 significantly
increased resistance against mitochondrial toxins
such as rotenone and paraquat [51]. Similar
observation was made in drosophila overexpress-
ing human mutant LRRK2. However, LRRK2
knockout mice are not more sensitive to mito-
chondrial toxin, MPTP [59].

2.3.2.2 LRRK2 in Neuronal
Morphogenesis

LRRK?2 knockout mice exhibit normal numbers
of dopaminergic neurons in the SNc area without
any behavioral deficits. However, in vitro studies
strongly suggest a role of LRRK?2 in the neuro-
genesis of dopamine producing neurons by con-
trolling cell cycle. Taken together, it is evident
that LRRK?2 is required for dopamine neuron
genesis or survival in adult animals [49, 59];
however, its substrates, regulators, and binding
partners remain elusive. Similar studies in mice
suggest no role of LRRK2 in neurogenesis, and
drosophila studies show disparate results [49, 55,
60]. LRRK2 plays multiple roles as in neuronal
morphogenesis and in other peripheral processes
like kidney functions in rats and mice. LRRK2
knockdown in zebrafish causes neuronal loss,
developmental abnormalities like axis curvature
defects, and ocular abnormalities [61]. Also by
its localization to presynaptic vesicles and endo-
somes, LRRK2 is shown to regulate synaptic
vesicle endocytosis by directly interacting with
the early endosome marker protein Rab5 [62].

2.4  Autosomal-Recessive PD

The first identified genetic cause of autosomal-
recessive juvenile Parkinsonism is the Parkin
mutation reported in a Japanese family study

[63]. With nearly 100 reported mutation (seen in
50% of familial PD cases and in 20% of young-
onset sporadic PD), it is the most frequent auto-
somal-recessive mutation [64]. Mutations in
PINKI1 gene is the second most common autoso-
mal-recessive mutation (1-7% of early-onset
PD) and mutations in DJ-1 are a rare cause of PD
[65, 66]. For all the three genes, whole exon dele-
tions cause loss of protein while point mutations
destabilize or yield functionally inactive proteins.
Various studies in a number of animal and cellu-
lar models for parkin, PINK1, and DJ-1 have led
to tremendous insight into the role of these pro-
teins in PD. In the recent GWAS, none of the
autosomal recessively inherited PD genes
(Parkin, PINK1 or DJ-1) have been reported as a
risk factor, but such studies might identify only
strongly associated genes [3, 26].

2.4.1 PARKIN (PARK2)

Kitada and colleagues [63] first identified muta-
tions in parkin, (maps to 6q25—q27), as one of the
causes of juvenile Parkinsonism. To date, 100
different parkin mutations have been reported
both in familial and sporadic PD. This gene
extends to about 1.3 Mb of DNA with 12 exons
encoding a 465 amino acid protein, with high
degree of mutations. Penetrance appears to be
complete in individuals with two disease-causing
mutations in Parkin [64]. Parkin which is consid-
ered as an E3 ubiquitin ligase participates in the
ubiquitin-proteasome system [67]. It has an ubig-
uitin-like (Ubl) domain at the N-terminus fol-
lowed by two RING finger domains separated by
an inbetween RING (IBR) domain, each of which
bind two Zn>* atoms. Being vulnerable to oxida-
tive and nitrosative stress, Parkin plays a key role
in sporadic PD [68, 69].

In drosophila Parkin knock out generates
defective flies with reduced climbing ability, life
span, and male sterility [70, 71]. Abnormalities in
muscle and sperm mitochondria ultimately result
in cell death due to activation of autophagy. DA
neurodegeneration with reduced TH (tyrosine
hydroxylase) level was also observed along with
DA-responsive locomotor deficit. To study the
role of Parkin in PD, several groups have
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generated parkin KO mice [72, 73]. Although
these knockouts lack substantial dopaminergic or
behavioral abnormalities, they show subtle
changes in either the DA nigrostriatal circuit or
the locus coeruleus (pons nucleus) noradrenergic
system [72-75]. Parkin knockout mice had
reduced mitochondrial respiratory chain proteins
and stress response proteins. Parkin substrates
like AIMP2, FBP1, and PARIS were shown to
accumulate in the ventral midbrain of parkin
knockout mice [41, 76], [77]. These cellular
changes may contribute to deficits in DA metabo-
lism and hence behavior. Parkin mutants might
have a dominant negative effect since overex-
pression of mutant human parkin causes age-
dependent progressive DA neurodegeneration in
fly and mouse system [78—80].

2.4.1.1 Parkin Mediates Mitochondrial
Quality Control

In addition to its role as an E3-ubiquitin ligase,
Parkin seems to actively play a role to clear dam-
aged mitochondria. A germ line deletion of
Parkin leads to defective mitochondria, suggest-
ing its role in mitochondrial quality control.
Overexpression of parkin provides neuroprotec-
tion against MPTP toxicity while parkin knock-
out does not enhance the neuronal susceptibility
to MPTP [74]. The mitochondrial defects and
upturn wing phenotype due to Pink1 knockout in
drosophila are rescued by overexpression of
Parkin. This result suggests that Parkin maybe
thus essential for clearance or might rescue
defective mitochondria to reduce toxicity.
However, in vitro mammalian cell culture study
shows that Pinkl is essential for recruitment of
Parkin to eliminate defective mitochondria [81].
Thus, the protective effect of Parkin during Pink1
knockout suggests that mitochondrial quality
control pathways in drosophila can also function
independent of Pinkl1.

2.4.1.2 Parkin Acts as an E3 Ubiquitin
Ligase

The ubiquitin-proteasome pathway has been

strongly linked to PD pathogenesis, highlighting

the significance of the E3 ubiquitin ligase Parkin

[67]. Parkin catalyzes lysine-48-mediated polyu-

biquitination, which targets the substrates for
proteosomal degradation. Mutations in the parkin
gene lead to failure of the ubiquitin-proteasome
system due to impaired ligase activity that cause
intracellular accumulation of parkin substrates
[82]. However, in PARK?2 patients, or in parkin
knockout mice, the accumulation of substrate is
significantly low, thus making the role of Parkin
as an E3 ubiquitin ligase insignificant [84], [10]).
Parkin is also involved in other forms of ubiquiti-
nation, modulating cellular processes like signal
transduction, transcriptional regulation, and pro-
tein and membrane trafficking [83]. Parkin is
capable of modifying proteins with different
ubiquitin linkages, including monoubiquitination
and polyubiquitination using both lysine-48
(involving receptor turnover, protein degrada-
tion) and lysine-63 linkages (involving protein
inclusions). However, the exact role of Parkin in
the context of these cellular activities is not yet
clear [21].

2.4.1.3 Role in Neuronal Synapse

Although a cytoplasmic ubiquitin ligase protein
involved in the cellular ubiquitination/protein deg-
radation pathway, Parkin can also localize to the
synapse and associate with membranes [85].
Interestingly, it is involved in the modulation and
metabolism of several presynaptic proteins such as
o-SYN and the a-SYN-binding synaptic proteins
like synphilin. Parkin has been associated with the
function of GPR37, aG-protein coupled receptor
that interacts with the dopamine transporter DAT
[44]. Reduced synaptic transmission is seen in
Parkin mutant larvae in drosophila and there is
reduction of both evoked and spontaneous excit-
atory junction potential, as well as depolarization
of the resting membrane potential in flight mus-
cles. Perturbed synaptic transmission is likely due
to reduced glutamate release, because of the
changes in synaptic morphology and/or ATP
depletion due to mitochondrial deficits [18].

2.4.2 PINK1 (PARKS6)

Mutations in the PINKI (phosphate and tensin
homolog (PTEN)-induced putative kinase 1)
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were originally mapped to chromosome 1p35-
36 in a Sicilian kindred with autosomal-recessive
Parkinsonism by Valente and colleagues in 2004.
Analysis in familial and sporadic PD patients
identified homozygous and compound heterozy-
gous PINKI mutations and is associated with
early onset of PD in several families, and in 2—4%
of sporadic cases. It is the second most common
cause of autosomal-recessive early-onset PD
[86], [27]. Inherited in an autosomal recessive
fashion, penetrance appears to be complete in
individuals with homozygous mutations in
PINKI1 [65].

In drosophila, PINKI mutant flies share
marked phenotypic similarities with parkin
mutant flies [87, 88]. Transgenic expression of
Parkin was capable of rescuing the PINK1 loss-
of-function phenotypes, while overexpression of
PINK1 had no effect on parkin mutant pheno-
types [87, 88]. Thus parkin and PINK1 may func-
tion in a common cellular pathway, where PINK1
acts upstream of parkin. There are evidences sup-
porting that parkin and PINK1 together regulate
mitochondrial quality control by clearing defec-
tive mitochondria through autophagy [81, 89].
Until today, PINK1 and parkin have no known
common substrate that is important for mito-
chondrial quality control. Thus it was necessary
to delineate the pathway in which they act
together to protect mitochondrial function [10].

Two independent studies have come out with
PINKI-targeted KOs [90, 91] and there are
shRNA-mediated knockdown models as well [92].
In contrast to neurodegenerative phenotypes and
mitochondrial defects strongly expressed in dro-
sophila PINK1 models [87], PINK1 knockout or
knockdown mice failed to replicate these features.
Nevertheless, subtle deficits in nigrostriatal DA
transmission and mild mitochondrial functional
deficits like decreased mitochondrial respiration
and electrochemical potential were observed in
PINK1 KO mice. In one such study, PINKI1
knockout showed significantly less DA content in
the striatum and an age-dependent decline in spon-
taneous voluntary activities [16, 90]. In a novel
PINK1KO rat model, motor impairment was doc-
umented including significant impairment in ultra-
sonic vocalizations (USVs) [93].

2.4.2.1 PINK1 Mutation Causes
Mitochondrial Dysfunction

PINKI is a protein kinase localized to the mito-
chondrial intermembrane and is composed of
serine/threonine  kinase domain with an
N-terminal mitochondrial targeting motif [94].
Topological study suggests that the kinase
domain of PINKI1 faces the cytosol and hence
its substrates should reside in the cytosol [95].
Indeed, it has been shown that cytosolic Pinkl
provides neuroprotection against MPTP-
mediated neurodegeneration [96]. Although a
role of PINKI1 to regulate mitochondrial cal-
cium dynamics has been suggested [97], the
PINK substrates and its site of action need to
be elucidated. PINK1 has been linked to the fis-
sion and fusion machinery observed in
Drosophila and mammalian cell mitochondria.
The mitochondrial chaperone TRAP1 (TNF
receptor associated protein 1) was the first sub-
strate of PINK1 to be reported. Through phos-
phorylation of TRAP1, PINKI1 suppresses the
release of cytochrome ¢ from mitochondrial
membrane protecting against cell death due to
oxidative stress. Mutations in PINKI are known
to impair its protective activity [44, 98]. In dro-
sophila lacking PINK-1, mitochondrial degen-
eration leading to apoptosis in flight muscles
and behavioral deficits was seen. Similar to dro-
sophila with parkin deletion, the mitochondria
were swollen with reduced mitochondrial DNA,
proteins, and ATP levels. There was a small, but
significant reduction in number with enlarged
mitochondria in DA neurons. PINK-1 mutation
may thus lead to mitochondrial dysfunction and
cause increased sensitivity to cellular stress
leading to apoptosis.

2.4.2.2 PINK1 Mutation Causes
Deficient Synaptic Function

The deletion of Pinkl in drosophila leads to
defective synaptic transmission in response to
high frequency stimulation at the larval neuro-
muscular junction (NMJ). However, no pertur-
bation in basal release characteristics like
neurotransmitter release, spontaneous release
frequency, or response amplitude was observed.
Administration of ATP to the synapse rescued
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this, supporting a role for Pink/ in maintaining
ATP supply during increased demand [99].
Pinkl plays a role in the homeostatic regulation
of mitochondria through maintaining fusion and
fission process and by modulating the activity of
the electron transport chain, complex I [100].
Pinkl mutants were unable to phosphorylate the
mitochondrial complex I subunit NdufAlO
(NADH dehydrogenase (ubiquinone) 1 alpha
subcomplex) at Ser250 in mouse models of
study. NdufA10 expression also restored both
ATP synthesis and mobilization of the synaptic
vesicle reserve pool in drosophila. In drosophila
Pinkl mutant model, the defects in synaptic
mitochondrial membrane potential were
reversed by feeding Drosophila on bacteria syn-
thesizing vitamin K2 suggesting a role for vita-
min in PD [18, 101].

2.4.3 DJ-1(PARK7?)

Mutations in the DJ-1 gene (PARK7) is a rare
cause of autosomal-recessive Parkinsonism,
clinically similar to the other recessive Parkinson
syndromes with early onset and slow progres-
sion [44]. A member of the ThiJ/Pfpl family of
molecular chaperones, DJ-1 is a redox-sensitive
protein involved in the oxidative stress response
[65, 102, 103]. Individuals with two mutations
in DJ-1 [66] exhibit complete penetrance. DJ-1
contains only a single domain with cysteine res-
idue (C106) that can be modified to form sul-
finic acid in the presence of reactive oxygen
species (ROS). Mutations in DJ-1 result in loss-
of-function protein due to defective dimer for-
mation or lack of expression [104]. DJ-1 is
expressed widely throughout the body and is
primarily in the cytosol and mitochondrial
matrix [105]. It has been shown to regulate
redox-dependent kinase signaling pathways and
antioxidant gene expression in vitro [106]. It
may also function as an atypical peroxiredoxin-
like peroxidase, where it protects against oxida-
tive stress in mitochondria in vivo [107]. Thus,
DIJ-1 has pleotropic function such as an antioxi-
dant, oxidation/reduction sensor, chaperone,
and/or protease [108].

Although mammalian DJ-1 has a single gene,
drosophila possesses two orthologs of DJ-1:
DJ-1a and DJ-1b. The DJ-1 double null flies for
both DJ-1 homologs are viable, fertile, and have
normal number of DA neurons and life span.
However, knockdown of DJ-1 by transgenic
RNAI in drosophila has been shown to cause neu-
rodegeneration, and age-dependent DA neuronal
loss in the dorsomedial cluster [109]. Similar to
other autosomal-recessive PD mutations, like
parkin and PINKI, the DJ-1 knockout mice do
not exhibit any major abnormality and the num-
ber of DA neurons and receptors remain
unchanged [107, 110, 111]. However, the DJ-1
Knockout mice show defective DA transmission
in the nigrostriatal circuit and mitochondrial dys-
function, similar to parkin and PINK1 knockouts
[107, 110, 111].

2.4.3.1 Is DJ-1 a Mitochondrial
Regulator?

Although predominantly cytoplasmic, DJ-1 is
also present in the inner membrane space and
matrix of mitochondria. Interestingly, during oxi-
dative stress DJ-1 translocates to the outer mito-
chondrial membrane suggesting its role in
neuroprotection [112]. DJ-1 does not seem to
localize with SYN in Lewy bodies; however, oxi-
dized and insoluble forms of the protein accumu-
late in the brain of sporadic PD patients. Under
conditions of oxidative stress in vitro, DJ-1 can
interact with parkin [113] and also with a-SYN
to prevent formation of fibrils. And this redox-
sensitive chaperone activity protects neurons
from a-SYN misfolding. DJ-1 knockout mice are
more susceptible to aging and the mitochondrial
toxin MPTP. The neurons isolated from these
mice were shown to be more sensitive to oxida-
tive stress [111]. DJ-1 may be involved in the
regulation of protein activity since it is suscepti-
ble to protein S-nitrosylation similar to parkin
[114]. DJ-1 may also function as a regulator of
apoptosis through interactions with several apop-
tosis-regulating proteins like PTEN ([8], [115]).
DA neurons of DJ-1 KO mice show altered mito-
chondrial potential and oxidative stress even in
the absence of DA neurodegeneration [16].
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2.5 Pathogenic Pathways

in Parkinsonism
2.5.1 Does a-SYN and LRRK2 Share

Common Pathway?

With discoveries of various genes associated with
PD, the functional relevance of these molecules
in PD pathogenesis suggests a common pathway
involving them. The two dominant genes associ-
ated with PD, LRRK2, and a-SYN are likely to
share common pathogenic mechanisms, as
knockout of LRRK2 shows a reduction while
overexpression of LRRK2 enhanced the neuro-
pathologic abnormalities in AS3T a-SYN trans-
genic mice [54]. AS3T a-SYN failed to show
marked pathology in LRRK2 knockout. While
expression of LRRK2 mutant alone shows only
mild abnormalities, crossing them with A53T
a-SYN exacerbated the abnormal accumulation
of a-SYN aggregates and caused severe neurode-
generation. LRRK2 PD patients have oa-SYN
positive Lewy bodies, suggesting that LRRK?2
and a-SYN are in the same pathogenic pathway.
Overexpression of parkin can limit the toxic
effects of both «-SYN [116] and LRRK2 [52]
while parkin knockout did not make phenotypes
worse [75]. Thus recessive Parkinsonism and
dominant PD overlap in their pathology with
nigrostriatal degeneration and Lewy body forma-
tion, it is possible that they act in multiple path-
ways that lead to a common outcome [59].

2.5.2 PINK1, Parkin, and DJ-1
Function in a Common
Pathway to Regulate
Mitochondrial Integrity

Parkin is a cytoplasmic and nuclear E3 ubiquitin
protein ligase. PINK1 is a mitochondrial serine/
threonine kinase with the kinase domain facing
the cytoplasm. DJ-1 is an oxidative stress chaper-
one protein whose function remains elusive.
Since these are recessive mutations, loss of nor-
mal function of the proteins probably leads to PD
in humans. Links between the function of these
proteins have come from modeling these muta-

tions in animals especially Drosophila. Loss of
both PINK1 and Parkin results in very similar
phenotypes like mitochondrial abnormalities and
apoptosis, particularly in spermatid cells and
flight muscles [70]. Knockout of parkin can res-
cue loss of PINK1, the reciprocal is not true and
loss of PINKI1 does not rescue parkin knockout.
This suggests that PINK1 functions upstream of
parkin both involved in maintaining the mito-
chondrial integrity. Mammalian cell culture also
supported the concept that PINK1 and Parkin
function in a common pathway maintaining the
mitochondrial morphology [117]. Although par-
kin is normally cytosolic, it can be recruited to
the mitochondrial surface by PINKI if the organ-
elle loses membrane potential [81]. The accumu-
lation of markers of autophagy around
mitochondria in the absence of PINKI1 reveals
that cells upregulate autophagy during loss of
mitochondrial integrity [118] Since DJ-1 is an
oxidative stress response protein that can influ-
ence mitochondrial function and morphology,
possibly via autophagy it may also function with
PINK1 and Parkin in a similar or parallel path-
way. DJ-1 overexpression, however, does not res-
cue PINKl/parkin deficiency phenotypes
suggesting it works either upstream of the other
two or in parallel [59].

Conclusions

Various genetic animal models of PD have
provided valuable information on the molecu-
lar mechanisms of neurodegeneration occur-
ring in PD. PD represents broad brain
abnormalities of dopamine and non-dopamine
dependent circuitry causing Lewy body inclu-
sion. It is true that we currently lack an animal
model that simulates all the pathological
features of PD. Limitation with most of the
available mouse models is that they lack
nigrostriatal neuronal loss, although viral
models in rats and monkeys have shown more
effective phenotype [59]. Mild deficits in DA
transmission and behavioral impairments are
reproduced in several models, simulating the
physiological changes preceding neurodegen-
eration. Since a-SYN transgenic mice show
synucleinopathy with protein aggregation and
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neurodegeneration, they can be successfully
tested for therapeutics that may reduce the
pathology. Genetic PD mouse models that can
recapitulate at least the degeneration of DA
neuron are highly necessary to provide more
light on the PD pathogenesis [16].

Drosophila and C. elegans may not stand
as perfect models of PD as they are small
organisms lacking the complexity of verte-
brates, and they do not express a-SYN. More
importantly, the traditional clinical features
of PD (bradykinesia, rest tremor, rigidity, and
postural instability) cannot be exhibited. The
reason why mouse LRRK?2 transgenic models
do not exhibit robust pathology is that pene-
tration of these mutations in humans may not
be complete and other genetic or environmen-
tal factors play significant role in pathogene-
sis, which may not be present in the
experimental model. Other possibility is that
compensatory mechanisms might be present
only in the mouse system that prevent loss of
DA neurons. The autosomal-recessive models
of mice are however useful to provide insights
on how parkin, PINKI, or DJ-1 function to
induce dysfunction of the nigrostriatal DA
system but cannot be used to test therapeutic
drugs due to lack of correlates of protection
[78-80]. It is surprising that even a triple
knock out of PINK1, parkin, and DJ-1 did not
cause nigral cell loss. Studies on the lack of a
parkinsonian phenotype in these mice might
provide useful insight on the protective mech-
anisms active during the presence of PD gene
mutations. The Drosophila loss-of-function
models of PINKI1 and parkin do have dra-
matic phenotypes, but unfortunately, these
abnormalities reside outside the nervous sys-
tem [10]. If the PD-related genetic mutations
are achieved without inducing any compensa-
tory mechanisms in mouse, DA neuronal loss
may be achieved. A detailed study in such a
model will provide more light on PD patho-
genesis. The development of such PD genetic
models will help in testing novel therapeutic
approaches like stem cell, viral-mediated
therapies, morpholino oligomer (siRNA), and
other therapeutic compounds [16]. Also, since

PD is an age-related disease, mouse aging
models should be combined with current PD
genetic models to study the effect of aging on
PD pathogenesis. Recent evidences in C. ele-
gans suggest that genetically encoded signal-
ing pathways are distinctly compartmentalized
to independently control neurodegeneration
and the process of aging [119]. Further stud-
ies in the direction correlating aging and PD
pathology are thus necessary.
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3.1 Introduction

The degeneration of the highly specialized
central nervous system (CNS) results in serious
physical and mental problems. Though it was
initially thought that the CNS does not support
neurogenesis or regeneration, more recent stud-
ies demonstrate renewal of the nervous system
using various approaches following neuronal
injury. In fact, several studies have revealed that
the CNS has moderate regenerative abilities [1].
Therefore, CNS restoration is now a key clinical
challenge, the use of stem cell therapy in various
neurological disorders considered a very promis-
ing therapeutic application.
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Parkinson’s disease (PD) is the second
most common neurodegenerative disorder after
Alzheimer’s disease [2, 3]. PD is marked by the
progressive loss of pigmented dopaminergic
(DA) A9 nigral neurons and the production of
a-synuclein-containing Lewy bodies (LB) in the
substantia nigra pars compacta (SNpc) [4, 5]. It is
characterized clinically by motor symptoms
including rigidity, tremor at rest, lateness of vol-
untary movement, stooped posture, difficulty
with balance and shuffling, small-step gait [6], as
well as non-motor symptoms such as lack of
facial expression, soft voice, olfactory loss, mood
disturbances, dementia, sleep disorders, and
autonomic dysfunction, including constipation,
cardiac arrhythmias, and hypotension [7]. The
progressive motor symptoms are caused by a
decrease in striatal dopamine levels [8].
Therefore, previous studies have examined PD
treatments involving neuromodulation by deep
brain stimulation or drug therapies to increase
dopamine levels in the brain, such as dopamine
precursor L-DOPA, DA agonists, monoamine-
oxidase-B (MOA-B)-inhibitors, or the NMDA-
receptor antagonist amantadine [9, 10]. However,
these medications have limited potential for treat-
ment of patients, due to their adverse-effects
caused by the non-physiological delivery of
dopamine [11, 12]. Approaches to replace lost
DA cells through neural grafting in the striatum
of PD patients have shown proof of concept for
cell replacement therapy in the human PD brain.
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These trials used intrastriatal transplantation of
human fetal mesencephalic tissue containing
developing midbrain dopamine neurons and their
precursors, resulting increased dopamine levels
and restimulation in the striatum [13-17]. These
studies showed improved motor symptoms in a
number of patients after transplantation [13, 14]
as well as increased '"*F-DOPA secretion [18, 19],
despite the fact that grafted cells showed host-to-
graft propagation of LB pathology [20]. However,
the clinical utility of human fetal mesencephalic
tissue is restricted because of the amount of tis-
sue needed for efficient results within the trans-
plant region [21]. Therefore, cell replacement
therapy studies are necessary to better understand
the safety and efficacy of transplanting fetal tis-
sue containing DA cells and to assess alternative
cell source for stem cell transplantation in PD.

3.2 Pathology of PD

Proposed PD pathologies suggest that the trigger
mechanisms of PD are related to genetic predis-
position, local neuroinflammation activation,
abnormal protein aggregation, aberrant protein
folding, and the participation of other neural cells
in the degeneration of DA neurons [22]. Recently,
oxidative stress, mitochondrial dysfunction, and
calcium-induced excitotoxicity, resulting in cell
death in the nigrostriatal system, have been gener-
ally accepted as trigger mechanisms of PD [23,
24]. Neuronal cell death in PD is associated with
the formation of intercellular deposits of protein
and lipids. LB and Lewy neurites, with accumula-
tion of a-synuclein (a-SNCA), are strongly
expressed in degenerating structures, where they
play an important role in neurodegenerative dis-
ease progression and neuroinflammation in the
brain [25-27]. Histological depositions in tissue
are produced in a small number of cells and dis-
tributed to distant brain locations by genetic muta-
tion [28, 29]. Therefore, it was first recognized in
the autosomal dominant type of PD [30].
Mutations in a-synuclein, a synaptic protein
encoded by SNCA on 4q22, lead to deposition of
a-synuclein, which serves a histopathological
marker of PD [30]. In the pathology of PD, LB are

large a-synuclein deposits forming round lamel-
lated eosinophilic cytoplasmic inclusions in the
neuronal body, and Lewy neuritis are fibers com-
posed of insoluble polymers of a-synuclein, these
occur in neuronal processes as well as astrocytes
and oligodendroglial at the early onset stage [31].
Consequently, the toxic damage effects of
a-synuclein in cells include dysfunction of mito-
chondria, lysosomes, and the endoplasmic reticu-
lum, as well as interruption of microtubular
translocation of ras-related protein (Rab)7 and
tropomyosin receptor kinase (TrkB) [31].
Deposition of a-synuclein-dependent LB is
followed by neurodegeneration, but the lesional
pattern and the underlying processes remain
unclear. Braak et al. published a detailed descrip-
tion of individual stages of PD pathology, which
is only visualized in basal cranial nerve nuclei,
such as the glossopharyngeal and vagal nerves,
and in the olfactory bulb at stage 1. At stage 2, PD
pathology is detected in the pontine areas of the
locus coeruleus, the raphe nuclei, and the reticu-
lar formation. By stage 4, PD pathology is found
at the connection of the substantia nigra and the
anterior olfactory nucleus, with equivalent rates
of degenerating neurons in the SNpc. Motor
symptoms of PD correlate with pathology at
stage 4 or later, and this stage is characterized by
widespread pathology in the cerebral cortex and
limbic system as well as degeneration of a sub-
stantial proportion of substantia nigra neurons.
Finally, stages 5 and 6 are characterized by
pathology of the basal forebrain and cortical
regions, including the entorhinal cortex and the
Cornu Ammonis (CA) area of the hippocampus
[28]. This corresponds to motor symptoms and
serious non-motor symptoms of PD, such as
dementia, psychosis, and sleep-wake disorders.
In advanced PD, dementia with LB is character-
ized clinically by a predominant dementia syn-
drome and pathologically by neocortical LB
[32-34]. Therefore, PD is a systemic disorder
that influences much of the CNS, not only the
dopamine system. Future studies are required to
totally understand pathology process of PD, thus
need to be designed attractive model to treat PD.
Recent studies show that the genes most gener-
ally involved in autosomal recessive PD are Parkin,
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PTEN-induced putative kinase 1 (PINK1), DJ-1,
and leucine-rich repeat kinase 2 (LRRK2) also
called as dardarin. Endogenous regulation of
PINK1 and Parkin on early-onset PD and charac-
terization of LRRK?2 on late-onset sporadic PD are
an important factor in understanding the patho-
physiology supporting and identical clinical evi-
dence [35-37]. Parkin, an E3 ubiquitin-protein
ligase in the ubiquitin proteasome system (UPS), is
located in the cytosol and has been implicated in
cellular integrity and mitochondrial functions con-
tains mitochondria morphology and mitochondrial
turnover [38, 39]. In addition to its role in mito-
chondrial function, it has been shown that mutation
of Parkin leads to a degradation of mitochondria
through  decreased catalytic  activity in
PD. Importantly, Parkin is inactivated by nitrosa-
tive stress, oxidative stress, and dopaminergic
stress in sporadic PD and autosomal recessive PD
is non-stimulated by a number of mutations, ulti-
mately breakdown of ubiquitin ligase ability on
Parkin leads to deposition of aminoacyl-tRNA syn-
thesis interacting multifunctional protein type
(AIMP) 2 and far upstream element binding pro-
tein (FBP) 1 as Parkin substrates, which induces
neurodegeneration through these pathway [36].
Further, mitochondrial abnormalities have been
discovered in 79.5-87.8% of induced pluripotent
stem cell (iPSC)-derived neurons with the Parkin
mutation [40]. PINK1 is a mitochondrial kinase
that reduces mitochondrial stress within cells [41],
and deletion or knockdown of PINK1 in mamma-
lian cellular and mouse models leads to various
abnormal mitochondrial activities including
reduced mitochondrial membrane potential and
ATP levels [42]. Moreover, the effect of PINK1
mutation on mitochondria translocation leads to a
downregulation in mitochondrial complex I activ-
ity and membrane potential [43]. Furthermore, pre-
viously established mitophagy mechanisms of
PINKI1 on Parkin mitochondrial translocation in
human DA neurons model using iPSC-derived
neurons [44-46]. LRRK2 is a large protein of
ROCO family and locate at endolysosomal mem-
brane with functional GTPase and kinase domains
[47]. Its role in neuronal function, it has been
shown that LRRK?2 is important factor in regulat-
ing neurite length and outgrowth [48, 49]. LRRK2

missense mutations are commonly known genetic
factors of sporadic PD [50]. In PD, neurotoxicity of
LRRK?2 mutation is characteristically expressed in
LB and its regulation is dependent on the presence
of a-synuclein [51-53]. Moreover, LRRK2 muta-
tions influence vesicular trafficking, autophagy,
protein synthesis, enhancement of oxidative stress,
and cytoskeleton function in both in vitro and
in vivo models of PD [51, 54-56]. Further, LRRK2-
related PD have been discovered in transgenic-
induced mouse model with human LRRK2 mutant
Gly2019Ser, resulting decrease of neuron prolifer-
ation, DA abnormalities, and enhanced levels of
phosphorylated tau through strongly express within
subventricular zone (SVZ), olfactory bulb (OB),
and hippocampus regions [57, 58].

3.3  Cell-Based Therapy for PD
Sources of stem cells include embryonic stem
cells (ESCs), iPSCs, mesenchymal stem cells
(MSCs), and neural stem cells (NSCs). Stem cell
therapy was first studied to treat PD in 1970s. At
that time, brain grafts were isolated from devel-
oping rat embryo brain and transplanted into a
rat PD model. These grafts survived in the host
brain and rescued behavioral deficits [59, 60].
However, it is difficult to obtain brain grafts for
PD treatment in humans because of ethical issues
and problems with immune rejection.

The major goals of stem cell therapy for PD
are the regeneration of neurons and glia as well as
the improvement of behavioral function. Cell
replacement therapy using stem cells is new hope
for treatment of PD. This technique has been
examined successfully in nonhuman primate pre-
clinical model [61]. Targeting of cell graft and
distribution and density of cells is most important
component to treat PD [62]. Therefore, stem cells
are a promising tool for treatment of several
neurodegenerative diseases, and they possess
therapeutic effects via neural regeneration and
production of neuroprotective molecules [63].

Regeneration of DA neurons is important for
treatment of PD. DA neurons are differentiated
via gene manipulation of nuclear receptor
related-1 (Nurrl), a transcription factor that
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assists the differentiation of midbrain precursors
from mouse ESCs. DA neurons induced by
Nurrl overexpression show tyrosine hydroxy-
lase (TH)-positive immunoreactivity, a DA neu-
ron-specific marker. Grafted Nurrl ESCs were
integrated into the striatum in a 6-hydroxydopa-
mine (6-OHDA)-mediated rat PD model, and
these cells showed electrophysiological proper-
ties of neurons and improved motor behaviors
[64]. Some studies have reported the beneficial
effects of neurons derived from ESCs in enhanc-
ing the motor symptoms in rodent PD models
[65, 66]. However, ESCs present some chal-
lenges, such as difficulties with dopaminergic
differentiation, immune rejection, and potential
tumorigenic effects [67, 68]. Human ESCs also
present ethical problems because they are gener-
ated from human embryos, but these cells con-
tinue to be used in clinical trials [69].

Various adult stem cells are also excellent
sources for PD therapy. NSCs are the most opti-
mal cell type for integration and restoration of
nigrostriatal processes. Pitx3-overexpressing
NSCs have significant potential for dopaminergic
differentiation, and they improve motor function
in the 6-OHDA induced rat model after cotrans-
plantation with ventral mesencephalon from E11
rat embryos [70]. In a primate study, undifferenti-
ated human NSCs were transplanted into an
MPTP-induced primate model for PD. A small
number of engrafted human NSCs differentiated
into DA neurons expressing TH and dopamine
transporter, and a-synuclein aggregates were
reduced [71]. NSCs have the potential to prolifer-
ate themselves and differentiate into “wanted”
neurons easier than other adult stem cells,
whereas it is difficult to isolate the sufficient
number of cells for therapy [72].

MSCs also have therapeutic effects through
several possible mechanisms, such as secretion of
neuroregulatory molecules to assist neural regen-
eration, activation of endogenous restoration
mechanisms to facilitate neurogenesis, immuno-
modulation, and anti-inflammatory effects [72]. A
large number of MSCs can be easily isolated, and
they have the ability of differentiation to neurons
and glia [73, 74]. Transplantation of bone mar-
row-derived MSCs in the brains of PD model rats
led to markedly increased TH-positive cells and

improved behavior [73]. Neurons derived from
human umbilical cord-derived MSCs migrate in
the substantia nigra and not only integrate in the
dopamine pathway but also participate in neuro-
genesis in the hippocampus and subventricular
regions [75]. Transplanted adipose-derived MSCs
survive for 4 months and restore normal behavior
in MPTP-lesioned rhesus monkeys [76].

Because iPSCs may provide ideal autologous
cell transplantation for PD to escape the problem
of immune rejection, preclinical studies of iPSCs
may have a beneficial potential and lead to clini-
cal application of stem cell. However, iPSCs
have risks and are limited by genetic alterations
and low efficiency of reprogramming [72].
Transplantation of iPSC-derived DA neurons led
to improvement of motor functions in rodent PD
models [77]. In a primate study, transplanted
iPSC-derived DA neurons survived 2 years and
led to behavior improvement without immuno-
suppression [78].

The therapeutic effects of stem cell treatments
are often improved by cell-based gene manipula-
tion and chemical agents. In a study, the adminis-
tration of estradiol-2-benzoate activated integrin
aS5P1 in striatal neurons of adult female rats. The
activation of integrin aSPp1l leads to integrate
iPSC-derived dopaminergic neurons into host
striatal neuronal circuit [79]. Dual application of
estradiol and iPSCs-derived dopaminergic neu-
rons may have the advanced therapeutic potential
to treat PD.

H2AX gene is a H2A histone gene to deter-
mine DNA repair and cell apoptosis. Mutant gene
of H2AX (Y142F) is overexpressed in dopami-
nergic neuron to improve the survival of trans-
planted dopaminergic neurons for PD treatment.
These cells showed more resistant to DNA dam-
age and apoptosis process under the neurotoxic
environment [80]. Another method used viral
vectors containing genes for both TH and GTP
cyclohydrolase 1 (GTPCH1) infected in human
neural stem cells (F3.TH.GTPCH cells). PD
model rats transplanted with F3.TH.GTPCH
show DA cell regeneration and improvement of
behavioral function [81]. These genetic and
chemical manipulations provide alternative
strategies for improving the beneficial effects of
stem cells in PD therapy.
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Conclusion

The currently available treatments for PD,
such as L-DOPA, DA agonists, MOA-B inhib-
itors, and amantadine, only delay disease pro-
gression and are limited for long-term use
because of adverse-effects [9, 10]. Transplanted
stem cells can integrate, survive, regenerate,
and replace degenerated neurons and glia,
restoring their functions in lesions of PD. Stem
cell therapy is promising for PD treatment
though there are still some obstacles and risks
for clinical trials, such as tumorigenesis,
immune rejection, and low efficiency. Future
research should focus on establishing efficient
stem cell lines and improving the survival and
integration of engrafted cells in lesions of PD.
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Disease: Impact on Tau Pathology
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4.1 Hyperphosphorylated Tau

in the Pathogenesis of AD

Alzheimer’s disease (AD) is the most prevalent
progressive neurodegenerative disorder of the
cerebral cortex. It is characterized by personality
changes, abnormal emotional and social behav-
iors, disordered spatiotemporal relationships, and
a gradual decline in cognitive functions, of which
memory loss for recent events is the most promi-
nent sign [1, 2]. The early involvement of the
monoaminergic systems, predominantly the nor-
adrenergic locus coeruleus and serotonergic dor-
sal raphe nucleus in the brainstem, is thought to
be responsible for non-cognitive symptoms of
variable severity [3]. In addition to extracellular
accumulation of amyloid p (Ap) peptide in senile
plaques, the defining clinico-pathological feature
of AD is intraneuronal deposition of hyperphos-
phorylated tau protein into paired helical fila-
ments (PHF) of neurofibrillary tangles [4-6].
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Tau is the major microtubule-associated
protein (MAP) in neuronal cells with an essential
role in the stability and dynamics of axonal micro-
tubules. It regulates neurite outgrowth, axonal
transport, cytoskeleton maintenance, and neuro-
nal shape [7, 8]. Tau is encoded by a single gene,
but several developmentally regulated isoforms
with distinct affinities for microtubules are
expressed in the human brain by alternative
mRNA-splicing [9, 10]. These tau isoforms differ
by the presence of two, one, or zero N-terminal
inserts (2N, 1N, ON) and either three or four semi-
conserved repeats (3R, 4R) in the microtubule-
binding domain at the C-terminus [10, 11].

Tau possesses multiple phosphorylation sites,
mainly clustered in the flanking regions of the
microtubule-binding domain. Accordingly, the
biological activity of tau is principally controlled
by phosphorylation as the degree of phosphoryla-
tion inversely correlates with binding to microtu-
bules. Hyperphosphorylated tau is unable to
efficiently bind microtubules and stabilize the
cytoskeletal network. Besides inducing microtu-
bule disruption, hyperphosphorylated tau mis-
folds and self-assembles into tangles of PHEF,
sequesters normal tau, and two other neuronal
microtubule-associated  proteins, = MAPIA/
MAPI1B and MAP2. This ultimately impairs axo-
plasmic flow and slowly leads to retrograde
degeneration [4, 10, 12-14]. Furthermore, tau
phosphorylation inhibits tau turnover by
proteolysis. The inhibition of tau turnover may be
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directly responsible for the accumulation of
abnormally phosphorylated tau aggregates and
the four- to fivefold increment of tau level that is
observed in the brains of AD patients [15-17].

The activity of many different proline-directed
and non-proline-directed kinases is responsible
for the pattern of tau phosphorylation. The major
contributors to enhanced tau phosphorylation are
glycogen synthase kinase-3p (GSK-3p), cyclin-
dependent kinase 5 (cdk5), mitogen-activated
protein kinases (MAPKSs), such as extracellular
signal-regulated kinase-1/2 (ERK1/2), JNK and
p38, calcium and calmodulin-dependent protein
kinase-II, non-receptor tyrosine kinases, casein
kinase 1 delta, and cyclic AMP-dependent pro-
tein kinase [16, 18-20]. Among them, GSK-3f is
identified as a particularly important player in the
pathogenesis of sporadic and familial forms of
AD. GSK-3f can promote the formation of
tangle-like filament morphology in cell-free sys-
tems, mediate phosphorylation of tau in neuronal
cultures, and induce tau hyperphosphorylation
accompanied with the decline of cognitive func-
tions in animals [21-23].

On the longest brain tau isoform, about 80
putative serine (Ser) or threonine (Thr) phos-
phorylation sites have been identified, and most
of them are on Ser-Pro and Thr-Pro motives.
Together with five additional Tyr residues, amino
acids that can be phosphorylated comprise
approximately 20% of the whole tau protein [24,
25]. The number of identified phosphorylated
residues in aggregates from AD brain is at least
45 [24, 26]. It is considered that proline-directed
kinases, such as GSK-3p, that act on serine/thre-
onine followed by proline are probably more
important for the AD pathology than non-
proline-directed kinases as they are able to phos-
phorylate tau at a large number of sites. However,
although non-proline-directed kinases (such as
protein kinase A (PKA) and calcium/calmodulin
kinase II) phosphorylate tau at only a limited
number of sites, their importance may be under-
estimated as phosphorylation of tau by these
kinases increases the phosphorylation of tau by
GSK-3p and cdk5 [3, 9, 27].

In addition, a decrease in the activity of
different phosphatases can result in tau hyper-

phosphorylation. Indeed, activity and/or expres-
sion of protein phosphatases-1, -2A, -2B, and -5
(PP1, PP2A, PP2B, PP5), phosphatase and tensin
homolog deleted on chromosome 10 (PTEN), are
found altered in the AD brains [3, 10, 19, 28, 29].
Among them, PP2A accounts for approximately
70% of the total tau phosphatase activity in
human brain and its activity is significantly inhib-
ited in the AD with concurrent hyperphosphory-
lation of tau [30].

4.2 TheRole of p53in Neuronal

Biology

The transcription factor p53, predominantly
known as the key mediator of the DNA damage
response, plays a crucial role in cell-cycle regula-
tion, apoptosis, and senescence. p53 is activated
in cellular response to various genotoxic chal-
lenges, including oxidative stress. The pathogen-
esis of AD is tightly linked to increased oxidative
stress. In the brain, oxidative stress-related
injuries are characterized by the accumulation of
damaged macromolecules (proteins, lipids,
nucleic acids, and carbohydrates), mitochondrial
dysfunction and ATP depletion, impaired prote-
olysis and autophagy, axonal degeneration, pro-
nounced microglia activation, and inflammation
accompanied with gliosis that over time ends in
neuronal apoptotic death [31-33].

In response to a mild oxidative injury, p53
promotes antioxidant activities to ensure cell
survival. However, in response to severe oxida-
tive stress, such as is the case with increased
nNOS (the neuronal/constitutive form of nitric
oxide synthase) expression in reactive astrocytes
and microglia in full-blown AD cases [34], p53
induces prooxidative activities that lead to cell
death [35]. In the central nervous system,
enhanced levels of p53 are often correlated with
neurodegenerative processes and induction of
neuronal apoptosis, for example, during brain
development, in hereditary brain diseases such
as spinal muscular atrophy, in excitotoxic cell
death, cerebral ischemia, epilepsy, and traumatic
brain injury [36—40]. p53 accomplishes its roles
by binding to specific DNA sequences and regu-
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lating the expression of a panel of genes that
mediate p53-dependent functions. In neurons,
target genes induced by p53 include the pro-
apoptotic regulators of cell death (Bax, Puma-a
p53 up regulated modulator of apoptosis, and
Noxa), p21 (regulator of cell cycle), and Mdm?2
(a regulator of p53). In addition to transcrip-
tional regulation, p53 may directly trigger
nuclear-independent apoptosis acting at the level
of mitochondria [38]. Namely, following trans-
location to the mitochondria, p53 may directly
induce permeabilization of outer mitochondrial
membrane that results in cytochrome c release
and induction of detrimental apoptotic cascade
[41, 42]. As synaptic terminals and neurites are
enriched in mitochondria, impairment of mito-
chondrial function may lead to synaptic degen-
eration [43]. Therefore, p53 deficiency or
inhibition may protect neurons from various
acute toxic insults. This suggests that p53-inhib-
iting drugs may be a promising approach in the
therapy of neurodegenerative diseases [38, 44].
Stability and transcriptional activity of the
normally short-lived p53 are mainly regulated by
post-translational modifications and protein/pro-
tein interactions. Yet another important mecha-
nism in the control of p53 function is its
conformational stability [45]. Under normal
physiological conditions, negative regulators
murine double minute-2 (Mdm2) or the human
homolog (Hdm2) keep p53 inactive and unsta-
ble, and at low basal levels by promoting p53
ubiquitination for proteasome-dependent degra-
dation. Consequently, this inhibits transcrip-
tional activity of p53. In response to DNA
damage and other stressors, various post-transla-
tional mechanisms (such as phosphorylation,
acetylation, methylation, and sumoylation,
among others) disrupt interactions of p53 with
Mdm?2, leading to its stabilization and accumula-
tion [46]. Recent findings have revealed that
human p53 undergoes a combination of alterna-
tive splicing, alternative promoter usage, and
alternative initiation of translation that gives rise
to at least 12 distinct protein isoforms that differ
at C- and N-termini. As major isoforms are
considered full-length p53 and N-terminally
truncated versions A40p53, A133p53, and

A160p53 that lack the first 39, 132, and 159
amino acids, respectively. Isoform A40p53 lacks
the first transactivation domain (TD1) but retains
the second (TD2), while A133p53 and A160p53
lack both transactivation domains but retain the
DNA-binding region almost entirely. Most of the
alternative splicing of p53 pre-mRNA occurs at
the 3" end. This creates § and y isoforms of full-
length p53, and «, B, and y isoforms of A40p53,
A133p53, and A160p53 [47, 48]. These diverse
and highly variable N- and C-termini allow p53
to mediate a remarkable repertoire of different
functional outcomes that are still not completely
understood [49].

In addition to its well-documented role in
neuronal apoptosis, p5S3 regulates neuronal ter-
minal differentiation during development, con-
trols proliferation and differentiation of neural
progenitor cells towards neuronal phenotype,
and promotes axonal outgrowth and regenera-
tion after nerve injury [49]. Thus, p53 is highly
expressed in proliferative neuroblasts of the
developing brain, but is down-regulated in cells
undergoing terminal differentiation [50]. In fact,
p53 may regulate axonal growth cones and
motility in early developing neurons, presum-
ably via a transcription-independent mecha-
nism. In early developmental stages, high
expression of phospho-p53 was preferentially
found in axons and axonal growth cones and
was co-localized with tau. Later during develop-
ment, phospho-p53 was mainly found in cell
bodies and neurites [51]. Accordingly, deletion
of the p53 nuclear export signal blocked axonal
distribution of p53 and induced collapse of the
growth cone, probably by suppressing Rho
kinase activity [51]. In another study, inactiva-
tion of endogenous wild-type p53 blocked both
apoptosis and differentiation of neurons and oli-
godendrocytes [52]. Similarly, the suppression
of p53 expression in knock-out p53 mice accel-
erated neuronal differentiation and was associ-
ated with rapid cytoskeletal maturity that also
included a premature dephosphorylation of tau
proteins [50].

Unexpectedly, by studying a Drosophila
model of tauopathy, it was discovered that p53
may play a neuroprotective role during aging by
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regulating expression of synaptic genes. It was
confirmed that p53 regulates the expression of
the same synaptic-function genes in mammalian
cortical neurons. More importantly, genetic
manipulation of these genes was able to modify
tau neurotoxicity in tau transgenic flies. Hence,
the authors suggested that in response to DNA
damage, p53 protects postmitotic neurons from
degeneration and dysfunction by counteracting
synaptic injury and maintaining synaptic func-
tion [53]. As previously mentioned, p53 is also
required for axonal outgrowth and regeneration
after neuronal damage. In particular, p53 is
involved in the integration of extracellular signals
(neurotrophins and axon guidance cues) and
modulation of cytoskeletal response associated
with neurite outgrowth [54]. Tedeschi and co-
authors [55] demonstrated that the acetylated
form of p53 participates in neuronal differentia-
tion and axonal outgrowth by driving expression
of growth-associated protein 43 (GAP-43) or
neuromodulin, a prototypical regeneration pro-
tein and axon growth factor. GAP-43/neuromod-
ulin expression was preferentially regulated by a
CREB-binding protein (CBP)/p300-dependent
pS53 acetylation complex. Namely, p53 and its
acetyltransferases CBP and p300 form a tran-
scriptional complex that regulates axonal GAP-
43. In an axon regeneration model, both CBP and
acetylated p53 were induced following axotomy.
Similarly, the p53/GAP-43 transcriptional mod-
ule was switched on during axon regeneration
in vivo. In another study, acetylation of p53
mediated axonal regeneration in mice and pri-
mary neurons by targeting the actin-binding pro-
tein Coronin-1B and the GTPase Rab13, both of
which associate with the cytoskeleton and regu-
late neuronal outgrowth [56].

4.3 p53inthe Pathogenesis

of AD

Elevated p53 immunoreactivity has been found
in brain tissue of patients with sporadic AD and
transgenic mice carrying mutant familial AD,
both in neurons and glial cells. Western blotting
revealed that p53 is primarily up-regulated in the

superior temporal gyri and frontal cortices of AD
brains compared with age-matched controls [46,
57, 58]. Conformational changes in p53 tertiary
structure that impaired protein function were
seen in peripheral cells derived from AD patients
and were associated with a dysfunctional
response to stressors [59, 60]. For example, skin
fibroblast cultures were more resistant to oxida-
tive damage due to suppressed activation of p53
and p53-target genes and diminished induction of
apoptosis. Fibroblasts, as well as mononuclear
blood cells from AD patients, specifically
expressed an unfolded, point mutations-free form
of p53 [61, 62]. Based on these findings, it is
assumed that impaired activation of p53 may
contribute to the genesis of AD. On the other
hand, these results indicate the possibility of
using conformational analysis of altered p53
forms in the blood as a potential biomarker to
improve the early diagnosis of AD [59, 60].

4.3.1 The Specific Role of p53 in Tau
Pathophysiology Is Mediated

via GSK-3f

In HEK293a cells, it is shown that p53 induces
phosphorylation of human 2N4R tau at the
Ser199/Ser202/Thr205 epitopes. The effects of
P53 on tau phosphorylation were indirect due to
the compartmental segregation of the two pro-
teins and attributed to the transcription of a p53
target genes or a kinase downstream in a p53 sig-
naling [46]. For the AD pathology, it is signifi-
cant that GSK-3f, the principle tau kinase,
interacts synergistically with p53 (Fig. 4.1).
Apoptotic stimuli induce accumulation of p53 in
the nucleus and the mitochondria that results in
association of p53 with GSK-3f [63]. By these
nuclear and mitochondrial interactions, the
activities of both proteins are increased. While
binding of p53 directly stimulates kinase activity
of GSK-3f, active GSK-3f promotes transcrip-
tional activity of p53 in the nucleus. GSK-3p also
contributes to p53-mediated apoptotic signaling
in the mitochondria. Namely, inhibition of
GSK-3p prevents cytochrome c release and acti-
vation of caspase-3 [63, 64].
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S

OXIDATIVE STRESS

p53 ACCUMULATION

PSEN1 mutations

Fig. 4.1 Oxidative stress results in high levels of p53,
hyperphosphorylated tau, and cell death. Oxidative stress-
induced association of p53 and GSK-3f increases activi-
ties of both proteins. p53 directly stimulates kinase
activity of GSK-3p, and active GSK-3f promotes tran-
scriptional activity of p53 in the nucleus. In neurons, tar-
get genes induced by p53 include the pro-apoptotic
regulators of cell death such as Bax, Puma, and Noxa.

Neurons bearing neurofibrillary tangles do not
preferentially die by classic apoptosis but instead
go through chronic (necrotic), long-term degen-
eration [34]. Results of Wang and co-workers
[65] suggest that tau hyperphosphorylation by
GSK-3 might be the key factor that renders cells
more resistant to apoptosis. In their study, the
overexpression of tau prevented apoptotic death
in neuroblastoma N2a cells and in a tau trans-
genic mouse model. The overexpression was
associated with lower constitutive expression of
p53 and inhibition of transcription-independent,
p53-mitochondria-mediated pro-apoptotic pro-
gram, together with reduced phosphorylation and

AB OLIGOMERS

HYPERPHOSPHORYLATION

CELL DEATH

High levels of A oligomers also trigger the downstream
pathways involved in phospho-tau pathology. Increase in
intracellular AP42 activates the pS3 promoter and further
exacerbates p53-mediated cell death. Presenilin 1, a part
of y-secretase complex, brings tau and GSK-3f in close
proximity. AD-related mutations in presenilin 1 possess
higher ability to bind GSK-3p and promotes tau
hyperphosphorylation

elevated nuclear translocation of p-catenin, a
component of Wnt signaling. According to them,
it seems that tau overexpression exerts protective
effects on p53 by inhibiting activation (phosphor-
ylation) at Ser33, likely by kinases Cdk-5 and
GSK-3 [65].

Besides regulating p53 activity by nuclear and
mitochondrial associations, GSK3 also controls
p53 abundance via Mdm?2 phosphorylation. GSK-
3-dependent phosphorylation of Mdm?2 is needed
for p53 proteosomal degradation to proceed [66].
The model of Proctor and Gray [67] also proposed
that GSK-3p might be the kinase responsible
for the p53-induced tau hyperphosphorylation.
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Namely, when neuronal cells are stressed, p53
accumulates and is free to interact with GSK-3,
leading to increased activity of GSK-3p. Increased
GSK-3p activity in turn stimulates p53 activity,
thus generating a positive feedback loop. Increased
GSK-3p activity directly induces hyperphosphor-
ylation of tau, but also stimulates production of Ap
and formation of AP aggregates that further pro-
mote tau phosphorylation [23, 33, 68, 69].

The shortest isoform of p53, A40p53 or p44,
contributes to accelerated aging and reduced life
span. Mice with p44** genotype display tau
hyperphosphorylation, synaptic impairment and
premature cognitive decline [70]. In these mice,
only A40p53 and full-length p53 are able to bind
to the promoter of several tau kinases, including
GSK-3f, and activate their transcription. The
level of A40p53 increases with normal aging in
the mouse brain, suggesting that an imbalance in
the full-length p53/A40p53 ratio may be respon-
sible for the altered tau metabolism that charac-
terizes aging [48].

4.3.2 Interplay Between p53,
Phosphorylated Tau, and A

in AD

The dominant theory of AD pathology, the amy-
loid cascade hypothesis, emphasizes the crucial
role of increased processing of transmembrane
amyloid precursor protein (APP). APP is first
cleaved by f-secretase (BACE-1), and then by
y-secretase complex, yielding AP peptides, a 39-
to 43-amino acid fragments. Fragment AP42 is
considered particularly neurotoxic and prone to
aggregation. Although neurodegeneration in AD
is historically attributed to extracellular deposi-
tion of AP in senile plaques, the focus recently
shifted to the small diffusible AP oligomers.
Namely, AB42 immunoreactivity is also detected
in the cytosol and nuclei of degenerating neurons
in Tg mice and AD brains [58]. The accumula-
tion of AP oligomers revealed a better correla-
tion with the disease onset and severity in
comparison with the insoluble amyloid plaques
[71]. It has been shown that high levels of AP
oligomers trigger the downstream pathways

involved in phospho-tau pathology (Fig. 4.1) and
facilitate the development of tau-related patho-
logical hallmarks in animal models [72, 73].
Furthermore, intracellular AB42 directly acti-
vates the p53 promoter and exacerbates
p53-mediated apoptosis indicating that AP42/
p53 pathway may be directly responsible for
neuronal loss in AD. Oxidative DNA damage
may induce nuclear localization of soluble Ap42
and p53 mRNA expression in primary neurons.
Accordingly, in AD brains, DNA fragmentation
was detected in the cells that exhibited increased
p53 immunoreactivity [57]. On the other hand,
wild-type APP strongly inhibits p53-DNA bind-
ing activity and p53-mediated gene transactiva-
tion whereas mutant APP does not [74]. This
indicates that APP offers protection against neu-
ronal apoptosis by controlling p53 activation at
the post-translational level and suggests that dis-
ruption of this function may increase neuronal
susceptibility to secondary insults and further
neurodegeneration.

A connection between soluble Ap and
increased tau protein phosphorylation has been
recognized and regarded as an important factor in
the progression of AD [75]. As tau hyperphos-
phorylation results from AP accumulation,
GSK-3f represents important link between Af
and tau pathologies [69]. AP42 oligomers may
induce endoplasmic reticulum stress and Ca*
released from endoplasmic reticulum stores may
promote GSK-3f activation and tau phosphoryla-
tion [76]. Furthermore, presenilin 1, a part of
y-secretase complex, participates in the regula-
tion of tau phosphorylation as it brings tau and
GSK-3f in close proximity. AD-related muta-
tions in presenilin 1 show increased ability to
bind GSK-3p and promote tau-directed kinase
activity [77].

Evidence also suggests that non-fibrillary A
forms bind to membrane receptors and modulate
GSK-3p activity. Thus, the ability of AP to bind
to the Wnt receptor Frizzled permits GSK-3f
activity. This activity further inhibits the canoni-
cal Wnt signaling involved in the regulation of
synaptic function and plasticity [78]. Moreover,
GSK-3p is downstream target of protein kinase
Akt. Akt phosphorylates GSK-3f and induces its
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inactivation in physiological conditions [22].
Accumulation of AP42 peptide inhibits Akt path-
way, activates GSK-3f, and triggers apoptosis
[79]. Recent findings indicate that Puma, an
important member of the BH3-only protein fam-
ily, is up-regulated in neurons upon exposure to
AP42 both in vitro and in vivo. The activation of
p53 and inhibition of PI3K/Akt pathways are
required to induce Puma expression. The tran-
scription factor FoxO3a, which is activated when
PI3K/Akt signaling is inhibited, directly binds
with the Puma gene and induces its expression
upon exposure to oligomeric AB42 [80].

Interestingly, protein phosphatase-2A inhibi-
tor-2 (I,*"*4), an endogenous PP2A inhibitor sig-
nificantly increased in AD brain, regulates p53
and Akt correlatively. The simultaneous activa-
tion of Akt induced by LF** counteracts the
p53-induced apoptosis suggesting that an
increase in I,’P?* may trigger apoptosis by p53
up-regulation, but due to simultaneous activa-
tion of Akt, the neurons are aborted from the
apoptotic cascade. These novel findings also
might help in our understanding of why most
neurons in AD do not go through classic apopto-
sis but instead go through prolonged neurode-
generation [81]. The increase of L is
associated with tau hyperphosphorylation and is
due to inhibition of PP2A. Down-regulation of
L,FP?A by silencing reduces tau hyperphosphory-
lation and accumulation. Down-regulation also
improves memory deficits in 12-month-old
human tau transgenic mice by a mechanism that
involves restoration of PP2A activity and inhibi-
tion of GSK-3p [30]. Interplay between AP42,
GSK-3p, and Akt signaling is also important for
hippocampal long-term potentiation that might
contribute to memory deficits characteristic for
AD patients. AP inhibits hippocampal long-term
potentiation and this process requires cleavage
of Aktl by caspase-3, resulting in activation of
GSK-3 [82].

Expression of p53 is also partly regulated by
the transcriptionally active intracellular domain
of the APP (AICD). AICD is released into cyto-
sol after the y-secretase cleavage step and exerts
cytotoxic effects on neuronal cells [83]. AICD
fragments may interact with p53 and enhance its

transcriptional  activity and  pro-apoptotic
functions [84]. In addition to increase in p53-
mediated activities, enhanced APP processing
and an increase in AICD generation could lead
to an increase in tau hyperphosphorylation.
Namely, AICD induces the expression of
GSK-3p followed by the induction of tau phos-
phorylation, reduction of nuclear p-catenin and
enhanced neuronal apoptosis [85]. The inhibi-
tion of the f-secretase cleavage site reduces lev-
els of p53 and phosphorylated GSK-3f in
3xTg-AD mice [86]. Furthermore, AICD regu-
lates translation of the p44 isoform (A40p53)
that is expressed in an age-dependent manner
and causes premature aging and reduced life
span [87]. AICD directly binds to the second
internal ribosome entry site (IRES) of the p53
mRNA and affects translation of p44 through a
cap-independent mechanism. As p44 controls
transcription of several tau kinases, it is possible
that enhanced translation of A40p53 finally
results in enhanced tau phosphorylation, thus
providing a potential molecular link between
APP, A40p53 and tau [88].

Conclusion

Although not completely understood, the role
of p53 in the pathogenesis of AD has been
documented by human and animal studies.
Accumulating evidence supports the involve-
ment of p53 in AP and tau pathology: elevated
levels of p53 are present in brain tissue from
AD patients, p53 synergistically interacts with
GSK-3p that promotes activities of both pro-
teins, GSK-3 controls p53 abundance via
Mdm?2 phosphorylation, p53 is involved in
chronic, long-term degeneration of affected
neurons, p53 promoter is activated by A, and
pS3 activity is partially regulated by APP,
AICD, and PP2A-inhibitor 2. Hence, inter-
vention in pS53-related signaling might be
important for maintaining neuronal survival
and restoration of vital neuronal functioning,
including cognitive abilities. Modulation of
signal transduction pathways associated with
pS3-mediated cell death might be promising
therapeutic target in AD and other age-related
neurological disorders.
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5.1 Introduction

Huntington’s disease (HD) is an inherited,
monogenic and autosomal dominant, and typi-
cally neurodegenerative disease, whose clinical
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symptoms begin at the age of 40 years on average
and the penetrance is almost complete at approxi-
mately 65 years of age [1]. With regard to the
number of people affected by HD, the prevalence
is around 10 cases per 100,000 individuals [2].
The main symptoms that appear initially are
motor incoordination, cognitive decline, and
psychiatric disorders [3]. Among psychiatric dis-
orders, major depressive disorder (MDD) appears
to be the most prevalent [4] and has relevant
neuerochemical correlations with HD [5].

Although HD was described before by some
physicians, it was given the eponymous name
after the physician George Huntington’s system-
atic description in 1872 [6], about three impor-
tant basic features of the disease, namely: the
hereditary nature, the tendency to insanity and
suicide, and the severe manifestation of the dis-
ease only in adult life [7].

Initially, the disease was described as
Huntington’s chorea, due to the characteristics of
the movements. Korea means dance in Greek and
summarizes uncontrollable and shaken move-
ments, which occur in the head, face, trunk, and
limbs. Important voluntary activities are seri-
ously impaired, such as speech, swallowing,
walk, and writing, among others [8].

The pathophysiological basis comes from a
mutation in the huntingtin (HTT) protein, which
is one of the proteins whose gene has a polymor-
phic CAG trinucleotide repeat tract, leading to the
formation of polyglutamine tract in the N-terminal
region of the protein. The expansion of CAG
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repeat is the basic characteristic of mutated hun-
tingtin (mHTT) [9]. HD is therefore characterized
as one of the polyglutamine diseases (PolyQ)
[10]. The pathophysiology of the disease involves
a wide range of biological mechanisms, whose
alterations culminate in gliosis, with loss of astro-
cytes and oligodendrocytes, and in neuronal death
and atrophy of brain tissues, with the most
affected regions starting with the striatum, which
integrates circuit of the basal ganglia, and the
cerebral cortex [3]. Medium-sized spiny project-
ing neurons which release  inhibitory
y-aminobutyric acid (GABA) neurotransmitter
are the most affected, but many other neurons and
neurotransmitters are involved in circuit dysfunc-
tion [11, 12]. Among biological alterations inher-
ent or consequent to the dysfunctions in the
neurotransmission system are cellular inclusions
of protein aggregates [13], changes in cellular sig-
naling pathways [14], energy metabolism [15],
oxidative balance, inflammatory mechanisms [16,
17], and neurotrophic factors changes [18]. This
chapter discourse some well-defined basic patho-
physiological features and some mechanisms that
are the most recent study objects in HD.

5.2  Basic Neuroanatomy

of Huntington'’s Disease

Neurodegeneration can cause about 20-30% of
reduction of brain mass, depending on the sever-
ity of the disease [19].The main losses and mor-
phofunctional changes occur in the basal nuclei,
more specifically in the neostriate, which is con-
stituted by the caudate nucleus and putamen, two
structures of cellular mass that integrate the cir-
cuit of the basal ganglia [11]. The striatal circuit
consists mainly of the group of projection neu-
rons, whose main neurotransmitter is the inhibi-
tory y-aminobutyric acid (GABA), and the
interneurons that modulate the projection neu-
rons. Projection neurons are almost all medium-
sized spiny neurons (MSN) [20] which project
mainly to the globus pallidus and substantia nigra
pars reticulata (SNr) that is located in the mid-
brain, but is closely connected to the striatal cir-
cuit [11, 12]. The striatum receives projections
from practically all cortical regions, especially the

sensory and motor cortices. Subcortical nuclei,
namely: thalamus globus pallidus, substantia
nigra pars compacta (SNc), dorsal nucleus of the
raphe, and pedunculopontine nucleus of the mid-
brain also projects to the striatum. The cortex
projects information to the striatum through two
pathways: a so-called direct pathway, which sends
information from the striatum to the internal seg-
ment of the globus pallidus (GPi) and SNr; and an
indirect pathway, which sends information to the
external segment of the globus pallidus (GPe),
that in turn projects to the subthalamic nucleus
(STN), which sends information to the GPi. By
these two pathways, the signals converge to the
GPi and, from this follow information to the ven-
tral thalamic nuclei, anterior and lateral. From the
thalamus, the signals are projected to the premo-
tor and frontal cortices, which will modulate the
output signals of the primary motor cortex, which
activate the complex muscular movements (for a
more in-depth anatomical description, see: [11,
12]). Also, there is an excitatory pathway that
projects directly to the STN and increases the
excitability of the STN projection to the GPi,
being faster than the cortico-striatal pathways.
The pathway was termed the hyperdirect pathway
of the basal ganglia [21].

Although the brain regions most affected
belong to the connections of the basal nuclei, the
brain as a whole suffers losses, which may be
reflecting the variability of symptoms among HD
patients [22, 23]. Another important factor is that
the degree of striatal impairment does not corre-
late with the severity of the functional impair-
ment and therefore, the variability and severity of
the clinical and functional symptoms seem to be
related to a variability of affected brain regions,
especially the cortical areas [24]. The evolution
of studies along more of a century has allowed
HD to be considered a multisystem degenerative
disease of the human brain [12]. In addition and
parallel to the striatal neuronal loss, the HD pres-
ents gliosis, with loss of astrocytes and oligoden-
drocytes, which are happening in the same
direction of the neuronal loss [3].

Although earlier studies have suggested that
neuronal losses would begin after the onset of
motor symptoms, more recent studies have shown
that the volume and shape of basal nuclei, cortex,



5 Pathophysiological Mechanisms of Huntington’s Disease 51

and other brain regions are undergoing changes
before motor symptomatic onset [25, 26]. The
reductions in cortical volumes were correlated
with cognitive impairment before motor symp-
toms in HD [26].

5.3  Genetics of Huntington’s

Disease

HD is a typically autosomal and dominant dis-
ease. Extensive research has also noted that
homozygosis or the non-mutant allele do not
influence the age of onset of the disease and there-
fore the changes occurring from a mutant allele
appear to already exceed the threshold required
for the onset of the disease [27]. However, homo-
zygosis seems to induce a greater severity of the
disease as verified on the neuronal losses and glio-
ses in the striatum, hippocampus, cortex, and
thalamus of transgenic mice [28]. In addition,
homozygosis, although rare in HD patients, was
related to more severe motor, cognitive, and
behavioral phenotypic alterations, which were
consistent with neurodegeneration [29]. The dis-
ease consists of a mutation in the IT15 gene
located on the short arm of chromosome four,
which encodes a protein called huntingtin (HTT).
The gene contains a variable number of citosine-
adenine-guanine (CAG) trinucleotide repeats [9],
consisting of a polymorphic region of polygluta-
mine (PolyQ), both in the non-mutant and mutant
genes. The expanded polyQ stretch of HTT is
located in the N-terminal region, in the first exon,
forming therefore a variable number of N-terminal
regions of the protein [10]. However, non-HD
individuals present a genotype in which the CAG
range from 12 to 36 repeats, while in HD the
number is higher, varying from 36 to 120 folds
[30]. The expanded polyQ trait of mutant HTT
(mHTT) directs the protein to a detrimental con-
formational flexibility in the N-terminal region,
impairing the protein—protein interaction and the
functional dynamics of HTT [31]. Losses in the
binding activity of the protein from the polyQ
expansion can alter biological processes and
impair cellular homeostasis, impacting on neuro-
nal survival losses [14]. The highest number of
repetitions is positively correlated with the lower

age of onset of HD symptoms [9]. The HD pheno-
type, which is mostly manifested after the age of
approximately 40 years, seems to depend on the
accumulation of the overexpression of the HTT
and ubiquitin fragments in intranuclear inclusions
that begin before phenotypic changes, as verified
in studies from transgenic mice [32]. However,
studies with transgenic mice observed a small
percentage of intranuclear inclusions in regions
related to motor and behavioral phenotypic
changes in HD [33].

HTT protein was observed inside and outside
the CNS, in compartments such as the nucleus,
Golgi complex, and endoplasmic reticulum. In
the synapses, the protein is found in vesicular
compartments, such as the endosomes, microtu-
bules, and clathrin-coated vesicles [13].

Neurotransmission and Cell
Signaling Pathways
in Huntington’s Disease

54

Among all the neuronal circuits that are impaired
in HD, the network of MSNss in the striatumin the
one that suffers the greatest degeneration [34].
Striatal GABAergic projections have been well
studied. The striatopallidal neurons group whose
projections contain enkephalin appear to be the
most affected in the early and intermediate stages
of HD. However, in the more advanced stages of
the disease, practically all GABAergic striatal
projections are deteriorated [35].

The neuronal loss in the striatum appears to be
a secondary process to alterations in the function
of the microcircuitry related to the striatal output
neurons. Prior to neuronal loss, the projection
neurons are overestimulated, possibly by a reduc-
tion of the GABAergic inhibitory current [36].
These latter authors suggest that the reduction of
the output inhibitory signal involves alteration in
the glutamate astrocytic reuptake, culminating in
increase of extracellular glutamate, activation of
receptors mGIluRS and thus, endocannabinoids
release. Activation of CB1 cannabinoid receptors
on GABAergic terminals leads to a reduction in
GABA release. Thus, the balance between excit-
atory glutamatergic and inhibitory GABAaergic
activity is dysregulated, leading to an increase in
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output striatal excitatory signal. Other research-
ers have demonstrated that the decrease in the
inhibitory current in striatal neurons also arises in
the function of astrocytes. The authors verified
that the astrocytic release of GABA appears to
depend on the uptake of glutamate by astrocytes,
an event that depends on the characteristic of the
astrocyte membrane potential. The reduction of
the astrocytic release of GABA in HD seems to
have originated in the reduction of glutamate
uptake, possibly from a change in the function of
astrocytic glutamatergic transporters [37].
Several receptors were shown to be reduced
in brain regions of patients and animals as a
model of HD. Reductions of mRNAs and recep-
tors expression, namely D1 and D2 dopami-
nergic, A2a adenosinergic, CB1 cannabinoids,
metabotropic and ionotropic glutamatergic recep-
tors such as o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors and
NR2a and NR2b subunits of N-metil D-aspartato
(NMDA) receptors were observed [38]. Studies
with PET imaging suggest that the striatal D1 and
D2 receptors are the most significant markers of
the stages and evolution of HD. D2 receptors seem
to suffer a greater reduction in pre-manifestation
stages of the disease, suggesting therefore to be
more appropriate markers for the identification
of HD signals before the most prominent phe-
notypic manifestations of the disease [39]. The
greatest losses in receptors or mRNA expression
were in the striatum. However, NMDA receptor
losses were higher in the hippocampus than in
the striatum [38]. Furthermore, reductions of D1
and D2 receptors were also observed in cortical
areas at stages of HD manifestations and stud-
ies have observed reductions of D2 in stages of
pre-manifestation of HD pathophysiology [39].
With registration to the NMDA receptor-medi-
ated neurotransmission, studies have shown that
the mHTT presents a reduction in the interaction
with post-synaptic density protein 95 (PSD-95), a
member of the family membrane-associated gua-
nylate kinase and which binds to NMDA and kai-
nate receptors at post-synaptic density. Reduced
interaction with PSD-95 causes more PSD-95 to
be released, leading to over-activation and sensi-
tization of NMDA receptors and, thus, neuronal
excitotoxicity. It may also be responsible for the

impairment of spatial learning, a condition that is
present in HD patients [40].

In cortico-striatal synapses, brain-derived neu-
rotrophic factor (BDNF) controls the release of
glutamate, allowing the survival of GABAergic
neurons against excitotoxic neurodegeneration
[41]. Besides, the function of BDNF as a protec-
tor of cellular excitotoxicity induced by glutama-
tergic activity involved the prevention of the
reduction of phosphorylated Akt (p-Akt) and of
the antiapoptotic effect of Bcl2 protein, as well as
the increase of apoptotic function by the caspase 3
protein [42]. In both animal models and HD
patients, transcription of the BDNF gene is
impaired [43]. The BDNF is located along with
HTT in approximately 99% of pyramidal motor
cortical neurons that project to the striatum [44].
It can also be transcribed into striatal neurons, as
verified in mouse brain [45], but the larger part is
synthesized in the cerebral cortex [18, 45-47].
BDNEF is transported into vesicles and released
into cortical axon terminals near striatal neurons
[48, 49] and seems to be crucial for the maturation
of a large part of MSN neurons [18, 20], as well as
for the differentiation of GABAergic neurons in
the striatum [18, 48, 49]. Changes in the morphol-
ogy of dendritic spines of MSN neurons appear to
result from reductions in the release of cortical
BDNF and as one of the consequences, MSN neu-
rons require greater cortical stimuli to reach the
activation threshold [47]. HD patients present
reduced BDNF transcription in the cortex and,
both in the cortex and in the striatum, BDNF pro-
tein expression is reduced [43, 50]. In addition,
reduced release of cortical BDNF results in reduc-
tion of cortical and striatal brain volumes, with
loss of MSN neurons as well as motor changes in
mice, which resemble the HD phenotype [47].
Transcription from the BDNF exon II promoter,
which is responsible for the expression of the
BDNF protein in the cerebral cortex is severely
affected in HD mice. This suggests that the stimu-
latory action of wHTT on BDNF transcription is
lost from expression of mHTT [43, 51]. A study
with HD transgenic mice showed that peripheral
administration of recombinant BDNF increased
BDNF transcription in the CNS, along with rever-
sal or reduction of various altered motor parame-
ters, as well as neurophysiological parameters in
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HD, such as size and morphology of striatal neu-
rons, intranuclear inclusions, microglial reactions,
and phosphorylated extracellular signal-regulated
kinases (p-ERK), which tends to increase with the
progression of HD. In addition, the phosphory-
lated cAMP response element-binding protein
(p-CREB) was also increased, suggesting that the
BDNF-TrkB signaling pathway was triggered,
involving transcriptional activity [52].

An enzyme that is suggested as a biomarker of
both the disease and the progression of HD is
phosphodiesterase 10A (PDE10A). The activity
of the CREB, BDNEF, as well as neurotransmitters
and ion channels in the MSN neurons are modu-
lated by PDE10A. PDE10A participates in the
hydrolysis of both cyclic adenosine monophos-
phate (cAMP) and cyclic guanosine monophos-
phate (cGMP), being an important mechanism of
cyclic nucleotide intracellular signaling, which is
involved in dopaminergic and glutamatergic syn-
aptic transmission, among other neurotransmit-
ters. PDE10A expression appears reduced in
brain regions associated with various functional
impairments during the course of HD [39].

Another enzyme that participates in the degra-
dation of cAMP, phosphodiesterase 4 (PDE4),
seems involved in pathophysiological mecha-
nisms of HD. HTT interacts with the scaffolding
protein DISCI and PDE4, forming a ternary
complex, which regulates the function of PDE4.
The regulation of PDE4 is important for the bal-
anced function of cAMP and appears to be a
mechanism underlying psychiatric behavioral
homeostasis. Studies with postmortem brains of
HD patients and in HD animal models have
shown that mHTT aggregates with DISC1, reduc-
ing the interaction and consequently the regula-
tion of PDE4 function. These studies have
verified that PDE4 dysregulation is involved in
anhedonia behaviors of HD mice, suggesting that
it is a pathophysiological pathway involved in
mood changes that occur in HD patients [53].

The tyrosine hydroxylase, rate-limiting
enzyme for catecholamine synthesis, and dopa-
mine beta-hydroxylase enzyme, responsible for
converting dopamine to norepinephrine are
reduced in the brain of HD transgenic animals
and HD human [40]. Changes in dopaminergic
neurotransmission are involved in the motor and

cognitive dysfunctions of HD patients [54]. The
level of dopamine is elevated and expression of
DA receptors is reduced in the early stages of HD
when the motor phenotype is characterized by
chorea, but dopamine levels are reduced in the
late stages, when the phenotype is characteristic
of parkinsonian symptoms, such as akinesia [55].

Recent studies have shown that HTT is con-
nected to a large network of molecules and cell
signaling pathways. The same authors argue that
the great interconnectivity of HTT is due to its
wide function in relevant physiological pro-
cesses, as well as to the degree of pathogenic pro-
cesses by mHTT in HD [14]. These authors also
emphasize that the HTT connection network
involves proteins and signaling important for
neuronal morphology and synaptic density,
whose attributes important for cellular integrity
and synaptic transmission may be lost in the
interaction with mHTT.

Toxic intracellular aggregates occurring in HD
from mHTT may be influenced by the mammalian
target of rapamycin (mTOR) signaling pathway
[56]. Although mTOR activation is a positive
mechanism for transcription, translation, and neu-
rogenesis [57], the interaction of mHTT with mol-
ecules of the mTOR pathway is involved with a
likely abnormal increase in mTOR activity and
with neural, behavioral, and motor phenotypic
changes of HD [58]. One of the possible justifica-
tions argued by the authors is that increased mTOR
activity may impair autophagy, a mechanism that is
impaired by mHTT [58] and therefore may under-
lie the increase of intracellular toxic protein aggre-
gates [56]. A study on mHTT transfected cells
showed that mTOR is sequestrated and localized
along with HTT aggregates. However, the study
also observed that when cell inclusions with mHTT
and mTOR increase after accumulation for a pro-
longed time, inhibition of mTOR has no beneficial
effect on increasing autophagy. Additionally, the
mTOR-dependent translation is impaired by the
polyglutamine expansion in the mHTT [59].
Furthermore, an extensive and recent study
observed several molecular parameters related to
mTOR as well as phenotypic parameters of HD
and found that molecular, morphological, and
motor phenotypes related to HD were attenuated in
both humans and HD mice models by increasing
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mTOR activation [60]. Among several parameters
observed in this last study are mechanisms associ-
ated with mitochondrial function, epigenetic mech-
anisms and increased autophagy via the mTOR
pathway, striatal plasticity and function, choles-
terol homeostasis, and improvement of striatal
dopaminergic signaling. Therefore, requirements
of the mTOR signaling pathway on HD pathophys-
iology still require further studies in order to
observe which mechanisms may be affected and
whether an increase or decrease in mTOR activity
underlies pathophysiological mechanisms.

Very recent studies have suggested that
another pathway of intracellular signaling, Hippo
signaling pathway, from which, cell prolifera-
tion, tissue growth, and development are regu-
lated, is involved in the pathophysiology of
HD. Through in vitro and in vivo imaging tech-
niques and studies, the researchers observed that
the expression of mHTT induces a type of
necrotic cell death in primary cortical neurons,
through Hippo signaling pathway, which was
termed transcriptional repression-induced atypi-
cal cell death (TRIAD) [61]. In a later study, it
was shown that the activation of effectors of the
Hippo pathway is involved in the TRIAD of neu-
rons in postmortem brain of HD patients and in
the striatum in HD mouse model [62].

Oxidative Stress
and Neuroinflammation
in Huntington’s Disease

5.5

Neuroinflammation is a common condition in
neurodegenerative diseases and may start before
some relevant neuronal loss in the course of the
disease [16]. In addition, neuroinflammation and
oxidative stress are mechanisms that are closely
intertwined and can form a vicious cycle under
certain physiological conditions, impairing
homeostasis [16, 17].

Oxidative stress is one of the major villains
involved in various mechanisms of the central
nervous system, such as increased cell death,
reduced neuronal plasticity and neurogenesis,
increased autoimmune responses in neurodegen-
erative diseases [63, 64]. The brain is especially
vulnerable to oxidative and nitrosative stress

because it has a high metabolic rate [65] and,
consequently, a high rate of oxygen consumption
[66], coupled with lower average levels of anti-
oxidants [65]. In addition, the brain is highly vul-
nerable to lipid peroxidation due to the large
amount of polyunsaturated fatty acids present in
neuronal membranes [67].

Among many pathophysiological mecha-
nisms, increase of oxidative and nitrosative stress
is related to mitochondrial dysfunction. In turn,
damage in mitochondrial function are related to
increased oxidative stress, creating a vicious
cycle that culminates in neurodegeneration [68].
The activity of mitochondrial respiratory chain
complexes was impaired, while oxidative dam-
age was also observed in striatal structures of
postmortem HD brain [15].

Intracellular aggregates from mHTT appear to
increase reactive oxygen species (ROS) levels in
neuronal and non-neuronal cells. Studies suggest
that increased oxidative damage and inefficiency
in damaged DNA repair underlie the somatic
expansion of CAG repeats and neuronal loss
[69]. On the other hand, ROS levels from high
dopaminergic activity inhibits the formation of
autophagosomes and causes death of dopaminer-
gic cells from human neuroblastoma expressing
transgenic mHTT. Prevention of ROS formation
restores the autophagy process and reduces the
dopaminergic toxicity of mHTT-expressing
neuronal-like cells [70].

Changes in homeostasis of metal ions, such as
iron and copper, underlie HD [17, 71]. Iron con-
tributes to relevant mechanisms of oxidative
damage [72]. Iron can react with hydrogen per-
oxide and molecular oxygen to form hydroxyl
radicals (Fenton reaction). Exposure of biomole-
cules to increased levels of iron can cause oxida-
tive damage to proteins, lipids, and nucleic acids,
and thus potentiate neurodegeneration [73].
However, if high iron levels are the cause or
effect of HD, it is still unclear [71]. It has been
found that these metal ions accumulate in the
brain tissue of HD patients, as observed in post-
mortem brain and through magnetic resonance
imaging (MRI) [73]. In addition, in animal
models of HD has also been shown accumulation
and a pro-oxidant copper—protein interaction
involved in disease progression [74].
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Quinolinic acid (2,3-pyridinedicarboxylic
acid) is a tryptophan metabolite, along the kyn-
urenine pathway in glial cells, and is also a
potent NMDA agonist. It is typically implicated
in excitotoxic damage with increased concen-
tration of cytosolic Ca®" and consequent mito-
chondrial dysfunction and oxidative damage.
Toxic damages affect striatal gabaergic neurons
leading to motor dysfunctions [75]. The kyn-
urenine pathway is stimulated by cytokines
under neuroinflammation conditions, mainly by
interferon-y(IFN-y)-activated macrophages. In
addition, concentrations of induced NO synthase
(INOS) were also elevated from the activated
macrophages, with levels of both metabolites
of the kynurenine pathway and iNOS exceed-
ing the respective neurotoxicity thresholds for
excitotoxicand apoptotic neuronal death as well
as neuronal and glial damages from nitric oxide
(NO) [76]. A study outlined by Colle et al. [77]
showed that striatal mechanism damages are
involved with metabolic impairment, ROS for-
mation and oxidative stress, through two toxic
models implicated in the quinolinic acid path-
way, with activation of NMDA receptor and in
the inhibition of succinate dehydrogenase of the
mitochondrial respiratory chain (complex II) by
3-nitropropionic acid (3-NP) a mitochondrial
toxin. These authors suggest that oxidative stress
remains as a key mechanism involved in HD.

Among the parameters related to neuroinflam-
mation, studies have observed an increase in glial
activation in the basal ganglia and cortical regions,
both in vivo and in postmortem brain tissue of HD
patients [78-80]. Some studies also suggest that
glial activation is positively correlated with dis-
ease severity [79, 80] and progression [81]. It is
important to note that glial activation appears to
occur before the onset of motor symptoms, as
observed in studies with mHTT carriers [81]. A
recent study noted that nuclear inclusions are
present in all types of glial cells, both in HD ani-
mal models and in the postmortem brain of HD
patients, although in a smaller size than nuclear
neuronal inclusions [82]. Some authors suggest
that neuroinflammation is a strong component
underlying all stages of HD and highlights that
mHTT interferes in important processes directed
by microglia and astrocytes, such as cytokine

release, cell signaling, and transcription mecha-
nisms [83].

Peripheral immune responses appear to be
activated due to the ubiquitous expression of
mHTT in a variety of cells. Thus, studies have
observed an excessive production of inflamma-
tory cytokines in myeloid cells of the HD patient
[84]. Anti-inflammatory cytokines are signifi-
cantly increased in the plasma of HD patients,
both prior to phenotypic motor manifestations
and in the early stages of symptoms. On the other
hand, inflammatory cytokines are increased in
the plasma of patients in later stages of HD [85].
In animal models of HD, it has been observed
that pro-inflammatory cytokines are increased in
both microglia and serum. While anti-
inflammatory cytokines were reduced in microg-
lia and cerebrospinal fluid [86]. Some studies
have also observed that inflammatory markers
observed in the plasma of HD patients in differ-
ent stages of the pathology can be considered as
markers of HD progression [87]. Interestingly,
some researchers suggest that mHTT itself may
be considered an inflammatory marker of HD,
since mutated protein levels in monocytes and T
cells have been positively correlated with the
severity and degree of striatal tissue atrophy [88].

5.6  Considerations

Although HD is monogenic, mHTT is widely
distributed in tissues and therefore must play
important roles from development to the end of
life, beyond those that have already been unrav-
eled. Despite numerous researches and findings
on a wide variety of mechanisms in which mHTT
is involved, a pathway that can link the myriad
mechanisms for pursuing a treatment strategy has
not yet been signaled by the research. The inclu-
sion of nuclear protein aggregates and the pro-
cess of autophagy incite the researchers.
However, many mechanisms discovered follow-
ing the studies, such as the involvement of altera-
tions in mitochondrial function and energetic
metabolism, neurotrophic factors, cell signaling
pathways, transcriptional mechanisms, oxidative
balance, and neuroinflammation are highlighted
in the researches (See Fig. 5.1). The stages before
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Fig. 5.1 Basic pathophysiological mechanisms involved in
the Huntington’s disease. The IT15 or HTT gene is located
on the short arm of chromosome 4. In exon 1 of the cod-
ing region of the huntingtin protein (HTT), there is a poly-
morphic cytosine-adenine-guanine (CAG) trinucleotide
sequence, leading to repeats of the glutamine amino acid
in the N-terminal region of the protein. Proteins with the
polyglutamine sequence are referred to as PolyQ. In non-
HD subjects, CAG trinucleotides can reach up to 35 repeats.
From 36 to about 120 repeats is characteristic of the mutant
gene (MHTT). mHTT protein aggregates form nuclear
and cytoplasmic inclusions in neurons and glial cells,
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especially in striatal medium-sized spiny neurons (MSN).
Dysfunctions of the autophagy process prevent the cell
aggregates clearance. Initially and throughout the course of
HD, there is a reduction in the release of brain-derived neu-
rotrophic factor (BDNF), an increase in cortical glutama-
tergic transmission on MSN and a reduction in GABAergic
transmission by MSN neurons. There is also an increase in
oxidative stress and neuroinflammation, among other det-
rimental alterations, such as impairments in cell signaling,
transcriptional factors, and mitochondrial function. Gradual
neurodegeneration of brain tissues occurs, which begins and
is more potent in the striatum and cortex
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and during phenotypic motor manifestations are
crucial points for the investigation of a conver-
gent pathway between all the biological mecha-
nisms involved in HD.
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Glutamate in Amyotrophic Lateral
Sclerosis: An Ageless Contestant
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6.1 Introduction

Glutamate is a crucial amino acid which serves a
fundamental function in the central nervous sys-
tem (CNS) and acts as a signaling substance at
many excitatory synapses, ordaining on practi-
cally all central neurons. It remains in millimolar
concentrations chiefly in the presynaptic termi-
nals of excitatory neurons but obtainable through-
out in the brain and spinal cord. As a closely
regulated process, glutamate release and uptake
are vigilantly regulated. The exposure to this neu-
rotransmitter must be concise to neurons and at
its appropriate levels it exhibits proper synaptic
neurotransmission and/or neurotrophic effects.
Indeed, when the extracellular concentrations of
glutamate are increased and remain high for an
abnormally long duration, as it happens in certain
pathological conditions, glutamate acts as a
toxin. In this regard, the notion of glutamatergic
excitotoxicity was introduced by Olney and col-
laborators in the 1960s early 1970s [1-4], and
studies in last decades have strongly supported
the involvement of this hypothesis in neuronal
death [5-7].
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6.2  Glutamate, Astrocytes,
and Mitochondria
6.2.1 Glutamatergic Excitotoxicity

in ALS

The case for excitotoxicity in Amyotrophic
Lateral Sclerosis (ALS) began to surface thanks
to the pioneer work of Andreas Plaitakis [§—10].
His work leads the way to the hypothesis that a
systemic defect in the metabolism of the excit-
atory amino acid glutamate may lie behind the
ALS-related motor neuron death, directing the
attention to the role played by glutamatergic
excitotoxicity in the ALS etiology. With his col-
leagues at the Department of Neurology at
Mount Sinai School of Medicine in New York,
suggested that the delivery of the glutamate
between the intracellular and extracellular pools
could be altered, possibly due to the outcome of
adefected uptake system or release machinery(s)
[11]. In the same years, Rothstein and collabo-
rators, from the Department of Neurology at
Johns Hopkins reported irregularities in excit-
atory amino acids in the CNS of ALS patients
[12, 13]. In the 1990 study, they measured sig-
nificantly higher concentrations of glutamate
(by 100-200%) in the cerebrospinal fluid (CSF)
from ALS patients. Although, at first, there were
conflicting evidences since other groups
reported a lack of raise in the glutamate concen-
trations of CSF and plasma of ALS patients
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[14-17], these observations set off a line of
research looking at the glutamatergic system
and excitotoxicity in ALS.

An additional evidence endorsing the involve-
ment of excitotoxicity in the pathology of spo-
radic ALS (sALS) was provided once more by
Rothstein and collaborators [18]. Using synapto-
somes preparations from spinal cord or other
impacted brain regions of sALS patients, they
detected a functional deficiency in the uptake of
high-affinity sodium-dependent glutamate, the
GLT-1 glial glutamate transporter. Glutamate
elimination from the extracellular space, by high-
affinity and low-affinity sodium-dependent carri-
ers expressed by astrocytes and neurons, is the
primary mechanism for its inactivation [19, 20].
The low-affinity glutamate transporter sub-serves
common metabolic performance. The high-affin-
ity carrier is a constituent of the glutamate neu-
rotransmitter scheme and is accountable for the
elimination of neurotransmitter glutamate from
the synaptic cleft [21]. If the extracellular con-
centration of glutamate remains elevated at the
cleft, it becomes toxic to neurons. Hence, they
examined the glutamate-transport system in brain
and spinal cord tissue received from the postmor-
tem brain of ALS patients. They found a signifi-
cant alteration (decrease) in the efficiency of the
glutamate transport in spinal cord and brain tis-
sue from ALS patients, identifying excitotoxic
injury as one of the noxious processes beneath
motor neuron death.

These observations fuelled the interest on glu-
tamate in ALS and encouraged studies to eluci-
date the underlying mechanisms.

6.2.2 Glutamate Receptors

A considerable line of research has looked at the
receptors that are activated by the neurotransmit-
ter. Physiologically when released glutamate
binds to its post-synaptic receptors triggering an
increase in Na+ and Ca2+ concentrations.
Glutamate activates both ionotropic and metabo-
tropic receptors, with distinct pharmacological
and molecular profiles. The metabotropic recep-
tors are members of the G-protein coupled recep-

tor superfamily. They arbitrate synaptic
neurotransmission through the activity of intra-
cellular second messenger. Hence, they mediate
slow responses.

The ionotropic are ion channels associated
with the glutamate-mediated rapid responses.
These are classified into three different subtypes:
the N-methyl-pD-aspartate (NMDA), the alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA), and the kainate receptors. The
NMDA receptors are usually associated with neu-
ronal plasticity. Pathologically, they mediate sev-
eral acute insults to the CNS, which is consistent
with their predominant role during a long expo-
sure to elevated levels of glutamate [22]. Even
though slower acting, AMPA or kainate agonists
are also compelling neurotoxins and may cause
extensive neuronal devastation [23]. Ionotropic
glutamate receptor is highly permeable to Ca2+
(with the exception of the AMPA receptors con-
taining the edited GluR2 subunit). Intracellular
Ca2+ overload is the key feature of the glutamate-
mediated excitotoxicity as demonstrated by
Dennis Choi in 1985 [24]. In this landmark study,
glutamate excitotoxicity in neuronal cultures was
enhanced in a calcium-rich extracellular solution,
while a calcium-free extracellular solution notice-
ably decreased neurodegeneration. Then, follow-
ing evaluations have established that in the
glutamate-mediated injury the intracellular cal-
cium sequestered into mitochondria plays an
important role [25]. When over-activated the
NMDA receptors allow the entry of excessive
amounts of Ca2+ that leads to a mitochondrial
calcium overload that in turn triggers mitochon-
drial dysfunction and activates death signals [26],
leading to cell death [27]. The NMDA receptors
are considered to be the primarily responsible for
the glutamate-mediated Ca2+ entry [28, 29]. In
ALS, however, since the 1993 work by Couratier
and co-workers [30], AMPA receptors have been
considered to be a major player. The authors
reported that rat neuronal culture exhibited the
poisonous effects when exposed to CSF obtained
from ALS patients which was reversed by CNQX,
an antagonist to the AMPA/kainate receptor, but
not by MK-801 and AP7, two NMDA receptor
antagonists. Hence, their data were a strong
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indication that AMPA receptors are the main
intermediaries in the glutamate-mediated motor
neuron death. An additional evidence is offered
by the environmental neurotoxins [-N-
methylamino-L-alanine (BMAA), believed to be
correlated to the Amyotrophic Lateral Sclerosis-
Parkinsonism Dementia Complex of Guam [31,
32], that again is supposed to be toxic through the
commencement of the glutamate receptors [33],
mainly of the AMPA subtypes [34]. These evi-
dences have shaped the studies that have looked at
the glutamate-mediated excitotoxicity standpoint,
focusing essentially on role played by the AMPA
subtype of receptor in several “in vitro” [35-38]
and “in vivo” [39-43] findings. Although the
impact of NMDA receptors in ALS excitotoxicity
shouldn’t be overlooked [44-47].

These observations while helping define the
role of glutamate in motor neuron death have
linked glutamatergic-mediated toxicity to two
additional frontrunners in the ALS-related patho-
physiology: astrocytes and mitochondria.

6.2.3 Spinal Cord Astrocytes in ALS

Astrocytes are the ample populated cells in the
CNS (~50% by volume). They have a virtual
interaction with neurons, with a metabolism,
involving energy generating pathways and amino
acid homeostasis firmly coupled to that of neu-
rons [48, 49]. When Rothstein and collaborators
reported a dramatic decrease in the GLT-1/
EAAT?2 immunoreactive protein in motor cortex
and spinal cord of patients of ALS [18], they
highlighted the glial contribution to the motor
neuron demeanor. Then, they punctually demon-
strated, by chronically inhibit the synthesis of
the glutamate transporter, employing antisense
oligonucleotides, that GLT-1/EAAT2 and
GLAST/EAAT1 are the main accountable for
the amplified glutamate concentration extracel-
lularly and the subsequent glutamate-mediated
toxicity [50]. Beyond their precise proposition
for perceptive ALS, the studies by Rothstein’s
group supported the view that astrocytes are
directly involved in the pathological process of
ALS. This hypothesis was also suggested by a

study on postmortem human spinal cords, where
the authors concluded that the disease mecha-
nism in sporadic ALS may involve alterations in
spinal cord astrocytes [51].

Bruijn et al. [52] reported in a study carried on
in the transgenic mice overexpressing human
G85R SODI1, a murine model of familial ALS
(fALS), the presence of numerous inclusions in
astrocytes that preceded the appearance of simi-
lar inclusions in neurons. They suggested that
besides the glutamate transporter malfunction,
molecular targets, present within the astrocytes,
and possibly damaged by mutant SODI1, while
affecting astrocytes were harming motor neu-
rons. Additional studies confirmed that neuronal
Lewy-body-like hyaline inclusion and astrocytic
hyaline inclusion were morphological trademark
of SOD1-linked familial ALS patients and mice
expressing the human SOD1G85R mutation [53,
54]. These findings were further confirmed
by Watanabe et al. [55] in two other SODI1
fALS mouse models the SODIG93A and
SOD1G37R. They reported the presence of pro-
teinaceous accumulations in astrocytes and con-
cluded that abnormal astroglial biology could be
important in the cell death in ALS.

To clearly understand glial role in ALS genet-
ically engineered mice with a restricted over-
expression of mutant SOD1 only in astrocytes
or only in neurons have been extremely valu-
able. Gong et al. [56] generated transgenic mice
with mutant SOD1 overexpression restricted to
the astrocytes to see whether these mice would
extend unplanned motor neuron degeneration
and astrocytic pathology. Their experiments
demonstrated that when mutant SOD1 expres-
sion is limited to astrocytes it causes signifi-
cant pathological changes within astrocytes but
was insufficient to cause motor neuron death or
motor dysfunction in vivo. Their conclusion was
that astrocytosis in mutant SODI1 is the result
of a combined neuronal function impairment
as well as prime straight astrocytic dysfunc-
tion. Soon after Rouleau and co-workers [57]
generated transgenic SOD1G37R mice driven
by the neurofilament light chain promoter, to
test whether motor neuron restricted expres-
sion of mutant SOD1 was adequate for disease



64

A. Spalloni et al.

occurrence. They found that the neuronal cell-
specific expression of mutant SOD1 does not
originate noteworthy motor neuronal cell death
and reported that their mice seems healthy at
age of more than 18 months. On the contrary,
when ubiquitously express the SODIG37R
gene causes the disease as early as 3.5 months
and produces clear pathological features in
motor neurons (cytoplasmic vacuoles in den-
drites, proximal axons, and perikarya, including
degenerating and swollen mitochondria) [58].
Another group [59] created a G85R mutant
SODI deletion, with a confined expression to
spinal motor neurons and interneurons. Their
transgene generated pathological (loss of motor
neurons) and immunohistochemical symbols
of motor neuron degeneration (ubiquitin stain-
ing) only in the mutant SOD-immunoreactive
cells, without any clear phenotypical signs.
They believed that their mice did not build up
the clinical disease because the mutant SOD1
expression occur only in a few motor neurons
and that a more extensive motor neuron degen-
eration would be necessary for the disease to
become clinically apparent. Hence, they argued
that their data diverged, for this reason, from
earlier published studies in which mutant SOD1
focused by neuronal promoters abortive to gen-
erate either clinical or pathological verification
of motor neuron degeneration [57, 60]. Whether
or not this is the case, these data clearly assess
that mutant SOD1 has to be overexpressed in
both neurons and glia to be able to trigger the
disease and show its phenotype “in vivo.” An
interesting manuscript is the one by Hensley
et al., [61] showing that primary cultures astro-
cytes carrying the SODIG93A mutation hold
an altered unstable phenotype prone to produce
proinflammatory substances and enter a proin-
flammatory state.

These observations set the tone to a new view
for ALS, as a non-cell autonomous disease [62].
Classically, neurotoxicity in neurodegenerative
diseases is viewed as a process where a particular
neuronal population is mainly susceptible to a
collective toxic load (i.e., toxic mutant proteins).
The chronic damage caused by this toxicity, com-
bined with aging, reaches a verge that crushes the

neuron’s protective machineries leading to its
death. Initially, this process was seen as cell
autonomous, self-regulating for the damage gath-
ered within other cell types interacting with the
neuronal cells. This view has now changed.
Cleveland and co-workers using a Cre/loxP
SOD1G37R transgenic mice have showed a con-
tribution of diverse cell types to mutant SOD1-
induced motor neuron disease. They constructed
chimeric mice that incorporated combination of
normal and mutant SOD1-expressing cells. Their
analyses show that elevated levels of expression
of mutant SOD1 in most [63] or all [64] motor
neurons are insufficient for early onset of disease,
thus linking disease initiation to the synthesis of
mutant proteins by non-motor neurons. Then,
cell type-dependent excision in mice-expressing
transgenes flanked by lox sites has contributed to
ascertain the identities of cells whose mutant
SOD1 synthesis participates in the disease
pathology. The same authors elegantly proved
that the selective expression to motor neurons of
a ALS-linked SOD1 mutant delayed disease
onset, but the degree of disease progression did
not alter after the disease onset [62, 65].
Specifically, they demonstrated that a decreased
expression of SOD1G37R in microglia and acti-
vated macrophages offered slight effect on the
initial phase of the disease onset, but their effect
could increase with disease progression and
could significantly slow down the late phase. In
other words, the disease onset between this model
and the one that overexpresses mutant SODI1
ubiquitously was similar, while the disease dura-
tion after the onset was significantly higher in the
selective-expressing mutant.

Apart from the role played in ALS, the depen-
dence of neurons on astrocytes for their energy
metabolism and glutamate synthesis [48] is criti-
cal. Neurons need astrocytes to maintain the
right levels of glutamate, behind its clearance
from the cleft. They lack the enzyme pyruvate
carboxylase, for this reason they rely on astro-
cyte cells for de novo glutamate synthesis [66—
68]. Moreover, the astrocyte-derived glucose is
an essential precursor for the glutamate synthe-
sis [69], and in maintaining its optimum concen-
tration [70].
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6.3 Mitochondria and Calcium
Loading in Glutamate

Excitotoxicity

As discussed above, the excessive activation of
the ionotropic glutamatergic receptors leads to
the deficit of post-synaptic structures (i.e., den-
drites) and neuronal cell bodies. In this context in
a neurodegenerative disease as ALS, where neu-
ronal cell death take place over an comprehensive
time period, we can envision a condition of
chronic glutamate-mediated excitotoxicity. In
other words, a long repeated activation of the glu-
tamatergic receptors determined by an increased
extracellular glutamate concentration may lead to
the nerve cell death.

As a proof of concept, organotypic spinal cord
cultures have been utilized to investigate chronic
glutamate toxicity [71]. These organotypic cul-
tures may be asserted for up to 3 months. Using
two different glutamate uptake inhibitors (threo-
hydroxyaspartate and pyrrolidinedicarboxylic
acid), the authors obtained a continual increase of
glutamate in the cell culture medium that they
linked to a concentration- and duration-depen-
dent motor neuronal cell death. They also
reported that the glutamate-mediated neuronal
death was neutralized by non-NMDA receptor
antagonists and inhibitors of glutamate synthesis
or its release. Their experiments revealed that a
moderate and prolonged increased of extracellu-
lar glutamate can induce toxicity.

Chronic excitotoxicity has also been linked
with the Guamanian amyotrophic lateral sclero-
sis/Parkinson-dementia complex (ALS/PDC),
BMAA toxin, from the cycad Cycas circinalis, is
considered a possible cause [72]. Although the
evidence of its association to the Guanamian
ALS/PDC is still controversial [72], the oral dos-
ing of BMAA to macaques causes a motor sys-
tem impairment affecting both upper and lower
motor neurons and also on the extrapyramidal
system [73].

Mitochondria are the cellular power plant.
They are highly dynamic organelles controlled
by an array of physiological stimulus that
change their shape through the fission/fusion
cycle. Metabolic function during physiological

cellular life may contribute dysfunction of mito-
chondria and their damage. A significant burden
for their homeostasis mainly in post-mitotic tis-
sues, such as the brain, is the oxidative damage.
With age they accumulate altered proteins in
their matrix (i.e., oxidized and glycoxidized),
and their ATP-stimulated proteolytic activity
decreases considerably [74].

They play complex, interdigitated roles in
cellular physiology, have a crucial role in pro-
viding the brain with energy (ATP generation),
and are central in cell death mechanisms through
the activation of cellular suicide programs (i.e.,
apoptosis) [75]. In addition to providing the
ATP necessary to maintain ionic gradients, they
can also buffer cytosolic Ca2+ [76], thanks to
their large electrochemical potential [77].
Mitochondria shape the Ca2+ responses in neu-
rons by taking up large amounts of the ion [78,
79]. This has been observed in neurons stimu-
lated with glutamate [80, 81]. Hence, there is a
direct dependency between the glutamate-medi-
ated Ca2+ response and mitochondrial
homeostasis.

Mitochondrial alterations in ALS were sug-
gested by neuropathological studies on postmor-
tem human patients [82]. Then, the mitochondrial
involvement in ALS became obvious when,
thanks to the mutant SODI1 transgenes, the ana-
tomical analyses of the affected tissues revealed
the presence of numerous membrane-bound vac-
uoles in the G93A and G37R lines. These vacu-
oles were evident prior to the last phase of the
disease and seem to be originated from dilated
mitochondria [58, 83] and the endoplasmic retic-
ulum [83]. Subsequent studies have confirmed
that mitochondrial abnormalities are an early fea-
ture in ALS and that mitochondrial degeneration
is an important early event [84, 85].

Weiss and co-workers were within the first to
investigate, in spinal neurons, the downstream
sequelae of Ca2+ entry by the Ca2+ permeable
AMPA/Kainate ionotropic glutamate receptors
[35, 86, 87]. They found that motor neurons were
extremely susceptible to the chronic Ca2+-
dependent mediated injury of those receptors [35,
86]. Then, they extended their analyses and
focused on mitochondria and reactive oxygen
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species (ROS) generation [87]. They reported
that motor neurons are more susceptible, than
GABAergic cortical neurons, to AMPA/kainate
receptor-mediated damage essentially because
their activation triggers substantial mitochondrial
Ca2+ excess, mitochondrial depolarization and
ROS production. They concluded that the expres-
sion of Ca2+ permeable AMPA receptor channels
by motor neurons probably contributes to their
extreme susceptibility in ALS.

Consistent with these data supporting the role
of calcium and oxidative stress in the pathology
of ALS is the work by Kruman et al. [88]. The
authors further confirmed the augmented vulner-
ability of MOTOR NEURONs from mutant
SOD1 to excitotoxicity and clarify some of the
fundamental machineries. They identify elevated
basal-oxidative stress and disturbed mitochon-
drial functions in the mutant spinal cord cultures.
Moreover, excitotoxic experiments let them to
conclude that mutant motor neurons were
extremely vulnerable to the AMPA-mediated glu-
tamate toxicity and that their Ca2+ homeostasis
is perturbed. They also reported that antioxidant
and Ca2+-reducing agents were protecting
against glutamate-mediated toxicity. We have
reported a differential expression of the AMPA
receptor subunits in mutant SOD1G93A spinal
motor neuron in culture [38]. Using the single-
cell PCR technology, we were able to demon-
strate that the mutant SOD1 alters the AMPA
receptor isoforms and subunit composition lead-
ing to the expression of a high-gain AMPA recep-
tor that desensitizes more slowly with a longer
receptor open time. This provokes an elevated
Na+ influx with a resulting extended cell depolar-
ization and opening of voltage-sensitive Ca2+
channels, with an increase in the intracellular
Ca2+ and subsequently increased excitotoxicity
[38]. The mitochondrial involvement in ALS has
also been demonstrated for the cortical motor
neurons. Van Westerlaak and co-workers using a
rat cortical explant culture model determined that
the persistent mitochondrial inhibition ensued in
a dose-dependent rise of cortico-spinal motor
neuron death. The neuronal death was reverted

by the NMDA antagonist MK-801 and the non-
NMDA antagonist CNQX clearly showed the
role of glutamate through both non-NMDA and
NMDA receptors [89, 90].

In the work by Avossa et al. [91] using organ-
otypic slice cultures from wild-type and
SODIGY93A spinal cords, early signs of mito-
chondria vacuolization in the mutant ventral
horns were not found. However, other works
confirmed the occurrence of altered/malfunc-
tioning mitochondria in spinal and cortical
motor neurons, combined with glutamatergic
excitotoxicity.

Calderd and collaborators working with an
organotypic slice culture from chick embryos spi-
nal cord examined the motor neuron response to
various excitotoxins. Their results confirmed the
high motor neuron sensitivity to kainate and
NMDA. Moreover, their results show that motor
neurons are also highly vulnerable to persistent
inhibition of mitochondrial functions with malo-
nate and 3-nitropropionic acid (3-NP), which did
cause excitotoxic-like lesions. They conclude that
their data reveal a positive association among exci-
totoxicity and mitochondrial dysfunction in
MOTOR NEURONSs [45]. The protective effects
of pyruvate and f-hydroxybutyrate (BHB) as
energy substrates in association with the antioxi-
dants glutathione ethyl ester and ascorbate in a
chronic AMPA-induced neurodegeneration were
also demonstrated by Tapia and co-workers [92].
Again, more recently Tapia’s group [93] showed
that AMPA perfusion in the lumbar rat spinal cord
causes motor neurons death and the permanent
paralysis of the ipsilateral hind limb. Interestingly,
they reported mitochondrial dysfunction as an
early hallmark of neuronal degeneration, pre-
vented when AMPA was perfused together with
pyruvate. The authors demonstrated that the pro-
gressive motor deficits, massive death of lumbar
spinal MOTOR NEURON:S, and noteworthy astro-
gliosis in the ventral horns following “in vivo”
AMPA infusion was prevented by the co-infusion
of pyruvate or PHB, while the antioxidants co-
infusion was ineffective. They concluded that the
protection observed with pyruvate and fHB, two
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well-recognized mitochondrial energy substrates,
is indicative of the importance that the deficit in
mitochondrial energy metabolism has in the exci-
totoxic AMPA-dependent motor neuron death.
Mitochondria are central in the ALS-related
pathology as self-governing organelles, and as
interconnected organelles in cross talk especially
with the endoplasmic reticulum [94]. In this con-
text, the endoplasmic reticulum—mitochondria—
Ca2+ cycle (ERMCC) and its link to the
disruption of the Ca2+ homeostasis, determined
by glutamate-mediated is gaining momentum
[95, 96]. Indeed, Ca2+ dysregulation, which is
generally triggered by neuronal over-activation,
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Fig. 6.1 Glutamatergic transmission in ALS pathology.
(a) During physiological conditions, glutamate released
by the presynaptic motor neuron which stimulates its
receptors on the post-synaptic neuron to generate excit-
atory post-synaptic potentials (EPSPs) and contribute to
neuronal plasticity. (b) In ALS presynaptic motor neuron
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concurrent incident of a reduced expression of the glial
glutamate transporter GLAST/GLT1 ascertains a patho-
logical rise in the extracellular levels of glutamate in the
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is closely interconnected with the mitochondrial
pathology Cozzolino and Carri [97].

It has been reported that glutamatergic excito-
toxicity is one of the first pathological pathways
related to the motor neuronal death in ALS [98].
However, this event could be submissive by other
players in the ALS pathophysiology, which may
lead to hyperexcitability (i.e., GABAergic inter-
neurons impairment, Na+ channels malfunction,
and altered K+ concentration at the cleft; [99]).
Since the central role of glutamate in neuronal
function and brain homeostasis is well accepted,
it retains a noteworthy role in the disease pathol-

ogy (Fig. 6.1).
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synaptic cleft. This offers an over-stimulation of the gluta-
mate receptors on the post-synaptic neurons with a resul-
tant cellular excitotoxicity on top of synchronized factors
such as mitochondrial failure and endoplasmic reticulum
(ER) stress. Moreover, both neuronal and astrocyte cells
build up proteinaceous aggregates (PA), increased Ca2+
and reactive oxygen/nitrogen species (ROS/RNS) levels.
The incidence of all these measures leads to cellular
death. (From Spalloni et al. [47])
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7.1 Introduction

The molecular mechanisms of many neurological
disorders including Alzheimer disease, Parkinson
disease, Huntington disease, and amyotrophic
lateral sclerosis are being explored using genetic
technologies. Studies regarding genetics of dis-
eases is relevant due to its potential direct clinical
effect on the family in terms of disease diagnosis
and its care. In addition, it also impacts the future
of patient populations through the insight gained
in pathogenesis of the disease. Genetic knowl-
edge also offers the development of experimental
disease-related animal models which could be
utilized to expand ideas about pathogenesis and
to test the process of medical care [1].

Though the most common neurodegenerative
diseases are sporadic, Mendelian inheritance pat-
terns have been well documented [2]. It is inter-
esting to note that clinical symptoms and
neuropathological observations of hereditary
neurodegenerative diseases are often identical to
sporadic diseases, offering the probability that
common pathophysiologic mechanisms lie
behind both hereditary and sporadic forms of
disease [3].
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7.1.1 Mendelian Pattern

of Inheritance

Mendelian basis of inheritance of disease that
follows a dominant or recessive model of inheri-
tance is the rarer form of disease inheritance seen
in neurodegenerative diseases. One example of
Mendelian inheritance is Huntington disease,
where 90% of the disease is hereditary with a
dominant inheritance pattern [2].

7.1.2 Complex Pattern
of Inheritance

In complex disease, there are many risk genes for
disease and interactions are intricate including
interactions with non-genetic factors such as the
environment. The universal concept of multifac-
toral disease is the common disease/common
variants hypothesis [4]. In concordance to this
hypothesis single nucleotide polymorphisms in a
specific gene or genes will increase the risk of
disease onset but when acting alone are insuffi-
cient to cause the disease.

7.1.3 Mitochondrial Dysfunction
Mitochondria contribute an important role in the

neuropathogenesis of neurological disorders [5].
Dysfunction of mitochondrial proteins expressed
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by either mitochondrial or nuclear genomes has
been linked with these diseases [6]. Mitochondria
are the foremost cellular source of energy. It pro-
duces energy through oxidative phosphorylation
and mediates biosynthesis of amino acid, steroid
metabolism, fatty acid oxidation, calcium homeo-
stasis, and free radical scavenging [7, 8].

In the subsequent sections, we will delineate
the genetic knowledge on common neurodegen-
erative diseases.

7.2 Huntington Disease (HD)

HD is characterized by degeneration of neurons
that reside in basal ganglia and cortical regions
of brain, causing chorea, dementia, and psychi-
atric symptoms [9]. One of the pathological
descriptions of HD is the manifestation of
nuclear and cytoplasmic inclusions [10]. The
expanded CAG repeat in the HTT gene, which
induces the disease occurrence, encodes a poly-
glutamine strand of inconsistent length. Research
indicates that this expansion leads to a toxic gain
of function. However, the particular mechanism
by which this is brought about is still under
investigation [11].

7.2.1 Genetics of HD
HD is caused by a heterozygous expansion of the
(CAG)n (encoding glutamine) trinucleotide
repeats in the Huntington gene (H7T; 613004) on
chromosome 4pl6. Normal alleles at this site
include up to 35 CAG repeats, but when these
repeats reach 41 or more, HD disease is com-
pletely penetrant. Incomplete penetrance happens
with 3640 repeats. The numeral of CAG repeats
accounts for approximately 60% of the discrep-
ancy in age of onset, with the remnants repre-
sented by modifier genes and environment [12].
CAG repeats in excess of 28 repeats shows
unsteadiness on replication. With each meiosis
repeat size may change; mostly leading to expan-
sion (73%), but narrowing can also take place
(23%) [13]. Spermatogenesis shows greater

repeat expansion than oogenesis. The larger
number of repeats with each generation is the
basis of “anticipation”, in which the onset of
Huntington disease occur earlier in consecutive
generations. In addition this accounts for the
increased probability of paternal inheritance in
children with juvenile onset symptoms. Similarly,
de novo clinical cases of Huntington disease in
families that had no family history, which
accounts for the 10-30% of all cases appear to
take place due to extension of an allele in the bor-
derline or normal range (28-35 CAG repeats)
and is regularly paternal in origin [14, 15].

7.2.2 Mitochondrial Dysfunction
in HD

HD pathogenesis includes the mitochondrial dys-
function as observed in patients, and functional
studies using mutant transgenic mice and cell
culture models [16]. Magnetic resonance imag-
ing spectroscopy has also shown augmented lev-
els of lactate in the cerebral cortex and basal
ganglia of brain in HD patients [17]. In addition,
phosphocreatine levels are decreased in resting
muscle [18], and negative alterations in aconi-
tase, complexes II and III of the respiratory chain
have also been delineated in the basal ganglia of
postmortem brains of HD patients [19]. Mouse
striatal knock-in cells carrying a mutant htt frag-
ment showed both flawed energy metabolism and
inhibited mitochondrial ATP levels and ADP
uptake [20].

7.3 Alzheimer Disease (AD)
Alzheimer Disease (AD) is one of the foremost
causes of dementia in the elderly. Clinically, AD
can be categorized into early-onset (patients
younger than 65 years) and late-onset (those older
than 65 years). AD is recognized by the evidences
of amyloid P peptides plaques and intraneuronal
tangles of hyperphosphorylated forms of microtu-
bule associated protein tau (MAPT) on pathologi-
cal examination [21].
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7.3.1 Genetics of AD

Earlier only one genetic risk factor APOE &4
allele was implicated in AD. However with
advances in genetic technologies, such as large-
scale genome-wide association studies, risk
genes for late-onset AD disease were identified.
These genes were instrumental in deciphering
new disease-related pathological pathways, such
as lipid metabolism, the immune system, and
synaptic functioning mechanisms [22].

Early-onset AD families with autosomal dom-
inant patterns of inheritance usually harbor
highly penetrant mutations in three genes: APP,
PSENI, and PSEN2 [23, 24]. Mutations in APP
result in modified amyloid f production, altera-
tion in the ratio of amyloid p42 to amyloid p40,
or augmented fibril formation. Mutations in
PSENI and PSEN2 weaken the y-secretase medi-
ated cleavage of APP, and consequentially result
in an increased ratio of amyloid p42 to amyloid
40 [25]. These three genes however account for
only 13% of early-onset AD patients [26].

The APOE &4 allele is a well-known risk fac-
tor in both late-onset and early-onset forms of
AD [27]. Humans with one €4 allele have an
approximately three-times-more risk of AD, and
those with two &4 alleles have an approximately
15-times-more risk, compared with those with
the most common genotype, APOE €3¢3 [28]. In
addition, nine novel risk loci were discovered as
a result of European and international genome-
wide association collaborations. The nine loci
genes were single nucleotide polymorphisms in
or near the following genes: CLU, CR1, PICALM,
BINIMS4A cluster, CD2AP, CD33, EPHAI, and
ABCA7 [29, 30].

7.3.2 Mitochondrial Dysfunction
in AD

AD pathogenesis has been linked with mitochon-
drial dysfunction, with oxidative damage
observed to occur before amyloid § plaque aggre-
gation [31]. Impaired activities of the enzymes of
tricarboxylic acid cycle including pyruvate dehy-

drogenase, isocitrate dehydrogenase, and
a-ketoglutarate dehydrogenase have been found
in postmortem brains of patients with AD [32].
Besides this the reduced respiratory chain com-
plex IV activity has also been found in platelets
and in postmortem brain tissue [33, 34].

7.4  Amyotrophic Lateral

Sclerosis (ALS)

Amyotrophic Lateral Sclerosis (ALS) is an adult-
onset neurological disorder recognized with rapid
and progressive paralysis and death from respira-
tory failure, typically within 2-3 years after
appearance of symptom [35]. A pathogenic fea-
ture of ALS is the specific death of motor neurons
in the spinal cord and brain, causing paralysis of
voluntary muscles [36]. Roughly 10% of ALS
cases are classified as familial, while the remain-
ing 90% of cases are considered as sporadic [35].

7.4.1 Genetics of ALS

Approximately 10% of ALS cases are familial
following Mendelian pattern of inheritance and
13 pathogenic genes and loci have been identified
[37]. Of the known genes, the foremost is SODI,
followed by TARDBP and FUS. SOD1 mutations
account for 12% of familial ALS and 1% of aspo-
radic ALS [38]. Mutations in TARDBP account
for 5-10% of familial ALS, while FUS mutations
are for 5%, and mutations in ANG for about 1%
[39]. Mutations in SOD1, TARDBP, FUS, ANG,
and OPTN cause a typical clinical phenotype
[39]. All genes mutated in familial forms of ALS
and have also been seen in sporadic forms with
no clinical difference, suggesting a similar patho-
genic pathway.

People with ALS characterized as having spo-
radic disease, possibly have mutations in a single
gene which in combination with environmental
factors trigger disease onset [40]. For these
patients, family aggregation studies have recog-
nized an genetic overlap between ALS and other
common neurodegenerative disorders, signifying
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the existence of susceptibility genes that might
amplify the overall risk of neurodegeneration in
families [41]. Some ALS-related genes include
FUS, C9ORF72, TARDBP, and VCP have been
shown to sporadically give rise to other disease
phenotypes such as cerebellar ataxia, dementia
and Parkinsonism [42]. Despite the identification
of candidate gene for sporadic ALS, the underly-
ing disease mechanism is not understood in many
instances [40].

7.4.2 Mitochondrial Dysfunction
in ALS

A subset of familial ALS cases is outcome of
mutations in the gene encoding Cu, Zn-superoxide
dismutase (SODI) [43]. Mitochondrial impair-
ment has been involved in SODI-amyotrophic
lateral sclerosis pathogenesis as mitochondrial
structural irregularities have been observed in
motor neurons from mutant SODI1 transgenic
mice [44]. It has also been demonstrated that
abnormal mitochondria with vacuolization accu-
milate in the dendrites before disease onset and
preceding motor neuron death [45]. It has been
suggested that this vacuolization develops from
expansion of the mitochondrial intermembrane
space and extension of the outer mitochondrial
membrane [46].

7.5 Parkinson Disease (PD)
Parkinson disease (PD) is an progressive neuro-
logical disorder with features including resting
tremor, bradykinesia (slowed movements), rigid-
ity (increased muscular tone), postural instability,
and gait impairment [47]. PD motor manifesta-
tions are attributed to dopaminergic neuron loss
within the substantia nigra, pars compacta, and
basal ganglia which contribute to the initiation
and execution of movement [48] PD that begins
after the age of 50 years is called late-onset dis-
ease. If disease-related symptoms appear before
50 years of age, the condition is called early onset
while if the cases begin before the age of 20 it is
referred to as juvenile-onset PD [49].

7.5.1 Genetics of PD
Roughly 15% of PD patients have a family his-
tory of this disorder. These familial cases of PD
are mainly due to mutations in the LRRK2,
PARK?2, PARK7, PINKI, and SNCA genes, or by
alterations in genes which have not been identi-
fied yet [50]. Sporadic PD also involves the muta-
tions in some of the above said genes; however,
the pattern of inheritance varied based on the
gene mutated. If LRRK2 or SNCA genes are
mutated, the disease is inherited in an autosomal
dominant manner, while if PARK2, PARK7, or
PINK]I genes are involved, the disease is inher-
ited in an autosomal recessive manner [50].
Majority of cases of PD occur in a sporadic
manner and in many instances the cause remains
unclear and may possibly outcome from a multi-
faceted interaction of environmental and genetic
factors. Numerous PD-susceptibility genes have
been identified, and the recognized genetic variants
cause a wide range of disease risk, including both
familial and sporadic disease [51]. A few genes,
involving SNCA and LRRK?, carry rare, vastly pen-
etrant Mendelian alleles in addition to common
polymorphisms that have a more modest effect on
disease susceptibility [1]. When genetic alterations
modify the risk of developing PD, the pattern of
inheritance is frequently unknown. Alterations in
certain genes, including GBA and UCHLI, do not
cause PD but appear to modify the risk of develop-
ing the condition in some families [50].

7.5.2 Mitochondrial Dysfunction
in PD

In patients with PD the presence of intracytoplas-
micinclusions (Lewy bodies) containing a-synuclein
is noted in addition to the pathogenic loss of
dopaminergic neurons in the substantia nigra and
pars compacta. Despite the lack of a direct con-
nection to mitochondria, there is evidence that
mutant o-synuclein may cause mitochondrial
dysfunction. It has been found that overexpres-
sion of mutant o-synuclein in cultured cells
impairs mitochondrial function and leads to
oxidative damage [52].
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Martin et al. (2006) has demonstrated that trans-
genic mice overexpressing mutant a-synuclein
exhibit neuronal degeneration, depleted complex
IV activity in the spinal cord, and aggregation of
intraneuronal inclusions. These inclusions con-
sist of both a-synuclein and degenerating mito-
chondria [53]. Together, these findings present
an even more convincing link between mutant
a-synuclein, mitochondrial degeneration, and cell
death.

Conclusion

In this review, we have summarized some of
the aspects of a selected group of neurodegen-
erative disorders. Many of these diseases
remain without effective curative therapies. In
inherited neurodegenerative disease with high
penetrance such as HD, prenatal testing and
subsequent abortion of affected fetuses is a
preventive option. However, as an adult-onset
disease many parents choose not to test and
state hope for future treatment options becom-
ing available [54]. In many diseases, survival
of affected persons in the areas where medical
technology is not easily accessible is alike to
that of populations with ready access to treat-
ments [55]. Thus, underscoring the fact that
very little progress has been made in combat-
ing these diseases. Genetic counselling may
offer hopeful effects on patients, their spouses,
and individuals at risk. Caregivers groups are
priceless sources of information and insight
that may help patients and families through
the recurring troubles. Lack of such support
could lead to increased disease severity and
behavioral and psychological symptoms [56].
Therefore, it is essential that health services
and social services work hand in hand to sup-
port families with patients affected with these
conditions.
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8.1 o-Synuclein

8.1.1 Native a-Syn
The synucleins pertain to a family of highly
conserved proteins expressed only in vertebrates
and encoded by three distinct genes, a-synuclein
(a-syn), P-synuclein, and y-synuclein. The
a-syn gene (SNCA; HGNC 11138) is located on
human chromosome 4q21.3-q22 [1, 2] and has
also been referred previously as non-A4 compo-
nent of amyloid precursor or NACP [3], PARKI,
PARK4, or PDI1.

a-Syn is a 140 amino acid protein that was
originally detected in the Pacific electric ray
Torpedo californica and in rat brain at very high
levels compared to other cytosolic protein [4, 5].
Several years later, a cDNA encoding for a 140
amino acid protein purified from Alzheimer’s
disease amyloid plaques and named non-A4
component of amyloid precursor or NACP [3].
NACP mRNA was detected abundantly in the
brain [6] and proven to be identical to human
a-syn and highly homologous to rat a-syn [7].

Although detected in the cytoplasm soma and
axons, the a-syn protein has been localized pre-
dominantly in neuronal presynaptic terminals [4,
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8]. The primary structure of a-syn is substantially
divided into three main domains: an amphipathic
N-terminus (aa 1-60) containing several repeats
of 11-mer with a consensus KTKEGV sequence,
a core hydrophobic NAC (non-amyloid § compo-
nent) region (aa 61-95) and an acidic C-terminus
(aa 96-140) [9]. The 11-mer repeats present in
the amino terminal are reminiscent of the consen-
sus class A2 amphipathic a-helix found in the
lipid-binding domains of the exchangeable apoli-
poproteins. These repeats favor an o-helical sec-
ondary structure conformation and are responsible
for the interaction with lipid bilayers. This struc-
tural feature conveys to a-syn the capacity to
bind to neuronal vesicles [10] and is essential for
protein tetramerization [11]. The NAC domain
and its core region (aa 68-78) fold into p-sheets
and are at the core of fibrils formation [12, 13].
Ubiquitinated and phosphorylated a-syn are the
main constituents of Lewy bodies, the abnormal
protein aggregates typically detected in the synu-
cleinopathies [14]. In fibrillar Lewy bodies,
Ser129 is phosphorylated in 90% of the a-syn
detected, while only 4% is phosphorylated in this
position in normal brains [15-17].

8.1.2 «®-Syn and the Synapse
Although the physiological role of a-syn has not

been fully clarified, its clustered expression in
presynaptic terminals and its capacity to associate
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with lipid membranes suggests an involvement in
trafficking of neurotransmitter vesicles and neu-
rotransmitter release [18].

A direct link between a-syn and exocytosis is
starting to emerge and centers around the SNARE
complex formation. a-Syn favors interaction with
small unilamellar vesicles (10-110 nm) similar
to small secretory vesicles and large unilamellar
vesicles (100 nm—1 pm) that contain unsaturated
fatty acids and display high membrane curva-
tures. Recently, a direct link between SNAREs
and a-syn has been recognized as it interacts with
v-SNARE synaptobrevin [19] via its C-terminal
domain [20] and thus potentially participates in
the direct assembly of the SNARE complex. A
triple a-syn knockout mouse model showed age-
dependent SNARE complex assembly deficit and
the deficit could be rescued by overexpression of
a-syn in cultured cells derived from these same
transgenic animals [20]. Interestingly, only the
multimerized o-syn bound to membranes modu-
lates the SNARE complex formation, not the
monomeric form [19, 21].

Additionally, o-syn is localized within the
vesicular lumen and released from neurons
through exocytosis. This occurs independent of
endoplasmic reticulum and Golgi apparatus
vesicular exocytosis and a-syn release via this
mechanism is increased in cases of mitochondrial
and proteasomal dysfunction. As a-syn in the
vesicle also appears to be more likely to aggre-
gate [22], this mechanism may contribute to
a-syn inclusions seen in synucleinopathies.
Furthermore, misfolded forms of a-syn due to
oxidation under stress conditions were more
likely to translocate to vesicles and aggregate
before release [23].

8.1.3 «a-Syn Oligomers, Toxicity,
and Clearance

What is quite clear is that further association of
monomeric a-syn molecules generates oligomers
of different sizes in a step-wise matter resulting
first in protofibrils and then in amyloid fibril

aggregates [13]. Oligomeric intermediates appear
to be cytotoxic by permeabilizing membranes
[24] through membrane association via the
N-terminal of a-syn. Interaction with membranes
initiates the conformational change into helical
form and favors a-syn aggregation into protofi-
brils that cause neurotransmitter leakage from
vesicles and loss of mitochondrial membrane
polarization. Interestingly, mutant forms of a-syn
generated to produce oligomers and amyloid
fibril aggregates demonstrated in vivo that the
oligomeric forms are most toxic to dopaminergic
neurons in the midbrain [25].

Fibrils have also been linked to cytotoxicity
and insoluble fibrils aggregates are the main
components of the proteinaceous inclusions fea-
tured in all synucleinopathies such as
Parkinson’s disease (PD), dementia with Lewy
bodies (DBL), and multiple system atrophy
(MSA) [18]. a-Syn can also accumulate in
human and rat mitochondria in vitro and in vivo
[26, 27] and does so more readily in Parkinson’s
disease (PD)-related brain regions such as the
substantia nigra and the striatum [27]. The accu-
mulation of «-syn in mitochondria of the sub-
stantia nigra and striatum is particularly
enhanced in individuals affected by PD [26] and
oxidative stress through mitochondrial dysfunc-
tion is thought to play a role in dopaminergic
cell loss in disease and familial forms of
Parkinsonism [28-31].

Removal of a-syn occurs through the ubiquitin
proteasome system [32] after phosphorylation at
Ser129 [33], with lysosomal degradation via
chaperone-mediated autophagy occurring as
a-syn levels increase [32, 34]. Macroautophagy
pathways through vacuole trapping of misfolded
toxic a-syn and damaged organelles can be stimu-
lated under conditions when chaperone-mediated
autophagy is impaired [35]. Overexpression of
a-syn will likewise impair macroautophagy path-
ways [36]. Dysfunction to the autophagy system
is thought to be one of the possible causes of PD
and synucleinopathies, as lysosomal marker
depletion has been one of the pathological find-
ings in human PD [37].
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8.1.4 «-Syn and Prion Theory

Recent evidence has indicated that a-syn may be
able to spread from cell-to-cell in a prion-like
fashion [38], whereby amyloid-fibril forms of
a-syn can influence other a-syn proteins to aggre-
gate in proteinaceous inclusions as well [39].

Neurons grafted into patients with Parkinson’s
disease in order to repair brain degeneration
accumulated Lewy Body pathology, demonstrat-
ing that endogenous a-syn in these brains can
seed cells to cause further degeneration [40]. This
occurred in long-term embryonic nigral trans-
plants as well, resulting in degeneration of the
introduced cells [41]. Inoculation of healthy mice
with pathological tissue containing a-syn aggre-
gates led to the spreading of a-syn aggregation in
these mice [42, 43]. This transmission also
resulted in characteristic Parkinsonism behavior
typical of transgenic mice and loss of dopaminer-
gic neurons [43]. This type of host transmission
of detrimental forms of a-syn inclusions was also
observed in the rat brain [44].

Although the oligomeric form appears most
toxic, it seems that the fibrillized form of a-syn is
the most capable to induce other forms of a-syn
to fibrillize and create inclusions [45]. Also, gas-
tric administration of fibrillized a-syn in rats was
shown to migrate to the CNS through retrograde
transport in the vagus nerve [46]. Interestingly, in
the human adenine 53 to threonine (A53T) amino
acid substitution transgenic mouse model of
synucleinopathy, which is responsible for a
familial synucleinopathy [47], accelerated prion-
like spreading of a-syn was seen to progress
through the brain after inoculation with amyloid
fibrils from brains of older transgenic mice [42,
44]. Median survival times were half as long than
AS53T mice inoculated with healthy brain, and
also demonstrated more widespread pSerl129
a-syn as shown by Western blot and immunohis-
tochemistry (Fig. 8.1). Other models using A53T
a-syn demonstrated accelerated o-syn phosphor-
ylation on Ser129 and amyloid fibril aggregates
after intravenous and intramuscular inoculation
with a-syn [45, 48].

However, another study of the inoculation of
the brain with fibrillized a-syn resulted in wide-
spread a-syn fibrils and neurodegeneration only
in the A53T transgenic model and not in other
a-syn mutant models [49]. Likewise, o-syn
derived from human MSA patients induced a-syn
aggregation in AS3T heterozygous transgenic
animals, while o-syn from the brains of PD
patients could not [50]. Therefore, it seems that
the A53T a-syn form is particularly susceptible
to prion-like induced misfolding, phosphoryla-
tion, and aggregation [49]. Although encourag-
ing, further studies are worthy to determine
whether the AS53T mechanism of prion-like
spreading occurs with native forms of a-syn in
human brains, and if so, what the initial cause of
propagation is in idiopathic synucleinopathies.

8.2  Astrocytes and a-Synuclein

8.2.1 Astrogliosis and a-Syn

While the mechanisms of a-syn accumulation in
laboratory models have been partially under-
stood, the cause of native a-syn accumulation is
unknown. Release of a-syn can occur from neu-
rons through exocytosis, and such release is
increased in oxidative stress conditions, often
associated with neurodegenerative disorders.
Since astrocytes are tasked with maintaining
brain homeostasis and synaptic oversight, the
role of astrocytes in oxidative stress conditions
and in the cause of a-syn associated neurodegen-
eration is of interest.

Although astrocytes are more understood in
terms of their response to neurodegeneration in
proteinopathies, evidence is beginning to emerge
that astrocytes are also involved in disease initia-
tion and progression [51, 52]. The term astrode-
generation [51] refers to the possibility of
degenerative diseases of the central nervous sys-
tem originating from astrocytic dysfunction.
Early evidence on the role of astrocytes in injury
and neurodegeneration demonstrated an astro-
cytic response termed astrocyte reactivity or
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Fig. 8.1 Western blot and immunohistochemical detec-
tion of pSerl29 a-syn in mice overexpressing human
A53T a-syn (TgM83) inoculated with brain homogenates
from sick aged TgM83 mice. In (a), insoluble pSer129
a-syn Western blot of TgM83 mice inoculated with brains
of sick aged (12—-18 months) mice (1-4). Days old at time
of death is listed at the bottom of the figure. Increased
expression of pSerl29 was seen in older inoculated
TgM83 mice. Uninoculated healthy control TgM83 mice
(aged 2—6 months, H) did not exhibit pSer129 expression.
Uninoculated sick TgM83 aged mice demonstrated
pSer129 expression less robustly at older ages (S). In (b),
a-syn immunostaining in the raphe nucleus revealed dys-
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TgM83 inoculated with
sick brain (18m)
328 days old
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trophic neuritis in 198 day TgM83 mouse inoculated with
a 12-month sick TgM83 brain compared to a 338—day-old
mouse inoculated with a healthy 2-month-old TgM83
brain. Scale bar = 16 pm. Similarly, in (¢), arrows point to
spheroid-like inclusions as well as obvious perikaryal
inclusions in TgM83 mice in the lateral vestibular nucleus,
with more robust staining in the TgM83 mouse inoculated
with a sick 18-month-old TgM83 mouse brain. Scale
bar = 64 pm. Reprinted from Mougenot A-L, Nicot S,
Bencsik A, Morignat E, Verchere J, Lakhdar L, Legastelois
S, Baron T (2012) Prion-like acceleration of a synucle-
inopathy in a transgenic mouse model. Neurobiol Aging
33:2225-2228, with permission from Elsevier
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astrogliosis [53]. Astrogliosis has been observed
in response to a-syn in tissue culture and in
transgenic mouse models overexpressing a-syn
[54-59]. Although astrogliosis was originally
thought to be an all-or-none phenomenon in
injury and disease, it is now known that astro-
cytes respond to neurodegeneration by upregu-
lating growth factors, cytokines, chemokines,
and anti-oxidant enzymes [60, 61]. A character-
istic upregulation of intermediate filaments, glial
fibrillary associated protein (GFAP) or vimentin,
is typically observed in addition to a hypertro-
phic morphology [62], and in some cases, prolif-
eration [63].

It appears that the role of astrogliosis is likely
neuroprotective to degenerating nervous tissue
under normal conditions and occurs along a con-
tinuum of injury or disease severity [64, 65].

8.2.2 Astrocytes, a-Syn, Oxidative
Stress and Autophagy

A main component of synucleinopathies is
neuronal oxidative stress, through increased
oxidative damage, mitochondrial dysfunction,
and inflammation [66]. Astrocytes treated with
oligomeric a-syn increased their rate of reac-
tive oxygen species production, which resulted
in lipid peroxidation and cell death [67].
Overall astrocytes are thought to protect neu-
rons from oxidative stress and can promote
neuronal survival and neurogenesis though the
release of growth factors such as bFGF, BDNF,
or GDNF [68].

As a-syn in monomeric and aggregate forms
released from neurons are increased in states of
oxidative stress, it appears that the astrocytic
response induced by a-syn is guided by the Toll-
like 4 receptor (TLR4) [69]. Activation of TLR4
by a-syn in astrocytes causes the release of nitric
oxide synthetase and cyclooxygenase-2 [70].
Correspondingly, TLR4 KO in astrocyte cultures
resulted in decreased reactive oxidative species
production and a suppressed response to the
c-terminally truncated version of a-syn [69].
However, as TLR47~ astrocytes are capable of

a-syn uptake [70], it seems quite clear that TLR4
does not directly mediate the endocytosis of
a-syn in these cells.

Wild type a-syn and its mutated forms induce
the release of ICAM-1 and IL-6 from astrocytes
via MAP-kinase pathway activation [71]. In
fact, mRNA expression profiles of astrocytes in
culture treated with a-syn aggregates derived
from expression in SH-SYS5Y neurons demon-
strated increased expression of many other che-
mokines [72]. Interleukin chemokines (IL-a,
IL-B, IL-6, and IL-18) expression was increased
within 6 h of treatment, with IL-o and IL-f aug-
menting 33 and 76 times by 24 h [73]. Colony
stimulating factors (CSF-1, CSF-2, and CSF-3)
were also increased after neuron-derived a-syn
aggregate treatment [73, 74]. Pro-inflammatory
cytokines known to be involved in microglial
recruitment, cell proliferation, and synaptic reg-
ulation were also increased significantly. These
included the CC-type (CCL-3, 4, 5, 12, and 20)
and the CXC-type (CXCL-1,25,10, 11, 12, and
16) cytokines [73].

Autophagy is thought to maintain cellular
homeostasis and be activated in response to
stressed conditions such as oxidative stress. As
a-syn is degraded through the lysosomal autoph-
agy pathway, there seems to be a role for astro-
cytes in the removal of excess a-syn and a cause
for dysfunction if such task is disrupted. In lyso-
somal storage disease, cortical neurodegenera-
tion was caused by astrocyte autophagy
dysfunction [75]. Similarly, mitochondrial func-
tion in astrocytes is dependent on autophagy
pathways, and human primary astrocytes treated
with a-syn show increased LDH released as a
measurement of mitochondrial dysfunction [56].
Additionally, a-syn colocalization with mito-
chondria and astrocytes demonstrated reduced
cell viability [56]. Interestingly, in the MPTP
model of striatal destruction, neurons could be
rescued from mitochondrial complex II inhibi-
tion if astrocytes overexpressed the cytoprotec-
tive transcription factor NF-E2 p45-related factor
2 (Nrf2) which is known to promote antioxidant
programs in order to oppose cellular stressing
conditions [76].



86

A. O.Koob and P. Sacchetti

8.2.3 Astrocytes, the Synapse,
and a-Syn

As it is now clear that astrocytes are integral to
synaptic communication and synaptogenesis
[77-85], and it is known synapse loss correlates
with cognitive decline and disease progression in
dementias such as Alzheimer’s disease and
dementia with Lewy bodies [86, 87], a-syn-
astrocyte synaptic interactions and mechanisms
are of interest. For example, astrocyte cholesterol
synthesis, a component in membrane integrity
and synaptogenesis [84], was decreased in
response to a-syn [55]. Also, cholesterol inhibi-
tors demonstrated reduced a-syn aggregation in
mouse models overexpressing a-syn, indicating a
possible feedback pathway for a-syn involve-
ment in astrocytic cholesterol regulation [88].

Additionally, it has been shown that cell pro-
liferation factor Wntl released from astrocytes is
neuroprotective to dopaminergic neurons
through the Fzdl1/B-catenin pathway [89, 90].
Likewise, recent evidence is emerging on astro-
cytes involvement in the basal ganglia pathway
that degenerates initially in PD. Astrocytes regu-
late inhibitory GABAergic striatopallidal syn-
apses that are dysregulated by dopamine
depletion and exert their effects through release
and control of glutamate transmission at synap-
tic terminals in response to dopamine [91]. In
contrast, dopamine transmission alterations
affected astrocyte plasticity in the striatum and
dopaminergic areas [92].

Astrocytes are much more heterogeneous than
previously believed, and two main types have
been described, protoplasmic astrocytes in gray
matter and fibrous astrocytes in white matter
[93]. Release of a-syn from neuronal synapses
results in accumulation of a-syn in protoplasmic
astrocytes, but not fibrous astrocytes [94].
Protoplasmic astrocytes isolated in tissue culture
from human cortex have been shown to accumu-
late a-syn monomers and dimers, and respond by
upregulating GFAP [55] (Fig. 8.2). Additionally,
in transgenic mice overexpressing human o-syn,
protoplasmic astrocytes in gray matter demon-

strated widespread accumulation of a-syn, which
was shown to enter the cell through endocytosis
and cause cytokine and chemokine release from
astrocytes [74]. Inclusions of a-syn in astrocytes
have been observed in transgenic mouse models
overexpressing neuronal-derived human o-syn
and in models of MSA with oligodendroglia-
derived a-syn [59, 95].

It is apparent that astrocytes can accumulate
the monomeric and oligomeric forms of a-syn
and some evidence exists that the fibrillized
form will accumulate in astrocytes as well [96].
In vitro studies have demonstrated that a-syn
derived from human-derived Lewy bodies is
more efficiently taken up through endocytosis
in astrocytes compared to neurons, and that
further release of a-syn aggregates from astro-
cytes is toxic to neurons [97]. Recently, it was
described that fibrillized a-syn enters into neu-
rons through endocytosis via the LAG-3 recep-
tor. Correspondingly, LAG3~~ mice developed
reduced neuronal cell loss [98]. However, no
LAG receptor was detected in astrocytes, dis-
carding this mechanism as a possible way of
entry. Therefore, like TLR4, this receptor does
not appear to be the method of endocytosis of
a-syn in astrocytes.

After internalization and accumulation of
a-syn, astrocyte functioning is disrupted and
synaptic neurotransmission could also be
affected. It is known that astrocytes express most
transmitter receptors, and upon receptor stimula-
tion they respond with changes in internal Ca*
concentration and subsequent transmitter release
[99]. Astrocytes communicate at synapses
through calcium signaling from their internal
organelle calcium stores [100]. Monomeric and
oligomeric a-syn was shown to stimulate cal-
cium signaling in astrocytes, effectively contrib-
uting to synaptic communication and
neurotoxicity through calcium upregulation
[101]. Furthermore, the presence of dopamine
receptors on astrocytes has been largely sup-
ported and a recent study demonstrates the
capacity of the neurotransmitter dopamine to
directly regulate astrocyte Ca* levels [102].



8 Astrocytes and the Synucleinopathies 87
a
o-Syn
Cytosolic
Fraction
A== 28 kDa
= 14 kDa
ACHD - ————————— —————u  / D2
b
o-Syn
Membrane
Fraction
& 28 kDa
== 14 kDa
holn | ——————————————-— 2 kD2
Time (hr) 3 6 24 24

Cont

Fig. 8.2 Time course levels of a-syn in human astrocytes
treated with a-syn peptide. In (a) and (b), human primary
cortical astrocytes treated with 100 nM of a-syn peptide at
3, 6, and 24 h. Astrocytes accumulated a-syn in monomer
and dimer forms in the cytosolic and membrane fractions,
which increased at 24 h. Twenty-four hour treatment of
human cortical astrocytes with 100 nM a-syn also resulted

in increased expression of reactive astrocyte marker glial
fibrillary acidic protein (GFAP) in (d), compared to con-
trol in (¢). (scale bar—20 pm). Reprinted from Koob AO,
Paulino AD, Masliah E (2010) GFAP reactivity, apolipo-
protein E redistribution and cholesterol reduction in
human astrocytes treated with alpha-synuclein. Neurosci
Lett 469:11-14, with permission from Elsevier
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8.3  Astrocytes, Familial
Synucleinopathies,
and Familial Parkinsonism
8.3.1 Astrocytes and Familial

Synucleinopathies

Genetic diseases in families have been discov-
ered due to the identification of mutations in the
a-syn gene. Synucleinopathy comprised of
Lewy body pathology and Parkinsonism occurs
with gene duplication and several point muta-
tions in the gene resulting in amino acid substi-
tutions A53T, E46K, A30P, and H50Q, with a
late-onset mutant form G51D [103]. Although
the familial disease resulting from gene duplica-
tion is likely the result of a-syn overproduction
in these families as demonstrated by widespread
synucleinopathy, the various point mutations
cause different types of aggregation in vitro
[104]. The A53T, A30P, and E46K mutant forms
of a-syn showed an increased rate of fibril
amplification and lipid-induced aggregation
compared to wild type a-syn, while it was dis-
covered that H50Q and G51D developed at
slower rates [104].

Perhaps the most studied mutant is the AS3T
form of a-syn which has been shown to induce
prion-like spread of a-syn. The onset of illness
of the A53T mutation is 46 = 13 years of age
and results from a single gene defect [47]. In
families affected, a single base pair change
occurs from guanine to adenine in position
209 in the fourth exon [47]. The resulting change
in the a-syn protein is the amino acid substitu-
tion of an alanine to threonine at position 53
(AS3T) [47]. This leads to a-syn misfolding by
converting segments of the protein from an
a-helical tetramers to monomers with a 3-sheet
shape, with oligomeric accumulation and result-
ing neurodegeneration [105].

When A53T a-syn was selectively expressed
by astrocytes in mice, a degenerative disease was
prevalent [106]. Astrocyte toxicity induced by
a-syn was shown to be crucial for healthy brain
function, as mice developed midbrain dopami-
nergic neuronal degeneration and motor spinal
cord neuronal loss (Fig. 8.3). Likewise, microg-

lial activation was increased, and astrocytosis
was seen throughout the brain as demonstrated
by increased GFAP immunohistochemistry
[106]. Also, aquaporin-4 expression was no lon-
ger associated with astrocytic end-feet and
instead exhibited a somatic and proximal pro-
cesses location, indicating compromised blood—
brain barrier in these mice [106].

In addition, direct transfer of a-syn AS3T
to astrocytes resulted in release of TNF-a and
pro-inflammatory chemokine CXCL-1 [74].
Interestingly, it appears that overexpression
of Nrf2 in astrocytes can rescue neurons from
degeneration caused by A53T [107].

The other a-syn variant studied with respect
to astrocytes is the A30P mutant, which was
shown to decrease neurogenesis in the hippo-
campus of mice upon overexpression [108].
Neuronal-restricted overexpressed o-syn A30P
was detected in neighboring astrocytes in the
hippocampus, suggesting uptake of the protein
variant by astrocytes as well, and a potential
involvement of the astrocytes in neuronal dys-
function [108]. In addition, A30P as A53T and
E46K treated astrocytes increased release of
ICAM-1 and IL-6 through the MAP-kinase path-
way [71, 108].

8.3.2 Astrocytes and PINK1

Homologous mutations on chromosome 1 to the
PTEN-induced putative kinase 1 (PINKI1) gene
(PARKG) result in early-onset Parkinsonism
between 32 and 48 years of age. The mutation
causes a truncated form of the protein and a
G309D amino acid substitution in the kinase
domain [109]. Mutations in PINKI1 result in
Lewy Body pathology in older patients, levodopa
responsive Parkinsonism, impaired gate and psy-
chiatric symptoms [110].

PINKI1 has been shown to locate to the mito-
chondria and associate with the E3 ubiquitin
ligase protein parkin to target mitochondria for
degradation [111]. The PINK1 N-terminus asso-
ciates with the outer mitochondrial membrane of
damaged mitochondria while the kinase region
phosphorylates parkin, inducing its recruitment
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Fig. 8.3 Neuron loss occurred in the midbrain and the
spinal cord of symptomatic mice with a-syn A53T expres-
sion in astrocytes. (a) Overexpression of a-syn AS53T in
astrocytes resulted in neuronal cell loss compared to age-
matched nTg littermates as demonstrated by tyrosine
hydroxylase(TH)/NeuN double staining in the substantia
nigra pars compacta (SNpc) and ventral tegmental area
(VTA). NeuN staining in the ventral horn of the lumbar
spinal cord in (b) also indicated neuronal loss. Scale
bars = 100 pm. (¢) Stereology of TH staining in SNpc and
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VTA demonstrated significant neuronal loss. *p < 0.05,
*#p <0.01. In (d), loss of motor neurons in the spinal cord
was also significant in astrocyte expressing AS3T mice
*p < 0.05. Reprinted from Gu XL, Long CX, Sun L, Xie
C, Lin X, Cai H (2010) Astrocytic expression of
Parkinson’s disease-related A53T alpha-synuclein causes
neurodegeneration in mice. Mol Brain 3:12, Copyright ©
Gu et al.; licensee BioMed Central Ltd. 2010. This is an
open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY)
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to the dysfunctional mitochondria to target them
for autophagy degradation [111].

PINKI1 is constitutively expressed by astro-
cytes, and mitochondrial function in astrocytes
is essential for responses to oxidative stress and
regulation of brain homeostasis [112]. It was
shown that PINK1 expression increased in mice
around embryonic day 12 to postnatal day 1 in
developing mouse brains [113]. In a related
study, astrocytes isolated in culture from PINK1
KO mice displayed defective proliferation
[112]. In a scratch wound healing assay, astro-
cytes also displayed deficient proliferation to
“repair” the area compared to cells isolated
from WT mice. In this study, it appears that
astrocyte mitochondrial function and glucose
uptake were impaired which resulted in the pro-
liferative dysfunction [112].

In addition, PINK1 KO mice exhibited down-
regulated GFAP expression, which was also
observed in the midbrain and cortex of adult mice
[113]. GFAP associated astrogenesis was affected
from development into adulthood, which might
factor in Parkinsonism development [113]
(Fig. 8.4).

PINK1-KO

Fig. 8.4 PINKI1 deficiency alters GFAP expression in
the cortex and midbrain of 8-day-old mice. Pink1-KO
mice showed diminished GFAP expression in astrocytes
compared to wild type as denoted by GFAP immunohis-
tochemistry in the corpus callosum and substantia nigra
in (a), and Image J analysis of staining fluorescent inten-
sity in (b). Reprinted from Choi I, Choi D-J, Yang H,
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8.3.3 Astrocytes and Parkin

A deletion in the PARK?2 gene on chromosome 6
results in early-onset Parkinsonism in patients
less than 40 years of age [114, 115]. This familial
disease is referred to as autosomal recessive juve-
nile Parkinsonism and is marked by dysfunction
of the parkin protein, a ubiquitin ligase that asso-
ciates with Lewy bodies in the synucleinopathies
[116], and with similar clinical symptoms to dis-
eases related to the PINK1 gene [111]. The dis-
ease manifests itself in younger patients and is
typically considered a non-Lewy body disease as
well, but Lewy body pathology has been observed
in aged patients that have the mutation and
develop the disease [117].

Parkin is associated with PINKI1 in mito-
chondrial function and degradation. Similarly
to PINK1 KO, midbrain astrocytes from parkin
KO mice demonstrated less proliferation and
more proapoptotic protein expression [118].
Parkin is also expressed by astrocytes and asso-
ciates with the nucleus, light vesicles, and the
Golgi apparatus [119]. Interestingly, increased
expression of parkin was noted in response to

1
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et al. (2016) PINK1 expression increases during brain
development and stem cell differentiation, and affects
the development of GFAP-positive astrocytes. Mol Brain
9:5 Copyright © Choi et al.; licensee BioMed Central
Ltd. 2010. This is an open-access article distributed
under the terms of the Creative Commons Attribution
License (CC BY)
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unfolded protein stress in astrocytes, and not
in neurons [119]. Also, parkin was redistrib-
uted in astrocytes as a result of treatment with
unfolded protein stress inducers contributing
potentially to dysfunction due to non-cleared
accumulated proteins [119]. Parkin KO mice-
derived astrocytes also exhibited decreased
antioxidant glutathione release in response to
oxidative stress and were susceptible to oxida-
tive stress [118].

8.3.4 Astrocytes and DJ-1

Deletions in the PARK7 gene result in dysfunc-
tion of the DJ-1 protein in families presenting
with early-onset Parkinsonism [120]. Patients
with this genetic profile do not tend to accumu-
late widespread synucleinopathy. Recently, how-
ever, anovel L172Q PARK7 mutant demonstrated
diffuse Lewy bodies and glial pathology [121].
DJ-1 has been hypothesized to protect neurons
from oxidative stress, and an increase in DJ-1 is
seen in reactive astrocytes, with astrocytes
expressing DJ-1 more abundantly in normal as
well as synucleinopathy-affected human brain
regions than neurons [122].

DJ-1 overexpression in astrocytes protects
neurons from pesticide-induced oxidative stress
[123]. It appears that this is likely due to interfer-
ence with complex | of the mitochondria [124].
When astrocytes were co-cultured with neurons,
impaired mitochondria were located in the soma
and proper fusion dynamics was observed in the
processes. To the contrary, knockdown of DJ-1
expression in astrocytes resulted in impaired
mitochondrial function as noticed by reduced
mitochondria fusion in astrocytic processes [125].

DJ-1 deficiency in astrocytes interestingly
impaired expression of flotillin-1 and caveolin-1,
the two main protein constituents in lipid rafts
[126, 127]. This resulted in impaired lipid raft-
mediated endocytosis, as well as disruption to
membrane fluidity and cholesterol levels [127]. It
has been previously shown that a-syn can
decrease cholesterol levels in astrocytes [55]
indicating a possible mechanism where o-syn

and DJ-1 cooperate in astrocytic regulation of
synaptogenesis. Also, glutamate reuptake through
EAATI transporter was impaired in DJ-1 defi-
cient astrocytes, indicating involvement in synap-
tic communication [127].

Astrocytes are known to protect dopaminergic
neurons from 6-hydroxydopamine, and DJ-1
deficient astrocytes demonstrated an impaired
ability to protect neurons in mouse models of
6-hydroxydopmaine toxicity [128]. Additionally,
pro-inflammatory mediators were decreased in
DJ-1 KO astrocytes, with TNF-o and prostaglan-
din E2 significantly diminished [36].

8.3.5 Astrocytes and LRRK2

Mutations in the leucine-rich repeat kinase 2 gene
(LRRK?2) result in autosomal dominant late-onset
Parkinsonism [129, 130]. LRRK?2 is expressed in
astrocytes in the brain, including in the substantia
nigra, hippocampus, and striatum [131]. LRRK?2
is involved in a number of processes linked to
a-syn, including vesicular recycling, mitochon-
drial homeostasis, and macroautophagy [132].

Inhibition of LRRK2 in astrocytes induced
autophagy as demonstrated through increased
levels of LC3-II in rat primary astrocytes in vitro
[133]. Also, expression of the common
Parkinsonism LRRK2 mutant G2019S caused
enlarged lysosome morphology in mouse pri-
mary astrocytes [134]. Additionally, long-lived
proteins were not as likely to be degraded through
the lysosomal pathway in mouse primary astro-
cytes overexpressing G2019S mutant LRRK2,
which seem to be dependent on LRRK2 kinase
activity and autophosphorylation [134].

8.4  Astrocytes and Idiopathic
Synucleinopathies
8.4.1 Parkinson’s Disease

In idiopathic neurodegeneration, synucleinopathy
typically correlates with Alzheimer’s disease-type
pathology characterized by beta-amyloid plaques
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and neurofibrillary tangles expressing hyperphos-
phorylated tau [135, 136]. Additionally, in normal
controls, without the development of neurodegen-
erative disease symptoms, incidental Lewy Body
disease, or synucleinopathy can be present in
postmortem tissue [137]. Although accumulation
of amyloid-p,, and amyloid-By, in plaque forma-
tion results in astrogliosis near the site of the
plaque, with early studies demonstrating astrogli-
osis four times greater in cortical areas of patients
diagnosed with AD [138-140], in Parkinson’s dis-
ease (PD) astrogliosis does not seem to correlate
with a-synaggregation [94, 141, 142]. Astrogliosis
is also a hallmark of an astrocyte proximal to neu-
rofibrillary tangles expressing hyperphosphory-
lated tau [143], and in frontal temporal dementia,
noted by extensive tauopathy, astrocyte apoptosis,
and not neuronal apoptosis, was associated with
disease initiation and progression [144]. However,
recent studies have demonstrated that astrogliosis
is only increased in the frontal lobe in PD, and
that it is actually decreased in substantia nigra
compared to normal controls [141], despite a-syn
itself stimulating astrogliosis in transgenic mice
and in vitro, indicating astrocytic dysfunction and
inability to respond to a-syn early in disease. [55—
58, 95].

Gliosis in the substantia nigra that was previ-
ously described in PD was likely microglia in
nature [145], and a-syn-induced release of cyto-
kines and chemokines from astrocytes in the mid-
brain in disease was shown to induce microglial
proliferation [74]. However, astrocytes can accu-
mulate o-syn in human synucleinopathies, and in
PD and Parkinson’s disease dementia, it was
demonstrated that astrocytes immunopositive for
a-syn correlated with disease progression, with-
out influence of f-amyloid plaques and tauopathy
[146, 147].

The role of astrocytes in midbrain degenera-
tion in PD appears to be related to the regulation
of oxidative stress, and downregulated astroglio-
sis may not be able to effectively protect suscep-
tible dopaminergic neurons from these processes.
Cytokines shown to be induced by a-syn treat-
ment of astrocytes are increased in the CSF and
brain of PD patients, including TNFa, IL-14,

IL-2, IL-4, IL-6, TGFa, TGFp1, and TGFp2
[148]. Astrocytes also show increased expression
of myeloperoxidase in PD [149], an enzyme
related to oxidative stress during inflammation as
well as release of brain-derived neurotrophic fac-
tor (BDNF) [150] and glutathione peroxidase
[151], all neuroprotective factors. Regarding
mitochondrial dysfunction in PD, it was shown
that decreased Dlp-1, which promotes mitochon-
drial fission, was observed in astrocytes, and was
an early event in disease progression [152].

8.4.2 Dementia with Lewy Bodies

In contrast to Parkinson’s disease dementia (PDD),
where a progression to cognitive deficits occurs
after initial Parkinsonism due to midbrain degen-
eration, in Dementia with Lewy Bodies (DLB),
widespread cortical a-Syn aggregation is observed
pathologically, with cognitive deficits independent
of Parkinsonism [153]. DLB is the second leading
cause of dementia, and pathologically representa-
tive of 10-15% of patients [153]. Like in PD,
a-syn in Lewy body aggregates only accounts for
10% of the pathological formation, and most a-syn
is localized to synaptic aggregations and neurites
[154] (Fig. 8.5). a-Syn accumulation in postmor-
tem brains was shown in the brainstem, basal gan-
glia, and cerebral cortices in DLB [155].

In patients with DLB, a significant increase of
GFAP was observed in the cerebral spinal fluid
[156], indicating possible astrodegeneration or
astrocytosis, something that was not observed in
MSA or PD [157]. In addition, IL-1 o, TNF- a,
and iNOS were all increased in the amygdala,
hippocampus, entorhinal, and insular cortices of
the brains of patients with DLB [158]. Further
analysis revealed that astrocytic processes that
were positive for TNF-a and iNOS colocalized
with extracellular Lewy Body formation [158].

In patients diagnosed with PD and DLB,
neocortical aquaporin 1 and aquaporin 4 were
increased compared to subcortical regions, and
a-syn was diminished in areas of astrocytes
with high aquaporin expression, indicating pos-
sible removal through the glymphatic pathway
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Fig. 8.5 a-Syn aggregates are predominant localized at
synapses. In the frontal cortex of DLB patients, more than
90% of a-syn aggregates are located at synapses, and not
in Lewy bodies. (a) Low magnification of DLB patient
frontal cortex a-syn compared with control patient (b).
Higher magnification indicates a-syn aggregates are
mostly not Lewy bodies (arrows) in (¢): antibody-mAB
4B12, 1:10,000. Using pSer129 1:5000 (d), only a frac-

[159]. In the glymphatic system, astrocytes
remove waste products from the parenchyma
via aquaporin channels located on astrocytic
end-feet associated with the vasculature [160].
In patients with PDD and DLB, serum levels of
a-syn were increased compared to normal

tion of aggregates is detectable demonstrating the sensi-
tivity differences between antibodies and fixation (scale
bar = 100 pm). Reprinted from Schulz-Schaeffer WJ
(2010). The synaptic pathology of alpha-synuclein aggre-
gation in dementia with Lewy bodies, Parkinson’s disease
and Parkinson’s disease dementia. Acta Neuropathol
120:131-143, with permission from Springer

controls [161]. Likewise, in aging brains, dis-
ruption to the glymphatic pathway has been
observed, demonstrating a possible role of this
pathway in the synucleinopathies [160]. In fact,
a-syn has been shown to be elevated in the
cerebrospinal fluid in Parkinson’s disease,
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Alzheimer’s disease, and Creutzfeldt-Jakob
disease [162].

These results are interesting as astrocyte con-
trol of vasculature definition and maintenance is
well defined [163]. Perivascular astrocytes com-
prise the integrity of the vascular system [82]
and 84% of patients with Alzheimer’s disease
(AD) have been shown to also have cerebral
vascular disease noted by vascular degeneration
[164]. Additionally, vascular dementia has been
shown to occur in PD with more pronounced
degeneration of the vasculature in the substantia
nigra, middle frontal cortex and brainstem
nuclei [165].

Untreated
|

4

astrocyte \w=s=1astrocyte e i

Fig. 8.6 Multiple system atrophy is characterized by
widespread oligodendroglial a-syn inclusion bodies,
astrogliosis and microgliosis. In (a) (putamen) and (b)
(visual), reactive astrocytes denoted by GFAP immuno-
histochemistry are in close proximity to a-syn GClIs in
MSA. A subset of astrocytes colocalizes with exocytotic
vesicular marker munc18 (red) and a-syn (green), ((¢)—
scale bar = 20 pm). In (d) and (e), rat primary astrocytes
treated with a-syn peptide exhibit reactive astrogliotic
morphology as demonstrated by hypertrophy (scale

8.4.3 Multiple System Atrophy

In contrast to Lewy Body formation and synaptic
o-syn aggregates, multiple system atrophy
(MSA) is characterized by increased oligoden-
droglial inclusions of a-syn and widespread
astrogliosis [57, 166] (Fig. 8.6). Astrocyte reac-
tivity, as characterized by GFAP immunopositive
astrocytes, increases in cases of MSA in relation
to disease progression and coincides with glial
cytoplasmic inclusions (GCls) in oligodendro-
cytes [167]. GClIs are seen throughout the brains
of patients with MSA, but more abundantly in
midbrain, brainstem, and spinal cord structures.

A

bar = 20 pm). Activated microglia (Iba-1) and astrocytes
(GFAP) are prevalent near GCI injection of unilateral-
lesioned mice in (f) (scale bar = 30 pm). Reprinted from
Vieira BDM, Radford RA, Chung RS, Guillemin GJ,
Pountney DL (2015). Neuroinflammation in Multiple
System Atrophy: Response to and Cause of alpha-Synu-
clein Aggregation. Front Cell Neurosci 9:43 Copyright ©
2015 Vieira, Radford, Chung, Guillemin and Pountney.
This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY)
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As MSA coincides with abundant astrogliosis,
factors that are associated with astrogliosis are
released by astrocytes. For example, the neuro-
trophic factor midkine, which is more abundantly
expressed by astrocytes undergoing astrogliosis
[168] is found associated with GCIs and abun-
dantly expressed in MSA brains compared to
controls [169]. Also, BDNF increased expression
in astrocytes is seen in MSA brains compared to
normal controls in the basal ganglia [170].
Similarly, stress-induced molecular chaperone
heat shock protein 70 (Hsp70) was upregulated in
astrocytes and GCIs in MSA brains [171].

In multiple system atrophy, phosphorylated
a-syn aggregates were observed in astrocytes in
the subpial and paraventricular regions and
increased in later disease stages [172]. Also,
extracellular matrix modeling proteins metallo-
proteinase 2 and 3 were shown to be increased in
astrocytes in the striatum in MSA, with metallo-
proteinase 2 only in GCIs [173]. Using a Giesma
stain, increased astrocyte numbers in the caudate
and putamen of patients with MSA was observed
indicating astrocytic proliferation [174].

8.5 Discussion

Astrocytes respond to and accumulate o-syn,
which is increased in the synucleinopathies, and
astrocytes are involved in protein degradation and
clearance of waste products from the parenchyma
through the glymphatic pathway. As an abun-
dantly expressed protein, a-syn could begin to
aberrantly aggregate as a by-product of initial
astrocyte dysfunction. Therefore, transition of
a-syn to phosphorylated amyloid fibrils, may
propagate in a prion-like manner as a result from
initial astrodegeneration.

Familial diseases that result in Parkinsonism
reveal that a-syn pathology is only common and
more widespread in aged patients with the dis-
ease, with many of the genetic disorders causing
mutation in proteins constitutively expressed in
astrocytes. This may indicate that initial astrocyte
dysfunction can cause disease symptoms, but that
synucleinopathy occurs afterwards. Also, in
genetic mutations of the a-syn gene, the cause of

accumulation may be due to an astrocytic inabil-
ity to process or respond to the mutated form
naturally, which likely could cause a-syn over-
load and fibrillization.

In idiopathic synucleinopathies, a-syn accu-
mulation appears in aged patients and can occur
in patients that don’t present with Parkinsonism
or dementia, indicating that a-syn itself may not
be the cause of disease symptoms. In both famil-
ial and idiopathic diseases, oxidative stress is a
possible cause of dopaminergic cell loss in the
midbrain in Parkinson’s disease. The astrocytic
ability to protect neurons from oxidative stress,
also points to an initial astrocytic dysfunction
causing neurodegeneration and o-syn aggrega-
tion. Likewise, in disease, mitochondrial function
is disrupted in astrocytes as well as neurons, and
a-syn oligomer accumulation may develop in the
initial disease progression due to mitochondrial
dysfunction in astrocytes.

Curiously, astrogliotic responses stimulated
in vitro by the a-syn protein seem to be dimin-
ished in DLB and PD as revealed by GFAP
immunostaining, but dramatically increased in
another synucleinopathy, MSA. The different
cellular and pathological accumulation of a-syn
between these diseases results in different astro-
cyte morphology, raising additional questions
regarding non-neuronal cellular dysfunction at
the onset of disease, with a-syn accumulation
possibly as a by-product instead of a cause.
Likewise, in the Lewy body diseases, PD and
DLB, a lack of astrogliosis may indicate
astrodegeneration.

Lastly, synapse loss correlates with cognitive
decline in dementias, and astrocytic-o-syn inter-
action may be integral to normal synaptic func-
tion. Since 90% of a-syn aggregates occur at the
synapse and astrocytes are responsible for synap-
tic oversight, more evidence on the effect of
astrocytic dysfunction on synaptic mechanisms
could reveal the cause of the symptoms and
pathology that result in the synucleinopathies.
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Roberto Lopez Blanco and Alvaro Sanchez Ferro

9.1 The Clinical Diagnosis of
Parkinson’s Disease
9.1.1 Overview

Parkinson’s disease (PD) has been traditionally
characterized by the progressive occurrence of
motor signs. These cardinal motor features are
represented by bradykinesia (i.e., slowness mani-
fested by either difficulties in the initiation of
movement or by a decrease in the movement
amplitude), rest tremor, and rigidity. At more
advanced stages of PD, it is common to exhibit
postural and gait impairments. The cardinal
motor features are still the foundation for PD
diagnosis. Based on these features, consensus
criteria for clinical diagnosis have been proposed
(Table 9.1), and diverse disease phenotypes have
been defined (i.e., tremor-dominant, akinetic-
rigid, and parkinsonism with postural instability
and gait disorder phenotypes) [1, 2].
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However, the motor features are commonly
accompanied, or sometimes even preceded,
by non-motor symptoms (e.g., olfactory dys-
function, constipation, rapid eye movement
behavior disorder, depression, apathy or mild
cognitive impairment) [3, 4]. Non-motor symp-
toms are frequently underdiagnosed and might
be as, or even more, disabling than the motor
ones [5, 6]. The non-motor symptoms are gain-
ing importance in the diagnosis of PD, as they
have recently been proposed to be part of the
new clinical criteria [7] and they help define
additional disease phenotypes (i.e., a mainly
motor form with slow progression, an interme-
diate phenotype, and a diffuse or malignant
form) [8].

9.1.2 Current Diagnostic Criteria
for Parkinson’s Disease

As stated, the diagnosis of Parkinson’s disease is
essentially clinical [9, 10]. The prevailing criteria
are the Queen’s Square UK Parkinson’s Disease
Society Brain Bank criteria [11, 12]. Hughes
et al. published these prospectively proven crite-
ria in 1992. The accuracy of this method ranges
from 76 to 90% of patients correctly diagnosed
by an expert when compared with the neuro-
pathological “gold-standard” [12-14]. The dif-
ferent steps when applying these criteria are
detailed in Table 9.1.
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Table 9.1 UK Parkinson’s disease society brain bank
clinical diagnostic criteria [11, 12]

Step 1: Diagnosis of parkinsonian syndrome

Bradykinesia (i.e., slowness of initiation

of voluntary movement with progressive

reduction in speed and amplitude of

repetitive actions) plus one or more of the

following features:

*  Muscular rigidity

* 4-6 Hz rest tremor

e Postural instability not caused by
primary visual, vestibular, cerebellar,
or proprioceptive dysfunction

Step 2: Exclusion criteria for Parkinson’s disease

One or more of the following features

suggest an alternate diagnosis:

e History of repeated strokes with
stepwise progression of parkinsonian
features

e History of repeated head injury

* History of definite encephalitis

* Neuroleptic treatment at onset of
symptoms

e I-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) exposure

e Negative response to large doses of
levodopa (when malabsorption is
excluded)

e More than one affected relative

* Sustained remission

e Strictly unilateral features after 3 years

e Early severe autonomic involvement

» Early severe dementia with
disturbances of memory, language,
and praxis

*  Oculogyric crises

e Supranuclear gaze palsy

* Babinski sign

e Cerebellar signs

* Presence of a cerebral tumor or
communicating hydrocephalus on CT
scan or MRI

Supportive prospective positive criteria

for Parkinson’s disease

Step 3:

Three or more of the following features

are required for diagnosis of definite

Parkinson’s disease:

e Unilateral onset

e Rest tremor present

* Progressive disorder

* Persistent asymmetry affecting the
side of onset most

e Excellent response (70-100%) to
levodopa

e Severe levodopa-induced chorea

* Levodopa response for 5 years or more

e Clinical course of 10 years or more

Recently, the Movement Disorders Society
has proposed a new set of criteria [7]. Their goal
is to improve some of the limitations identified
for the United Kingdom Brain Bank criteria and
adapt the diagnosis to the recent understanding of
the disease, where non-motor symptoms and
functional neuroimaging are progressively gain-
ing importance. The performance of these criteria
has to be validated and confirmed in upcoming
prospective studies.

9.1.3 Differential Diagnosis

The main conditions from which Parkinson’s
disease has to be differentiated are summarized
in Table 9.2. They are represented mainly by
essential tremor and atypical and secondary par-
kinsonisms. One of the most important elements
for this differential diagnosis is the initial and
continued assessment of the patient over the
course of the disease. This allows for identifying
alarm signs that suggest these alternative condi-
tions [7, 9]. Ancillary tests can help support or
discard alternative diagnoses, whereas acute
drug challenges are not usually recommended
[9, 15]. Nonetheless, in selected cases, the
absence of a chronic levodopa response upto 1 g
per day after I month might suggest an atypical
parkinsonism [10].

9.1.3.1 Essential Tremor

Essential tremor represents the main alternative
diagnosis to PD due to its high frequency and
occasional overlap with disease-related manifes-
tations (e.g., tremor) [16]. The principal differen-
tial features are a positional/kinetic tremor in the
upper limbs, a compatible family history, a
tremor response to alcohol intake, and the
absence of parkinsonian signs.

9.1.3.2 Atypical Parkinsonisms

Initially, PD can be identical to these entities. It is
only through the existence of accompanying fea-
tures over the course of the disease evolution
when atypical parkinsonisms can be suspected.
The main conditions are:
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Table 9.2 Main conditions in the differential diagnosis of Parkinson’s disease

Atypical
parkinsonisms

Secondary parkinsonisms

Tremor and other
movement disorders

Multiple system
atrophy
Progressive
supranuclear palsy
Corticobasal
degeneration
Lewy body disease
Alzheimer disease

Drugs (antipsychotics, anti-
emetics, flunarizine, cinnarizine,
valproic acid, chemotherapeutics)
Toxics (Mn, methanol, CO, carbon
disulfide, CN, organophosphates,
MPTP)

Vascular

Hematoma

Post-hypoxia

Posttraumatic

Hydrocephalus

Tumors

Post-infectious abscess

Prions (CJD,GSS)

Metabolic disorders (Wilson,
Fahr, extrapontine
myelinolysis, chronic liver and
parathyroid disease,
mitochondrial disease,
Niemann pick-type C, Gaucher
disease)

HD (Westphal variant)
Dystonia-Parkinsonism
Spinocerebellar atrophy
FTD-parkinsonism Cr.17
NBIA (i.e., PKAN)
Neuroacanthocytosis

Essential tremor
Drug
induced-tremor
Dystonia

Holmes’ tremor
Psychogenic tremor

Mn manganese, CO carbon monoxide, CN cyanide, MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, CJD Creutzfeldt-
Jakob disease, GSS Gerstmann-Straussler-Scheinker, /D Huntington’s disease, FTD frontotemporal dementia, NBIA
Neurodegeneration with Brain Iron Accumulation, PKAN Pantothenate-Kinase-Associated Neurodegeneration

*  Multisystem Atrophy (MSA) can initially be

indistinguishable from PD in what has been
known as the MSA-P variant [17]. Early dys-
autonomia (orthostatic hypotension, urinary
incontinence), postural instability, the lack of
response to levodopa, subtle cerebellar fea-
tures, irregular postural and action tremor with
superimposed jerks, and the presence of orofa-
cial dyskinesia after dopaminergic treatment
are all indicative of an MSA diagnosis [18].
Progressive Supranuclear Palsy is differenti-
ated from PD by a progressive bilateral par-
kinsonism usually from the disease-start, by
early postural instability, and by an oculomo-
tor impairment, especially with vertical ocular
saccades. Frontalis muscle dystonia and
apraxia of eyelid opening with or without
early fronto-executive impairment can also be
part of this syndrome.

Corticobasal Degeneration typically presents
a unilateral parkinsonism with upper limb
dystonia, ideomotor apraxia, or even alien
limb phenomena. Sometimes, it associates
with focal myoclonus of the affected extrem-
ity. A fronto-executive cognitive impairment
can also be an early feature.

e Dementia with Lewy Bodies (DLB) is consid-

ered to have a very similar basis as PD, and
both are classified as Lewy-body disorders.

Within this spectrum, it is difficult to differenti-
ate Parkinson’s disease cases from dementia
with DLB cases. This difficulty is further
amplified by the common coexistence of
comorbid conditions, i.e., Alzheimer’s disease,
that can also influence the presence of cognitive
impairment [19]. This diagnostic challenge is
controversial and some experts even consider
DLB to be part of the PD spectrum [20, 21].
Nonetheless, in DLB, dementia occurs within
the first year of motor sign onset, and it is char-
acterized by a prominent executive, visuospa-
tial and attentional impairment. Additional core
features of this condition are recurrent visual
hallucinations and fluctuating performance in
cognitive domains. Rapid eye movement sleep
behavior disorder and severe sensitivity to anti-
psychotics are also clues to its diagnosis.

9.1.3.3 Secondary Parkinsonisms

These parkinsonisms are related to known struc-
tural, metabolic, drug-induced or toxic etiologies
(Table 9.2). A special emphasis should be made in
identifying a drug-induced parkinsonism because
of its prognostic and therapeutic implications.
This condition is often associated with the chronic
use of neuroleptics or even more “conventional”
drugs used to treat flatulence, nausea, or vertigo.
A symmetrical parkinsonism affecting mainly the
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superior half of the body is the typical picture of a
drug-induced parkinsonism, and 90% of the
affected subjects will improve after ceasing the
responsible agent [22]. Vascular parkinsonism, on
the other hand, is characterized by a lower limb
parkinsonism. This entity is currently under
review [23]. Finally, in chronic adult hydrocepha-
lus (formerly known as normal-pressure hydro-
cephalus) parkinsonism can be accompanied by
the triad of cognitive impairment, gait distur-
bances, and urinary incontinence [24].

9.2  Ancillary Tests and Clinical
Scales in Parkinson’s Disease
9.2.1 Neuroimaging in Parkinson’s

Disease

Structural neuroimaging [i.e., computed tomog-
raphy (CT), magnetic resonance imaging (MRI),
and ultrasonography] is generally not recom-
mended in the routine management of PD [9, 10].
Nonetheless, MRI can be occasionally used as a
supportive tool to differentiate the disease from
atypical parkinsonisms and other structural

causes. In addition, transcranial ultrasonography
has been proven to be useful in the differential
diagnosis of movement disorders. Functional
neuroimaging is used for the detection of the
nigrostriatal ~ degeneration associated  with
Parkinson’s disease [15, 25, 26]. Intense research
is currently underway in this area, and it will
likely generate new applications of imaging tools
in PD [27].

9.2.1.1 Structural Neuroimaging

Magnetic Resonance Imaging and Brain
Computed Tomography

Computed tomography is an easy and accessible
tool to identify brain structural lesions such as
microvascular leukoencephalopathy (representa-
tive of a vascular parkinsonism) or large ventri-
cles (characteristic of a chronic adult
hydrocephalus). However, a limitation of CT is
its resolution to identify subtle white matter and
infratentorial lesions. MRI overcame this limita-
tion and can be used for excluding secondary eti-
ologies (Table 9.2) [28]. We have listed in
Table 9.3 the most relevant MRI findings in PD
and atypical parkinsonisms.

Table 9.3 Main magnetic resonance findings in PD and atypical parkinsonisms [15]

Parkinson’s Corticobasal

disease Multisystem atrophy Progressive supranuclear palsy degeneration

Iron stores | Putaminal: Midbrain atrophy Cortical atrophy

in SNpc e Atrophy e Direct (mostly frontoparietal
loss of * Slit sign (hyperintensity in * Indirect signs of midbrain and asymmetric)
signal dorsolateral zone) atrophy: Putaminal

Loss of * Hypointensity relative to globus — Decreased AP < 14 mm hypointensity

volume in pallidus — Abnormal superior midbrain Hyperintense signal
SNpc Brainstem and cerebellum: profile changes in the motor

* Pontine and/or bulbar atrophy

* Cerebellar and/or dentate
atrophy

e Atrophy of the MCP

* Reduced MCP diameter
(<8.0 mm)

* Dilatation of the fourth ventricle

* Signal increase in MCP

e Signal increase in cerebellum

» Signal increase in inferior olives

» Signal increase in pontine fibers
(hot cross bun sign)

— “Penguin silhouette” or
“hummingbird” sign (Fig. 9.1)
— Reduced ratio midbrain and
pontine areas
— Increased MRPI
Signal increase in globus pallidus
Signal increase in red nucleus
Putaminal atrophy
Dilatation of the third ventricle
Atrophy of the SCP
Signal increase in SCP (on FLAIR
images)
Frontal and parietal atrophy

cortex or subcortical
white matter

SNpc substantia nigra pars compacta, MCP middle cerebellar peduncle, SCP superior cerebellar peduncle, AP antero-
posterior axis, MRPI multiplying the ratio of pontine to midbrain area by the ratio of the MCP to SCP width
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Additional MRI techniques, such as diffusion-
tensor imaging, magnetization transfer, inversion
recovery ratio, volume analysis, and spectros-
copy of specific brain zones, can help differenti-
ate some characteristics of atypical parkinsonisms
(Fig. 9.1), but their role remains to be elucidated.
Additional research fields are 7-T-MRI [29] and
multimodal approaches that combine functional
and structural information such as positron emis-
sion tomography-magnetic resonance imaging
(PET-MRI), shown in Fig. 9.2.

Ultrasonography

Ultrasound imaging of the midbrain structures
can identify the existence of a hyperecho-
genicity of the substantia nigra in Parkinson’s
disease [30]. The increased signal reflects an
increase in the iron content and an accompany-
ing loss of neuromelanin. Typically, it is unilat-
eral and/or asymmetric. Ultrasonography has
also been proposed as a useful tool in the dif-
ferential diagnosis of PD.

Moreover, it is a relatively inexpensive and
harmless technique. It has not been universally
implemented because of the need of an expert
operator to acquire it. An additional limitation is

Fig. 9.1 An illustrative example of the use of MRI in the
differential diagnosis of PD. Sagittal axis T1-weighted MRI.
(a) Patient with progressive supranuclear palsy. The arrow

Fig. 9.2 Combined neuroimaging of a PD patient with
PET-MRI. Axial slides of 18-F-DOPA-PET combined
with MRI in a patient with Parkinson’s disease. Note left
striatum reduced radiotracer uptake (Arrow). Reproduced
with permission of José Pineda (PhD)

indicates the characteristic midbrain atrophy or “humming-
bird” sign. (b) Parkinson’s disease patient with normal mid-
brain imaging for comparison. Courtesy of Dr. A. Ramos
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the existence of inadequate acoustic bone win-
dows in a variable percentage of subjects, rang-
ing from 5 to 40% of the population depending
on their ethnicity [15, 31].

9.2.1.2 Functional Neuroimaging
Different radiopharmaceuticals are used in com-
bination with single photon emission (SPECT) or
positron (PET) tomography to label the nigros-
triatal dopaminergic pathway (Fig. 9.3). The
most used is DaTscan, which combines SPECT
and an imaging marker that labels the dopamine
transporter. Other compounds are used, and new
markers are being developed. The impairment of
the nigrostriatal pathway can be identified with
the tracers described in Table 9.4.

Functional neuroimaging also helps in the
differential diagnosis of PD. A progressive

STRIATUM

Dopamine *
receptors

D1,02,03

Fig. 9.3 Depiction of the nigrostriatal dopaminergic
pathway and the associated imaging targets. Midbrain
substantia nigra emits axons that connect with striatum by
a synaptic cleft. In synaptic knobs are located vesicles

Dopamine *,
carriers (DAT)

nigrostriatal denervation occurs in Parkinson’s
disease (PD). Hence, the striatal uptake of dopa-
mine markers correlates with the severity of the
disease [32, 33]. For disorders such as essential
tremor or drug-induced parkinsonism, in which
case the synapses are preserved, the presynaptic
functional neuroimaging is normal and can
hence aid in differentiating them from PD [9,
15, 34]. However, in some drug-induced parkin-
sonisms, a presynaptic dopamine deficit can
also exist when there is an underlying degenera-
tive parkinsonism unmasked by the effect of
these drugs [35].

To note, above 4-15% of the studies from
patients diagnosed with PD have normal presyn-
aptic imaging in what has been termed as Scans
Without Evidence of Dopaminergic Deficit or
SWEDDs [36-38]. Follow-up studies of SWEDD

MIDBRAIN
SUBSTANTIA
NIGRA

with dopamine storage. Vesicle and dopamine transporters
(VMAT and DAT, respectively) contribute to carry and
keep dopamine in these terminals. In postsynaptic mem-
brane are located the dopamine receptors
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Table 9.4 Functional neuroimaging tracers

Targets

Dopamine transporter
Presynaptic striatum imaging (DAT):

Dopamine
storage

Vesicular monoamine transporter type
2 (VMAT)

SPECT — 123 [-FP-CIT
(DaTscan™)

- 123 1-p-CIT

— 123 I-altropane
- 99mTec-
TRODAT-1

PET — 18F-FPCIT

18F-DOPA — 11-C-DTBZ
— 18F-DTBZ

Postsynaptic striatum imaging

Dopamine D2-D3 receptors

— IBZM-SPECT

11C-raclopride-PET

Glucose metabolism imaging

Cortex and basal ganglia neurons

18F-fluorodeoxyglucose-PET

Postganglonic sympathetic

Cardiac sympathetic neurons

nervous system — MIBG-SPECT

SPECT Single photon emission computerized tomography, PET Positron emission tomography, /23/-FP-CIT loflupane-
DaTscan™, 723 [-p-CIT (123)I (2beta-carbomethoxy-3beta-(4-iodophenyl)tropane), 123 I-altropane (123)I-2f-
carbomethoxy-3p-(4-fluorophenyl)-N-(3-iodo-E-allyl)nortropane, 99m Tc-TRODAT-1 99mTc-labeled tropane derivative,
18F-FPCIT N-[3-[18F] fluoropropyl]-2f-carbomethoxy-3-(4-iodophenyl) nortropane, /8F-DOPA 6-[18F] fluoro-L-3,4-
dihydroxyphenylalalnene, //-C-DTBZ 11C-dihydrotetrabenazine, /8F-DTBZ 18F-fluoropropyl-dihydrotetrabenazine,
IBZM (123)I-iodobenzamide, MIBG (123)I-metaiodobenzylguanidine (norepinephrine analogue)

patients have revealed that only a few of them
evolve to have abnormal scans with dopaminer-
gic deficits indicative of PD [36, 39]. This sub-
group might include other underlying conditions
different to Parkinson’s disease, and there is an
ongoing debate on this definition [40].

Characteristically, in atypical parkinsonisms,
the decrease of dopaminergic terminals is accom-
panied by postsynaptic striatal impairment. Then,
an impaired postsynaptic imaging exam can con-
firm the diagnosis of one of these alternative
forms because postsynaptic imaging in PD
remains normal [41].

In addition to cerebral functional imaging,
cardiac 123 I-metaiodobenzylguanidine (MIBG)
scintigraphy is used to evaluate the postgangli-
onic presynaptic denervation found in Parkinson’s
disease [42].

Finally, PD and other neurodegenerative
disorders might produce cortical impairment
and changes in the cortical metabolism. Tools
such as [18F] fluorodeoxyglucose PET have
been used in research to detect specific zones
of decreased cortical activity, especially in par-
ticipants with suspected cognitive impairment
[43, 44].

9.2.2 Genetic Testing
and Parkinson’s Disease

Despite not knowing the ultimate etiology of
Parkinson’s disease, proven monogenic causes
explain 5% of all cases [15, 45, 46]. Specific tests
to detect the most common mutations are used to
confirm a genetic origin when familial aggrega-
tion exists (several first degree cases in the fam-
ily) or there is a young-onset (<45 years). The
purpose of genetic analysis is mainly diagnostic,
but it is also helpful for genetic counseling when
the proband is of childbearing-age.

The pattern of inheritance can be autosomal
dominant, recessive, and even X-linked. The
most frequent dominant forms are produced by
mutations in the LRRK2 and SCNA genes.
Regarding the recessive forms, the most repre-
sentative genes are Parkin, PINKI and DJI [15].

A recent review proposed a new classification
for the different genetic forms, and it is summa-
rized in Table 9.5 [47]. This new classification
uses prefixes to define the phenotypes, a suffix
related to the gene name, and aims to use a more
understandable and pathophysiology-related
nomenclature.



110

R.Lépez Blanco and A. Séanchez Ferro

Table 9.5 Genetically determined parkinsonism

Pattern of

New designation inheritance Locus symbol

Classical parkinsonism

PARK-SNCA Autosomal PARK1
dominant

PARK-LRRK2 Autosomal PARKS
dominant

PARK-VPS35 Autosomal PARK17
dominant

Early-onset parkinsonism

PARK-Parkin Autosomal PARK?2
recessive

PARK-PINK1 Autosomal PARK6
recessive

PARK-DJ1 Autosomal PARK7
recessive

Atypical parkinsonism and complex phenotypes

PARK-ATP13A2 Autosomal PARK9
recessive

NBIA/DYT/ Autosomal NBIA2

PARK-PLA2G6 recessive PARK14

PARK-FBX07 Autosomal PARK15
recessive

PARK-DNAJC6 Autosomal PARK19
recessive

PARK-SYNJ1 Autosomal PARK20
recessive

DYT/PARK-ATP1A3 Autosomal DYTI2
dominant

DYT/PARK-TAF12 X-linked DYT3

DYT/PARK-GCHI1 Autosomal DYT5A
dominant No locus
Autosomal symbol
recessive

DYT/PARK-TH Autosomal DYT5B
recessive

DYT/PARK-SPR Autosomal No locus
recessive symbol

DYT/PARK-QDPR Autosomal No locus
recessive symbol

DYT/PARK-PTS Autosomal No locus
recessive symbol

DYT/PARK-SLC6A3 Autosomal No locus
recessive symbol

DYT/ Autosomal No locus

PARK-SLC30A10 recessive symbol

DYT/PARK-GLB1 Autosomal No locus
recessive symbol

NBIA/PARK-WDR45 | X-linked NBIAS

NBIA/DYT/PARK-CP | Autosomal No locus
recessive symbol

Parkinsonism, dystonia, and neurodegeneration with
brain iron accumulation genetically determined are tradi-
tionally labeled as PARK, DYT, and NBIA, respectively,
followed by the gene name [47]

Other genetic conditions that include parkin-
sonism as a non-predominant part of a more com-
plex phenotype are not listed here (e.g., POLG,
SCA-ATXN2, NBIA/DYT-PANK2) [47]. In spite
of being one of the most powerful genetic risk
factors for PD, being a carrier of a heterozygous
mutation in the glucocerebrosidase gene (GBA)
is not considered as a monogenic cause of parkin-
sonism due to its low penetrance [48].

9.2.3 OtherTests

Additional tests are used in the diagnosis of PD
to detect-related manifestations (See Table 9.6).
In addition, routine blood biochemistry, includ-
ing thyroid hormones and B12/folate, are com-
monly requested at the initial visit.

9.2.4 Clinical Scales in Parkinson’s
Disease

Clinical tools to quantify the manifestations of
PD are mainly used in research but some results
are practical in the conventional follow-up. The
ideal scale has to be accurate, responsive, valid,
reproducible and reliable. In addition to these cri-
teria, the ease and rapidity of use are also required
for more implementation in practice. Detailed
below are some of the most commonly used
scales (Table 9.7).

One of the initial scales to measure PD was
proposed by Margarete Hoehn and Melvin Yahr
in 1967. This scale was useful for assessing the
progression of PD [51]. Afterwards, Schwab and
England proposed an instrument to evaluate the
daily life activities as a proxy for the affected per-
son’s functionality and the disease evolution [52].
The ease of use of these scales facilitated their
implementation in standard practice. However,
they were limited by their inability to capture
several relevant aspects of the disease, such as
motor and non-motor features and even treatment-
related complications. This led to the develop-
ment of “multidimensional scales.” Illustrative
examples are the Unified Parkinson’s Disease
Rating Scale (UPDRS) and the Scales for
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Table 9.6 Non-exhaustive list of other useful tests in differential diagnosis of PD

Neurologic function | Test

Value

Olfaction University of Pennsylvania
Smell Identification Test

(UPSIT)

Anosmia identification [49]

Autonomic system | Urodynamic studies

Differential diagnosis of MSA vs PD
High post-void residual urine in MSA [50]

Orthostatism test

Diagnosis of orthostatic hypotension: Decrease of blood
pressure after 3 min of standing defined by a > 30 mmHg or
15 mmHg drop in the systolic and diastolic pressures,

respectively

Movement
neurophysiology

Electromyography and
accelerometry

Tremor analysis/polyneuropathy

Table 9.7 Non-exhaustive list of common scales used in Parkinson’s disease

Domain evaluated | Instrument | Reference(s)
Motor features
Motor features and disability Hoehn and Yahr [51]
Schwab and England [52]
Intermediate Scale for Assessment of Parkinson’s Disease [53]
(ISAPD)
Multidimensional scales Unified Parkinson’s Disease Rating Scale (UPDRS) [54]
Scales for Outcomes in Parkinson’s Disease-Motor (SCOPA-M) [55]
Movement Disorders Society Unified Parkinson’s Disease Rating | [56]
Scale (MDS-UPDRS)
Dyskinesias Unified Dyskinesia Rating Scale (UDysRS) [57]
Abnormal Involuntary Movement Scale (mAIMS) [58]
Fluctuations Wearing-off Quick Questionnaire (WOQ-19) [59]
Wearing-off Questionnaire Q10 [60]
Home diary for Motor Fluctuations and Dyskinesia [61]
Gait Gait and Balance Scale (GABS) [62]
Freezing of Gait Questionnaire (FOGQ) [63]
Non-motor features
General Non-Motor Symptoms Questionnaire (NMS-QUEST) [64]
Non-Motor Symptoms Scale (NMSS) [65]
Cognitive impairment
Abbreviated assessment or Level I: Screening neuropsychological tests [66]
Montreal Cognitive Assessment (Moca)
Scales for Outcomes in Parkinson’s Disease-Cognitive
(SCOPA-COG)
Parkinson’s Disease-Cognitive Rating Scale (PD-CRS)
Mattis Dementia Rating Scale (MDRS)

Comprehensive assessment or Level 1I: Core neuropsychological battery [66]

Attention and working
memory

Executive function
Language

Memory

Visuospatial function

Trail Making Test-A (TMT-A); Symbol Digit Modalities Test [SDMT]; TMT-B

Clock Drawing Test

Boston Naming Test; Animal naming

Free and Cued Selective Reminding Test (FCSRT)
Figural Memory

Judgment of Line Orientation (JLO)

Intersecting pentagons

Depression

Hamilton Depression Scale

Beck Depression Inventory

(continued)
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Table 9.7 (continued)

Domain evaluated Instrument Reference(s)
Anxiety Parkinson Anxiety Scale (PAS)
Apathy Lille Apathy Rating Scale (LARS)
Sleep Parkinson’s Disease Sleep Scale (PDSS).
Parkinson’s Disease Sleep Scale 2 (PDSS-2)
Disability
Quality of life Parkinson’s Disease Questionnaire in 39 version (PDQ-39)
Parkinson’s Disease Quality of Life Questionnaire (PDQL)

Outcomes in  Parkinson’s  Disease-Motor
(SCOPA-M). Both scales have been commonly
used in research, and the UPDRS is the most
widely used instrument for PD to date [54]. To
overcome some pitfalls of this scale, a new ver-
sion, the Movement Disorders Society Unified
Parkinson’s Disease Rating Scale (MDS-
UPDRS), has been proposed [56].

An important dimension in PD is the assess-
ment of cognitive function. Cognitive assess-
ments are typically performed in two steps. In
the first step, a neuropsychological screening
test can be performed during the practice (i.e.,
Montreal Cognitive Assessment test). In the
case of a positive screening suggesting a cogni-
tive impairment or when there is a clinical sus-
picion, a comprehensive neuropsychological
assessment can help determine the grade of
cognitive impairment. Cognitive assessments
are also commonly used in the research setting
(Table 9.7) [66].

Additionally, home diaries have been devel-
oped to monitor the participant’s symptomatol-
ogy at home. These have shown to be simple and
feasible for patients and are commonly used to
evaluate motor fluctuations in the context of
advanced therapies. Sometimes, information
acquisition can be challenging, and it has been
shown that their reliability increases with the
number of days that the diary is used. An addi-
tional limitation is that there is a lower compli-
ance over time [61].

Despite their utility, most of the scales and
methods described here are time-consuming,
prone to bias, the Hawthorne effect, the subjec-
tivity of the rater, and can only be performed in
specialized settings by trained personnel. This is

the basis for the increasing and exponential
development of new methods for the assessment
of PD [67, 68].

9.3 New Insights into Diagnosis

9.3.1 Overview

Despite the fact that Parkinson’s disease is still
diagnosed clinically, upcoming biological and
neuroimaging markers targeting misfolded pro-
teins implied in neurodegeneration, such as
a-synuclein or B-amyloid [69], as well as the use
of new technologies to measure the disease, are
expected to revolutionize the  disease
management.

Diverse biological specimens, e.g., serum
samples, skin or mucosal biopsies, are being
investigated as potential biomarkers in PD. They
are not yet formally established in the routine
clinical practice, but will likely be part of the
diagnostic pipeline in the near future [70-74].
One of the main studied proteins is a-synuclein
that has been found in cerebrospinal fluid, blood,
saliva and mucosa samples [70, 72, 75]. Beyond
the known involvement of a-synuclein in the
pathophysiology of Parkinson’s disease, new
mechanisms are being researched. The striking
immune dysregulation described recently in
Parkinson’s disease is opening a new way to seek
potential peripheral blood biomarkers [76].

These research efforts are focused on diagnos-
ing the disease earlier, in what has been named as
the prodromal phase of Parkinson’s disease [77],
and on developing more objective assessment
methods.
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For the latter, the miniaturization of inertial
measurement units (IMUs) in microelectrome-
chanical systems (MEMS) has opened the possi-
bility to translate these measurement tools to the
participant’s natural environment (what has been
termed as ecologically valid measures). This is
part of the wider field referred to as “mHealth”
where industrial partners are actively developing
new solutions or using existing off-the-shelf
smart systems (i.e., smartwatches, smartphones,
or smart bracelets) to measure PD. For now,
these systems are restricted to research applica-
tions and mainly for an in-the-clinic or special-
ized movement disorders center’s use. It is
expected that these systems will soon be intro-
duced as an aid in common clinical practice and
be translated also to the patient environment.

9.3.2 Wearables, an Example
of New Technologies

The use of miniaturized IMUs is integrated into
almost every smart device that most of the popu-
lation owns (i.e., 75% of the UK population
owns a smartphone) [78, 79]. These systems can
contribute to gathering objective knowledge
about the yet unexplored quotidian movement
states of Parkinson’s disease patients. The raw
data obtained from these devices can be easily
sent to a remote server by wireless connection
and, thanks to the increasing development of
artificial intelligence, they can be properly pro-
cessed to generate relevant information related
to the disease. The developed methods analyze a
diversity of data measuring aspects of PD, such
as tremor, bradykinesia, dyskinesia, fluctuations,
gait impairment, and postural instability.
Furthermore, some methods are measuring other
dimensions, such as sleep, falls, or physical
activity [79-82]. Hence, this approach will
enable a fast source of relevant, ecologically
valid and clinically objective information [83].
Nonetheless, there are issues that will need to be
resolved before these new methods of assess-
ment are fully implemented. An example is the
protection of the patient’s privacy to avoid unso-

licited third-party uses [78]. A new era is open-
ing, and we are certain that these upcoming
technologies will soon change how PD is
diagnosed.
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Clinical Symptomatology
of Huntington’s Disease

Jan Roth

10.1 Definition

Huntington’s disease (HD) is a dominantly inher-
ited autosomal neuropsychiatric degenerative dis-
ease with a fatal prognosis. The main clinical
features are motor impairment (especially chore-
atic dyskinesias and the impairment of voluntary
movements) and behavioral changes (especially
cognitive deterioration and personality changes).
The mutation is the expansion of the C-A-G
(cytosine-adenine-guanine) triplet repeats 40 and
more repetitions on the short arm of fourth chro-
mosome. The prevalence of HD is approx. 1:10—
15,000 [1]. The typical onset of HD is in the
fourth decade, though there also occur relatively
rare cases of juvenile or late onset HD forms.

10.2 Introduction

In 1872, a 22-year-old doctor, James Huntington,
published a description of a disease that occurred
in the region of East Hampton, Long Island,
where he was born and where he lived [2]. In his
publication, he summarized all the basic features
of the disease: its hereditary character, fatal
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prognosis, adult onset and, of course, its charac-
teristic symptoms: movement disorder, behav-
ioral changes, and dementia. His patients came
from the immigrant families of East Anglia, pre-
sumably from the town of Bures in Suffolk, who
had settled in New England. These families were
probably the original source for spreading the
disease in the USA.

Photo 10.1 George Huntington
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Of great importance for HD research was a
discovery by a Venezuelan physician named
Americo Negrette, who in the 1950s detected the
source of HD. It was found within an isolated
community by Lake Maracaibo with about
10,000 inhabitants of whom more than 100 suf-
fered from the disease [3]. Blood samples of the
affected individuals of this region enabled the
identification in 1983 of a genetic marker on the
short arm of the fourth chromosome, and also the
mutation itself: an unstable C-A-G (cytosine-
adenine-guanine) triplet on the short arm of
fourth chromosome [4].

The “healthy” gene produces huntingtin pro-
tein. Not all the functions of this protein have
been examined in detail, but it is known for its
essential role in embryonic brain development
and for hematopoiesis [5].

Mutation produces huntingtin with abnormally
expanded polyglutamine chains. Pathological
huntingtin differs from the physiological one
structurally and functionally. Physiological and
mutated huntingtin both intervene in a number
of cellular processes: apoptosis, axonal trans-
port, structural and functional changes of the cell
membrane, production of neurotrophic factors,
etc. [6, 7]. Most significant is that the organism
is unable to remove the mutated protein from the
nerve cell. The expanded polyglutamine chain
prevents the protein from entering the ubiquitin
proteasome system, degrading intracellular pro-
teins and likely causing a great number of patho-
logical processes through the accumulation of
protein in aggregates [8].

Recent estimates of HD prevalence in Europe
and the Americas have been approximately 5.70

per 100,000 [1]. HD is relatively more frequent in
host countries of historical European migration
(USA, Canada, or Australia).

The typical age of onset of the first HD symp-
toms is between 35 and 50 years. Both sexes are
affected to the same extent. The average survival
time ranges from 15 to 20 years. The disease
manifests itself considerably more rarely (about
5% out of all cases) in the premature age (juve-
nile HD) or by the age of 20 (HD with an early
onset). This form of the disease usually has other
clinical signs than the so-called classical form of
HD. Late onset of HD with the first signs after
the age of 60 is also very rare (about 5%, see
below).

As mentioned above, the substance of the
mutation which gives rise to HD is an expansion
of C-A-G triplet repetition. 40 and more triplets
means the full penetrance and the individual is
sure to develop the disease [9, 10]. In cases of
individuals with 35-39 triplets, the prognosis is
uncertain (so-called “grey diagnostic zone” or
“incomplete penetrance”) [11]. A number of trip-
lets between 27 and 34 will not cause HD to man-
ifest, but it is considered “unstable” as in up to
10% of all cases the number of triplets may
increase through intergenerational transfer above
the critical level necessary for HD occurrence
[12, 13]. However, intergenerational contractions
(reductions of the number) of triplets have also
been rarely recorded. The higher the number of
triplets, the more unstable the condition and the
more likely to affect onset of HD—see Fig. 10.1
[14, 15].

The inverse relationship correlation between
the number of CAG repeats and the age at onset

<27 27-35 36 -39 >40 >60 (CAG)n
\Y \34 \34 \%
premutation not 100% classical juvenile form
penetrance form

Fig. 10.1 The relation
between the number of possibility of onset onset before
CIAG t??lets (CI?AG)IL affected between 20th year of
clinical form o .
Huntington’s disease offsprings 30th-45th age
and age at the onset year of age
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of the clinical signs of HD (the more CAG trip-
lets present, the sooner the disease develops) has
been demonstrated in many studies (e.g., [16,
17]). However, this relationship is obvious only
in individuals with big (over 60) and marginal
(36-39) numbers of triplets. The number of CAG
triplets is a crucial but not sufficient factor that
determines the age of onset of clinical HD, it
determines it only partially [18, 19]. We can pre-
sume the existence of a range of other influencing
factors, so-called gene modifiers, that are cur-
rently objects of further investigation and
research [20]. It is interesting here that homozy-
gous composition does not appear to influence
the age of onset of HD, but does predict more
serious clinical process [21].

Paternal transmission is a significant factor in the
number of CAG triplets as the expansion of CAG
triplets takes place most frequently during sper-
matogenesis [12, 22] or through some as yet
unknown mechanism depending on the sex of the
ancestor and the embryo of descendant [13, 23, 24].

10.3 Clinical Manifestation

10.3.1 Preclinical Findings
in the Mutation Carriers
and Phenoconversion

The onset of “soft” signs preceding the full HD
manifestation (or in other words the transition from
health to the disease phenotype) is called “pheno-
conversion”. Phenoconversion in HD is tradition-
ally defined as the onset of chorea. However, it is
inadequate to use just one motor sign to character-
ize the disease onset. Many nonspecific symptoms
(motor, cognitive, psychiatric, functional) could
precede the definite clinical manifestation, some-
times by as long as 10 years [25-30].

MRI neuroimaging can also capture signifi-
cant changes, such as atrophy of the caput nuclei
caudate [31], cortex, or white matter, many years
before the full clinical manifestation itself [32—
34]. In studies with functional magnetic reso-
nance of individuals at risk of HD, some changes
were spotted before the clinical manifestation of
HD [35].

There are also interesting findings regarding a
decline in ability to decode facial expressions not
only in cases of HD sufferers but also in carriers
of the HD mutation [36-38].

A few large sample observational studies have
focused on capturing the complex nature of
abnormalities in the “preclinical” period: Cohort,
Pharos, Predict-HD, or Track-HD.

10.3.2 Clinical Forms

10.3.2.1 Classical HD Form

The classical HD form is most frequent (app.
90% out of all cases), with the first signs appear-
ing between the ages of 35 and 50, though the
character and combination of symptoms may
vary significantly (see Tables 10.1 and 10.2).

Movement Impairments

Choreatic dyskinesias are abrupt, involuntary,
irregular, and non-stereotypical movements in
random distribution of both proximal and acral
muscle groups.

Dyskinesia is accentuated by physical and
mental effort. It could be partially inhibited by
psychic relaxation and disappears during sleep.

At low intensity, chorea may be overlooked or
mistaken for signs of psychomotor restlessness.

Table 10.1 Neurological symptoms of Huntington’s
disease

Less common symptoms

Common symptoms (except juvenile form)

Chorea Epileptic paroxysms
Dystonia Cerebellar symptoms
Rigidity Lesions of pyramidal tract

Bradykinesis,
hypokinesis, akinesis

Myoclonus

Motor impairment

Eye movements
impairment

Dysarthria
Dysphagia,
hyperphagia
Cachexia

Incontinence

Sleeping disorders
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Table 10.2 Psychiatric
disease

symptoms of Huntington’s

Personality changes; behavioral disorders
— Alcohol abuse, changes in sexual behavior, lack
of sexual restraint, aggression, criminality,
apathy
Depression

Irritability

Anxiety
Psychomotor restlessness
Hallucinations and delusions

Isolated cognitive deficits

Dementia

While chorea is the classic symptom of HD,
and often indicative of the diagnosis, considering
its relatively late presentation in the course of the
disease, its diagnostic function may be overesti-
mated. As chorea typically manifests only after
years of subtle psychopathological symptoms, it
is difficult to accurately determine the actual
onset of the disease.

Despite its crippling effects, chorea may be
overestimated from the therapeutic point of view
as well as the impairment of voluntary movement
and dystonia usually are more significant.
Sometimes it really accomplishes an invaliding
impact though.

During incipient stages of the choreatic syn-
drome, involuntary movements are present espe-
cially in the perioral area of the face and may be
mistaken for voluntary grimacing or expressions
associated with excitement, stress, and anxiety.
Also, mild choreatic movements of the upper
limbs could be misinterpreted as simply expres-
sive gesticulations.

Random movements of the limbs may be
described as aimless or purposeless, even though
some patients are very good at camouflaging
them by shifting the involuntary movement into
one that seems “purposeful,” e.g., scratching
one’s cheek, playing with small objects, crossing
one’s legs, etc. (so-called “parakinesia”
phenomenon).

During the progression, these movements
become more pervasive and striking (though with
variable intensity) in various muscle groups, with
facial expressions ranging from surprise to anger,
amazement, fear, etc. Grimacing, tongue protru-

sions, and moving lips become more frequent, as
well as chaotic, random eye movements with
diminished ability to focus. Rapid and brief eye-
lid contraction similar to blepharospasm accom-
panied with elevation of the eyebrows is also
characteristic. Sound phenomena could be pres-
ent, such as phonation of sighing or grunting as a
consequence of involuntary movements of the
respiratory muscles and vocal cords.

The neck muscles execute irregular swinging
movements of the head, subtle elevations of the
limbs at the shoulder and elbow joints, and
abduction—adduction or flexion—extension of
individual fingers.

Besides proximal and acral movements (e.g.,
typical shifting of feet on the floor—shuffling
with the sole when sitting) of the lower limbs,
choreatic dyskinesia may be manifested by
hyperextension of the big toe (“PseudoBabinski”
syndrome, “PseudoSiccard”), similarly to dysto-
nia, in which case hyperextension of the big toe is
fixed for longer period.

Some symptoms are very characteristic of
chorea. They result from so-called global motor
impersistence, i.e., the inability to maintain the
sustained position.

Tongue Protrusion Test

The patient is not able to keep the protruded
tongue still—involuntarily keeps putting it back
into the mouth. Also, lateral movements of the
tongue are not smooth and coordinated.

Grasp Sign

When pressing hands of the examiner, the patient
involuntarily loosens and clutches hands as if he
or she was “rubbing” the doctor’s fingers.

Dance-Like Gait

Those afflicted by HD very often perform a
“dance-like gait,” they waddle from side to side.
The gait can sometimes resemble a “gluteal,
myopathic type” of gait, but in this case there are
also dyskinesias of the limbs present. Waddling
gait in hips which gives impression of a dancing
act gave name to this choreatic phenomena (in
Latin “chorea” and in Greek “choros” means “a
dance”).
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Due to dyskinesias, the affected persons may
not be capable of performing appropriate daily
activities; their movements are inadequate; their
aim, intention, and coordination get stuck. During
such intensive involuntary movements, the
affected may be at risk of injury. Later in the dis-
ease progression, speech abilities degrade consid-
erably, with characteristic explosive—sometimes
even saccadic—dysarthria and altered phonation.
Dyskinesia also interferes with swallowing.
Intensive choreatic dyskinesias may restrict one’s
capacity for self-care, worsen stability and lead to
falls. More often, however, chorea is rather a
source of social difficulties.

In the progression of the disease, chorea wors-
ens significantly, but after some time the intensity
spontaneously diminishes and transforms into
dystonia and then finally akinesia.

Dystonia (sustained muscle contractions that
result in twisting and repetitive movements or
abnormal postures of the affected parts of the
body) usually occurs during the middle stages of
the classical form of HD, for example, trunk dys-
tonia often becomes a source of significant gait
disorder.

Besides chorea and dystonia, some patients
also show signs of myoclonus (an involuntary,
brief, and short twitching of muscles), or rarely
as tics.

Severe, generalized parkinsonian syndrome
does not manifest itself until the late stages of
HD (so-called secondary Westphal variant—i.e.,
immobility without dyskinesias). The affected
persons are then completely immobile and sub-
ject to secondary complications, such as decubiti
and/or infections. Rigidity is often present in
middle stages of HD, though this may be a con-
sequence of antipsychotic therapy or other
causes.

In contrast to the symptoms outlined above,
the impairment of voluntary movement is
underestimated in clinical practice. However it
contributes significantly to the patient’s invalidity
as it is responsible for motor failures at many
basic daily activities. Clumsiness, slowness of
movements, and a lack of coordination both con-
cerning the upper limbs during a focused, aimed
activity and the whole body during coordination

of the gait stereotype are not just the consequence
of dyskinesias but an independent symptom.

Unlike dyskinesia, impairment of voluntary
movement correlates to the progression and
length of the disease and also with cognitive dete-
rioration [39].

Another strange and characteristic sign of HD
is a specific facial expression of emotional blunt-
ing with a hint of slight annoyance to disgust
(facies Huntingtonica).

Gait disorders, usually developing during the
middle stages of the disease significantly contrib-
ute to worsening quality of life. There occurs a
distinctive “dancelike” gait interrupted by sudden
involuntary movements, though falls are rela-
tively rare. In later stages with worsening dysto-
nia, bradykinesia, rigidity and postural instability,
falls occur more frequently.

Dysarthria is a very frequent symptom of
HD. Speech disorder develops in the middle to
late stages of the disease, but may also appear in
earlier years. In the course of the disease, speech
degrades and eventually becomes totally inarticu-
late. An explosive or saccadic speech pattern—
called hyperkinetic dysarthria—is characteristic.
Sometimes speech may also be interrupted by
involuntary sounds of grumbling and sighing.

Dysphagia is a serious symptom of HD and
may even have fatal consequences especially in
patients at later stages. It is necessary to monitor
carefully problems with swallowing liquid or
solid food. For the aspiration of food is typical
coughing; wet or gargling vocalization immedi-
ately after eating; vomiting within several min-
utes of a meal; recurrent respiratory tract
infections. Physicians/caregivers should be aware
of so-called quiet aspiration which may even
remain clinically mute for long periods and have
to be examined specifically, e.g., by videofluo-
roscopy. There may also be rare instances of so-
called hyperphagia, i.e., swallowing large
unchewed bites, probably under the influence of
an uncontrollable feeling of hunger, when the
patient may be at risk of suffocating.

Gradual cachectization in most patients is a
typical feature of the late stages of the disease. It
need not be related to a striking loss of appetite or
problems with standard food intake. The weight
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loss cannot be satisfyingly explained and does
not correspond with the impact of dyskinesias.
Degeneration in the lateral nuclei of the hypo-
thalamus is presumed to affect the process [40—
42]. Early cachexia indicates a worse prognosis.

With individual variation, after 10-15 years of
development of the abovementioned symptoms,
patients with the classical form of HD become
fully dependent on caregivers, and die after
15-20 years of the HD development in a marantic
state, usually from complications, such as infec-
tion, decubiti, etc.

Neuropsychiatric Disorders

The first symptoms of HD are usually subtle
changes in behavior and personality [43—45].
There are two typical scenarios of development.

In the first model, the patient manifests and
develops a gradual loss of interest in one’s sur-
roundings, children and their needs, one’s part-
ner, appearance. An early development of feelings
of apathy, distinct from the potential presence of
depression, and emotional numbness are charac-
teristic [46-50].

The affected individuals suffer a decline in
work performance as a consequence of the devel-
opment of executive dysfunction. This scenario
may result in the chronic loss of employment,
poverty, and a decline in social and economic
status.

This situation may come about years before
the onset of even minor choreatic dyskinesias
which is typically the trigger for the clinical diag-
nosing and genetic testing.

The second clinical scenario also begins with
the development of behavioral and personality dis-
orders, but of a different, productive type. Instead
of apathy, patients manifest increased irritability
and states of anxiety [46, 47, 51-54]. Due to this
anxiety, patients are very often incapable of han-
dling formerly trivial tasks. Family members may
notice dramatic and anxious reactions of the suf-
ferer to casual and inconsequential events, such as
the late arrival of a family member; deciding what
clothes to wear; and whether to accept an invita-
tion. In many cases of HD patients, the anxiety is
often and vehemently manifested through somato-
form symptoms, such as headaches, backaches,

and digestive problems, which the patients
describe as dominant problems.

Depression develops in 40% of all cases [43,
46, 47] and bipolar affective disorder could be
present. Suicidal tendencies are a serious prob-
lem for this group of patients, with suicide rates
of 4-6 times higher than the general population
[46, 47]. Some data suggest a prevalence of sui-
cide attempts as high as 13% within this popula-
tion. It is necessary to emphasize that suicidal
behavior is a threat at any stage of HD, even prior
to the diagnosis [55, 56].

While psychotic manifestations are rela-
tively rare in the initial phases of the disease [53,
54], common neuropsychiatric features of HD
include paranoid tendencies together with irrita-
bility and aggressive behavior. Early symptoms
may include feelings or acts of jealousy, and sus-
picion. Hallucinations are relatively rare.

Obsessive thoughts, compulsive behavior,
and perseverance are also common [57, 58].

Interestingly, many HD patients are unaware
of their symptoms [59] with almost half the cases
of HD diagnosed patients [60] reporting no
symptoms. Such a lack of self-awareness
(anosognosia or denial) can cause problems,
especially when the sufferer wants to pursue
activities he is not capable of managing (e.g.,
driving, dealing with finances).

While problems associated with hypersexual-
ity—sexual aggressivity, promiscuity, and sexu-
ally provocative behavior—are sometimes
observed in early phases of HD, impotence is a
more frequent phenomena [61]. Verbal and bra-
chial aggression [25, 43, 46, 47] very often
directed only at their closest family members is
noted particularly in cases of patients who have
had these tendencies throughout their entire life.
Anxiety, depressive and psychotic symptoms,
obsessive-compulsive disorder, and delirium may
predispose sufferers of HD to aggressive behav-
ior. Very often the triggering factor is psychoso-
cial stress brought about by a change of
environment, being assigned multiple tasks
within a short period, feelings of inadequacy
resulting from imperfect speech comprehension,
troubles with routine tasks, or conflicts with
authorities.
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Manifestations of minor criminality (e.g.,
petty thefts) or problems with alcohol [62-64],
while often perceived as simply “unprincipled”
demonstrations of asocial behavior may be early
indications of pathological changes characteristic
of HD. Pathological changes in affects and
behavior may also result in divorce, the loss of
custody of children, and alienation. Not until
years later, when other clinical manifestations of
HD surface, the aforementioned signs can be
attributed to this diagnosis.

Cognitive Disorders

Minor cognitive changes very often precede the
typical clinical picture with dyskinesias [50, 65—
67], though the decline of cognitive function in
HD is neither universal nor progresses evenly, as
the rate of development of dementia varies among
individuals.

In early stages of HD, isolated cognitive defi-
cits dominate, especially disorders of executive
functions, attention, learning, memory, and
changes in psychomotor speed [68]. Sometimes a
long-term stationary character can be observed.
The extent of cognitive deterioration need not
correspond proportionately with other behavioral
or neurological symptoms.

As far as memory is concerned, working and
short-term memories are affected most, while
long-term memory is relatively stable and well
preserved. For basal ganglia affection generally
(thus including HD) disorders of procedural
memory are typical (motor skills—driving, walk-
ing, etc.). Memory storage appears to be unaf-
fected by HD. Impairments in retrieval may be
remediated through recognition, cues, or
associations.

Memory disorders are also impacted by the
executive dysfunction: the inability to conceptu-
alize action, or plan for the future; a lack or dis-
ruption of control over certain performance
procedure and time structures; and at the same
time a diminished capacity to accommodate dis-
ruptions or unexpected shifts in the activity.

Executive dysfunction also inevitably impacts
the capacity for selection, storage, and voluntary
recollection of substantive information from
memory. Such executive function disorders, typi-

cal of the early stages of HD, are mainly respon-
sible for HD sufferers’ incapacity first for
professional work/activity and later for normal
everyday activities [69].

The progression of the disease ultimately
leads to full-blown dementia, with a global loss
of cognitive function incommensurate with age
which interferes with daily activities.

Dementia of the so-called subcortical type is
typical for HD, with executive dysfunction typified
by changes in psychomotor pacing, behavior disor-
ders (irritability, apathy, obsessive-compulsive
manifestations, etc.), mood, and anxiety. Unlike
dementia of cortical type (e.g., Alzheimer’s dis-
ease), the fatic, practic, and gnostic functions are
relatively preserved in case of HD, though with fur-
ther cognitive deterioration, cortical functions also
become substantially affected.

10.3.2.2 Juvenile Form of HD (JHD)

JHD starts before the age of 20 and occurs in
approximately 5% of all HD cases [70]. In about
1-2% of all cases, symptoms manifest before the
age of 10 and very rarely even in the preschool age.

The manifestation of HD in the affected chil-
dren or adolescents usually differs significantly
from the classical form of HD. A child and parent
both suffering from HD would present very
different symptoms, such that one would hardly
identify the same disease in progress.

The onset of JHD varies considerably, due
largely to the fact that the disease is manifesting
in a developing brain. For this reason the diagno-
sis is often very difficult, especially in the absence
of a positive family history.

The transition from subclinical manifestations
detected only by specific methods (e.g., neuro-
psychological testing) to the stage of the obvious
clinical manifestation detectable by objective
examination, observation, and interview (pheno-
conversion—see above) is very vague, making it
difficult to assess the chronology of the disease.

The first manifestations may be either motor,
cognitive, or behavioral. Siesling [71] found
behavioral disorders in JHD as the initial mani-
festation in 70% of all cases, compared to motor
in 48% and cognitive in 27%. Similar results
have also been detected by the Ribai study [72].
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So far there have been very few clinical studies
dealing with JHD symptoms and its dynamics and
there is a lack of systematic data. The life expec-
tancy in JHD is shorter than in the classical form,
approximately 10 years from the first manifesta-
tions [70, 72, 73], though some studies do not
indicate a distinctively shortened life span in com-
parison with the classical form of the disease [74].

Psychopathology of JHD

The first indications of a JHD disorder are that of
intellect. A typical initial manifestation is failure
to cope with school demands particularly due to a
combination of some aspect of cognitive disorder
(at a very early age there occurs mental retarda-
tion, in older children already indications of some
cognitive deterioration) with a slowing of motor
function, lack of coordination of movement, and
voluntary movement disorder.

Manifestations as temper tantrums, aggressiv-
ity, antisocial behavior, and obsessive-compulsive
features are frequent. Depression is also a very
frequent symptom. Psychotic manifestations in
JHD occur more often than in the adult form.

Motor Symptoms of JHD

The character of motor symptoms is what distin-
guishes the clinical image of JHD from its adult
form. The most characteristic symptoms of JHD
are hypokinesia, rigidity, and dystonia, accompa-
nied by rapidly progressive stability and gait dis-
orders. In the middle stages, there is a distinctive
shaking of the head and the upper part of the
trunk, kinetic tremor of upper limbs with occa-
sional trunk myoclonus. In JHD, there may also
occur compulsive spasmodic movements.
Neurological examination often reveals pyrami-
dal tracts lesions as increased reflexes and the
presence of plantar response, etc. Severe involve-
ment does not occur.

There is a relatively early onset of dysarthria,
which in later stages may progress to mutism and
dysphagia sometimes accompanied with hypersali-
vation. Dysphagia can cause choking, coughing,
postprandial vomiting, and aspiration pneumonia.

The most common manifestation of JHD is a
rapidly progressive and invalidizing atypical par-

kinsonian syndrome in combination with diverse
psychopathologies. This form is sometimes
referred to as primary Westphal variant of HD,
unlike secondary Westphal variant which is the
late stage of the adult form of HD (when akinesia
replaces dyskinesia), and the diseased is not able
to carry out voluntary motor activities.

Supranuclear gaze palsy is another commonly
associated symptom, though it does not usually
appear until the middle stages of JHD. In such
cases, both vertical and horizontal movements
get stuck, and in very serious cases the eyes are
fixed forward and the whole head moves when
trying to look aside.

Rarely, typical choreatic dyskinesias may also
occur, but normally it is either absent or not evi-
dent to clinical observation. If present, they tend
to occur in cases of individuals whose JHD onset
started in adolescence. With cases at the onset by
10 years of age, it is totally rare.

Other manifestations are epileptic seizures—
which occur in as many as 40% of all cases of
JHD [70, 71]. They can be both generalized (very
often of tonic-clonic character) and focal and
there are cases of the clinical image of progres-
sive myoclonic epilepsy.

From the middle stages of the disease, cachec-
tization appears constantly. Cachexia is a very
serious sign. It need not be linked with a lack of
appetite or with problems of ordinary food intake.
Weight loss cannot be explained satisfactorily
and does not correspond with the impact of
dyskinesia.

Patients require hypercaloric intake; approxi-
mately 4000-6000 calories daily is recom-
mended. Weight loss (or the “onset of weight
loss”) is always considered an alarming sign
which is necessary to try to address.

The advanced stages of JHD are characterized
by repeated falls with injuries, which, together
with a gradual loss of active mobility and dys-
tonic postures, ultimately leads to total immobili-
zation and mutism. Serious cachexia with
dysphagia may require a percutaneous endo-
scopic gastrostomy (PEG). Infectious complica-
tions increase (pneumonia, decubiti) and patients
died in a marantic state.
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10.3.2.3 Late Onset Huntington
Disease

This form of the disease manifests in persons
over 60. It comprises approximately 5% of all
cases of HD. Onset after the age above 70 is
exceptional. It may be presumed that minor
symptoms had been present but undetected a long
time beforehand.

The clinical features of late onset HD resem-
ble the symptoms of the classical form, but the
progression is slower and less functionally debil-
itating. The hallmarks are mild to moderate cho-
rea and cognitive impairment, gait disorder, and
dysarthria. Behavioral symptoms such as apathy
or irritability, depression or even psychosis may
be present, though only infrequently.

Due toits relatively “benign character” (though
not in all cases!), the patients are often able to
maintain an active lifestyle for many years, only
occasionally requiring nursing support.

Late onset HD is generally underdiagnosed,
with major consequences for descendants, who
remain unaware of this potentially serious hered-
itary disease [75-77] (Table 10.3).

10.4 Diagnosis

Itis relatively easy to diagnose HD particularly in
situations when we are aware of any family his-
tory of severe neuropsychiatric disease (e.g., an
affected ancestor died in a psychiatric hospital)
and when the patient exhibits symptoms of dyski-
nesia together with a behavioral disorder and
cognitive deficit (Table 10.4).

Accurate diagnosis may not be so simple in
situations, where family history is missing
(unknown paternity or no information about one

Table 10.3 Typical features of late onset Huntington dis-
ease [77]

* Dominant motor symptoms (chorea, gait disorders)
» Slow progression of cognitive deficits to dementia

* Slow progression of functional disability
e Frequent negative family history

e Borderline or low pathologic expansion of CAG
triplets

Table 10.4 The manifestation of main symptoms in par-
ticular forms of Huntington’s disease

Classical
form Late form
Juvenile form| (onset (onset over
(onset by the | between 35 | the age of
Symptom age of 20) and 50) 60)
Chorea Usually not | From the From the
present early stage early
stage
Dystonia Present From the Not
from the middle stage | present
early stages
Parkinson’s | Present From the Not
syndrome from the late stage present
early stages
Epileptic Present Atypical Not
paroxysms symptom present
Lesions of | Present From Not
pyramid middle stage | present
pathway
Cerebellar | May be Atypical Not
symptom present symptom present
Affective Present Present Not
disorders from the from the present
early stage, |early stage,
later it later it
disappears | disappears
Dementia Present, fast | From the Not
progression | early or present
middle stage
Psychotic Present Any stage Atypical
states from the symptom
early stage
Disease Very fast Medium Slow
progression | (death (death
within within
10 years of | 15-20 years
the first from the
signs) first signs)
Heredity Usually Both Both
paternal paternal and | paternal
maternal and
maternal,
however
often not
present

side of the family in the case of parents’ divorce,
new mutation, etc.) or the patient and family are
in denial about the condition and refuse to share
relevant information. The clinical picture may
also vary from one patient to another, depending
on the stage of the disease and the prevalence of
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symptoms (dominant psychiatric or neurologic
symptoms may dominate in some families).

Nonetheless, the possibility of HD should be
considered whenever the adult slowly develops
behavioral changes or cognitive deficits in com-
bination with motor handicaps of a choreatic or
dystonic character, even in the absence of similar
problems in the family medical history. If the
family history is indicative, even minor behav-
ioral changes, personality disorders, or just dis-
crete memory disorders should be taken into
consideration.

Genetic test confirms only the presence of
the mutation! A positive test for the HD muta-
tion in a person who does not otherwise show any
HD symptoms does not confirm a diagnosis of
the disease but just a genetic predisposition.

Genetic testing can be theoretically carried
out in a few model situations:

Diagnostic testing is carried out in the case of
a reasonable clinical suspicion for HD. The test-
ing either confirms or disproves the clinical diag-
nosis with 100% certainty. The patient must
always be informed that his or her blood is being
taken for genetic testing which will either con-
firm or disprove the HD diagnosis. The patient
has to agree to the testing procedure and confirm
compliance in writing. Exceptions to this written
protocol can only be made in cases where the
patient so severely affected that he or she is phys-
ically incapable of giving consent.

Predictive (presymptomatic and prenatal)
testing may be carried out in heretofore healthy
individuals at risk of HD. A presymptomatic test
may be carried out on descendants of an affected
person who wish to know whether or not they
have inherited the HD mutation.

The prenatal test is carried out through the
analysis of amniotic fluid (amniocentesis, biopsy
choria) in the course of pregnancy of a diseased
or positively tested woman, or the wife of a dis-
eased or positively tested partner, who wishes to
know the genetic status of her unborn child.

Presymptomatic testing of HD has serious eth-
ical considerations [78-81]. The disease is fatal,
incurable, and causes progressive devastation of
the motor and mental faculties. Known carriers
are burdened with high stress not only regarding

their own future quality of life but their posterity,
as a positive result entails 50% hereditary risk for
the next generation. Last but not least, a positive
test for the HD also has multiple negative impacts
on “healthy” family members and loved ones.

An international protocol-based presymptom-
atic testing procedure has been designed with the
aim of minimizing negative, catastrophic conse-
quences [82]. This includes several consultations:
genetic, neurological, psychological, and psychiat-
ric. Individual sessions are aimed at providing a
detailed overview of the disease and the testing
procedure to the applicant; verifying the patient’s
insight on the issue; clarifying his/her motivation
and the benefit of the test; and last but not least, at
determining the applicant’s adaptive capacity to
handle burdensome situations.

The entire process of the predictive protocol
reduces—though does not eliminate—the risk of
suicide considerably [79]. Short- and long-term
consequences of predictive testing have been
examined in many studies [78, 81, 83, 84].

According to the protocol, physicians may not
refuse to do the predictive test but they may recom-
mend postponing it. Aside from clear contraindica-
tions such as suicidality and depression, a number
of other situations may arise whose importance is
subjectively determined depending on the personal
judgement of the given psychiatrist (for example,
their willingness to accept risk and individualize
treatment versus an entirely formal approach with
no personal engagement of the examiner). As a
rule, the recommendation to continue or postpone
the test stems usually from the clinical experience
of the psychiatrist. The most important variable in
this respect is probably played by the presence or
lack of motivation and self-advocacy in the patient;
furthermore by their personality structure, matu-
rity, adaptation mechanisms, duration and depth of
HD awareness and knowledge of the quality of
their background and other factors.

Many years of experience with the predictive
protocol at many centers worldwide show that
the implementation rate of the genetic test is rela-
tively low, ranging between 5 and 25% in various
countries [85].

With current preimplantation genetic diagno-
sis technique it is possible that a person at risk of
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HD can give birth to a child who is not a carrier of
the HD mutation, without the necessity of con-
fronting the people at risk with their genetic status
[86, 87].

10.4.1 Huntington’s Disease
Phenocopies

Approximately 1% of patients with typical classic
HD-like manifestations lack the causative muta-
tion [88]. Such cases are considered “Huntington’s
disease-like syndromes” or “Huntington’s disease
phenocopies” (HDP). HDP are clinically and
genetically heterogeneous. The etiological diagno-
sis of the respective HDP is usually difficult to
establish (see Table 10.5).

10.4.2 The Problems of Caregivers

Due to its complexity, HD is a typical example of a
disease that affects not only its carriers but also the
whole family and extended care group. Physicians
and scientists have been focused mainly on the bio-
logical principles of the disease and on a search for
possible therapy. A great deal of attention is given
to patients and carriers; however, the problems and

Table 10.5 Huntington’s disease phenocopies (HDP) of
adulthood

Clinical entities with a typical picture of HDP

Dentato-rubro-pallido-luysian atrophy (DRPLA)

Spinocerebellar ataxia type 17 (SCA 17) or
Huntington disease-like 4 (HDL4)

Choreoacanthocytosis
McLeod syndrome
Neuroferritinopathy

Huntington disease-like 1*
Huntington disease-like 2*
Huntington disease-like 3* (onset at preschool age)

Disorders only rarely fulfilling the clinical picture of
HDP

Spinocerebellar ataxia type 2, type 3

Friedreich ataxia

Pantothenate kinase-associated neurodegeneration
(onset in childhood and adolescence)

Wilson disease

“Extremely rare in Europe

needs of caregivers (who bear the burden of psy-
chological stress) nursing the patients are not in the
center of the attention [89, 90].

The partner of the HD patient, for example has
to face a lot of problems, such as a lower eco-
nomic status, the loss of free time, and the loss of
independence.

Other serious problems include the risk of HD
transmission on the descendants (feelings of guilt
for passing on the mutation, the inability to con-
vey to the children the nature and level of the
risk) and the character of the disease itself which
often severely disrupts the partner’s psyche.

The afflicted sometimes alter their behavior
and personality, even committing violence on
their partners or children through pathological
jealousy, sexually motivated aggression, phy-
chotic symptoms, or rage.

Children in families with HD often have dif-
ficulty comprehending situation with all its rami-
fications (why the parent is aggressive,
understanding the change in behavior, etc.) It is
impossible to generalize the consequences of
such long-term problems for the development of
the children, but they definitely have a consider-
able negative impact on the whole family.

Under the stress of the manifestation of HD
symptoms, not to mention the broader social,
economic, and emotional costs, in most cases
partners in long-term relationships  with
HD-affected persons develop severe depression,
anxiety and panic disorders, negative behavior
and/or aggressive outbursts towards the diseased.
Even talking about HD often becomes a family
taboo and is not allowed to be discussed in public
or even within the wider family circle. The part-
ners, as well as the persons at risk, describe their
state as one of “permanent sadness,” often requir-
ing medical intervention.
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11.1  Introduction

Frontotemporal dementia (FTD) constitutes
approximately 15% of all primary degenerative
dementias. Its prevalence is approximately
150-220 cases/million inhabitants [1]. FTD is
currently recognized as the second most com-
mon early-onset dementia under 65 years old,
but there is also evidence that FTD occurs in
elderly patients. Clinical symptoms usually
begin in patients between 45 and 65 years of
age, with no significant gender difference, and
previous work has reported family history in
30-45% of all cases [2]. The most common
clinical features of this disease are altered
behaviour with change in personality, altered
social behaviour and language impairment.
Additionally, a percentage of patients with
FTD may present with parkinsonism or associ-
ated motor neuron disease.

Approximately 15% of FTD patients develop
clinical symptoms of motor neuron dysfunction
and different studies have suggested that roughly
50% of patients with ALS have some cognitive
impairment and 15% reach criteria for diagnosis
of FTD, allowing experts to suggest a link
between ALS and FTD [3-5].
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ALS was generally considered a pure motor
neuron disorder with no cognitive impairment;
but pathological studies have shown that ALS
affects multiple areas and structures in the brain,
causing not only motor neuron degeneration but
also a wide range of alterations in extra-motor
areas.

The idea that FTD and motor neuron disease
had their own distinctive neuropathology began
20 years ago with the first report of ubiquitin-
positive inmunoreactive inclusions in the cyto-
plasm of motor neurons [6, 7]. Later, the evidence
of ubiquitin-positive inclusions in the extra-
motor cortex was shown in both pure ALS
patients and ALS patients with dementia. These
ubiquitin-positive inclusions became the patho-
logical hallmark of the combined FTD-MND

syndrome.
In some cases FTD precedes ALS by many
years, but in others, ALS precedes

FTD. Nevertheless, in some ALS patients with no
FTD diagnosis, early behavioural changes were
reported even preceding the onset of the ALS
symptoms. Prognostic factors like older age,
male, bulbar onset, low education, family history
of dementia, low forced vital capacity and pseu-
dobulbar palsy have been associated with cogni-
tive involvement in ALS. Therefore, cognitive
impairment in ALS has been associated with
shorter survival.

In this regard, cognitive impairment in ALS
patients is key not only for therapeutic trials of
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this incurable disease, but also for care planning,
compliance to interventions and ultimately end-
of-life decisions.

11.2 Pathological Findings

Neurodegenerative diseases can be classified
from a histopathological point of view according
to the finding of protein inclusions or by the fila-
mentous protein. Frontotemporal lobar degenera-
tion (FTLD) encompasses a heterogeneous group
of pathologies that can be classified according to
different protein deposits in the central nervous
system.

Thus, we can classify them into four sub-
groups: FTLD with tau positive inclusions
(FTLD-tau); FTLD associated with DNA-
binding protein TDP-43 inclusions (FTL-
TDP43); FTLD associated with fused in sarcoma
protein (FTLD-FUS) and a small percentage of
cases that cannot be classified within these three
major subgroups and constitute FTLD-others
[8-10].

At the macroscopic level, atrophy can be
observed at frontal and temporal cortex, globus
pallidus, amygdala, hippocampus and hypothala-
mus [11], and in the orbital and cingulate cortex.
Besides, the microscopic analysis shows mainly
loss of neurons and frontal and temporal
astrocytosis.

In the group of FTLD-tau, the tau deposits can
be found in neurons, astrocytes and oligodendro-
cytes, whereas the FTLD groups without tau
deposits are characterized by the presence of
TDP-43 or FUS deposition [12].

Interestingly, motor syndromes associated
with FTD are different according to the presence
or absence of tau deposition. In this regard, the
presence of parkinsonism (corticobasal syn-
drome and progressive supranuclear palsy) is
suggestive of FTD-tau+, while motor neuron dis-
ease is tau-. Also, inclusions of ubiquitinated
misfolded proteins are a common finding in the
pathology of ALS and FTD with TDP 43
(Transactivation response—DNA-binding pro-
tein) being the main component of these inclu-
sions (SLIs, RHIs, LBHIs), both in FTD and ALS

cases [13]. Inclusions of FUS have also been
observed in cytoplasm of the motoneurons in the
anterior horn and in glial cells of patients with
ALS and FTD. The study of the deposits of these
two RNA-binding proteins has raised the possi-
ble implication of RNA processing in the patho-
physiology of these diseases [9].

11.3 Genetics

The study of the genetic mutations in ALS and
FTD has experienced an exponential growth in
recent years. Despite these important advances,
many aspects remain to be clarified. In FTD,
between 10 and 27% of cases present a family
history [14], while in ALS approximately 5-10%
of patients have a family history of motor neuron
disease [15].

To date, genes associated to FTD are the
Microtubule Associated Protein Tau (MAPT),
progranulin (PGRN), C9ORF72, valosin contain-
ing protein-1 (VCP-I), charged multivesicular
body protein 2B (CHMP2B), TAR DNA-binding
protein (TARDBP) and fusion protein in sarcoma
(FUS), being C9ORF72 and PGRN the most
important ones in terms of frequency.

In ALS the first gene reported was SODI,
giving a great boost to research in this disease
since it allowed the development of the first
animal model. Later, mutations were observed
in the TARDBP gene—the gene encoding
TDP43—and at the same time mutations in
FUS. In recent years, a large number of genes
related to motor neuron disease have been
reported, being the expansion of C9ORF72 the
most important one, considered as one of the
main causes of familial ALS (30%) and even
sporadic cases.

ALS and FTD are now considered to be a con-
tinuum of two overlapping diseases. This concept
of a spectrum is supported by the identification of
new genes and the description of common patho-
physiological pathways and factors. The main
genetic causes related to both diseases (ALS-
DFT) are mutations that produce alterations in
RNA processing binding proteins (TDP43, FUS,
ANG), proteomic proteins (UBQLN2, OPTN,
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SQOSTM1, VCP, CHMP2B) and the most frequent
of all, the expansion C9ORF72 [16-18]. More
recently, significant variants in some genes has
recently been found in ALS/FTD: TBKI1, CCNF
and NEK] [19-22]. In COORF72, inheritance is
autosomal dominant with a high penetrance
(nearly 100% at 80s). Clinical features include
bvFTD (with disinhibition as a prominent symp-
tom) and/or motor neuron disease, a variable age
of onset, and generally bilateral frontal-
predominant damage in neuroimaging (Fig. 11.1).

11.4 Clinical Findings
11.4.1 Frontotemporal Dementia

Early diagnosis of FTD may be difficult because
the initial symptoms of the disease may be sim-
ilar to those presented in other neurodegenera-
tive diseases and even to some psychiatric
disorders. Therefore, a comprehensive neuro-
logical and neuropsychological assessment is
necessary.

FTD
. nfv-PPA bv-FTD sv-PPA
Clinical
Syndromes
Pathological
findings TAU FUS TDP-43 Others
N, -~/
Y Y Y
PGRN
C90RF72
Genetics vCP
TARDBP CHMP2B
MAPT FUs TBK1 NEK1
UBQLN2
OPTN
CCNF*
\ ) \ J — -

Fig. 11.1 Clinical syndromes, pathological findings and
genetics of the frontotemporal lobar degeneration (FTLD).
FTD frontotemporal dementia, PSPS corticobasal degen-
eration Syndrome, PSPS progressive supranuclear palsy
syndrome, svPPA semantic variant primary progressive
aphasia, nfvPPA non-fluent variant PPA, bvFTD
Behavioural Variant of FTD, FTD-MND frontotemporal
dementia and motor neuron disease, MAPT microtubule

associated protein tau, FUS proteina de fusion en sar-
coma, PGRN progranulin, VCP valosin containing pro-
tein, TARDBP TAR-43 DNA-binding protein, TBKI
TANK-binding kinase 1, CCNF cyclin F (*whether cyclin
F-linked ALS and FTD is a TDP-43 proteinopathy in vivo
requires further investigation), CHMP2B charged multi-
vesicular body protein 2 B, UBQLN2 Ubiquilin-2, NEK]
NIMA related kinase 1
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FTD groups three main clinical syndromes,
including behavioural variant FTD (bvFTD)—a
disorder characterized by behavioural abnormali-
ties—and two language variants—semantic vari-
ant primary progressive aphasia (svPPA or
semantic dementia) and non-fluent variant PPA
(nfvPPA) [23].

The bvFTD is the most frequent subtype of
FTD. This subtype is characterized by behav-
ioural alterations and disinhibition, compulsive
and persevering behaviour, emotional distur-
bance, poor planning ability and mental flexibil-
ity, overreaction, apathy and personality
changes.

On the other hand, semantic dementia may
present predominantly left atrophy (associated
with progressive loss of conceptual word con-
tent) or predominantly right temporal atrophy
(associated with difficulty in recognizing faces
and individuals). Finally, nfvPPA is characterized
by agrammatism, non-fluent language and
apraxia of speech [24-26].

Interestingly, some authors have argued to
subclassify FTD in several types, according to
some clinical, topographical and even genetic
findings. In this regard, frontal-dominant, fronto-
temporal, temporal-dominant and temporo-
fronto-parietal subtypes have been suggested and
associated to some clinical and genetic differ-
ences. For instance, C9ORF72 expansion has
been associated to bilateral frontal atrophy, tau
mutations to anteromedial temporal atrophy, and
progranulin mutations to temporo-parietal asym-
metric atrophy [27, 28].

The clinical diagnosis of FTD and its main
variants was based mainly on the consensus by
Neary et al. [29], but due to its restrictive nature,
its use has been limited for the diagnosis in early
stages of the disease and mainly in its behav-
ioural variant. For this reason, in order to improve
its accuracy and to accelerate the diagnosis in this
last variant, more flexible and sensitive clinical
criteria were recently established [30]. Regarding
language variants, specific criteria for PPA and
its subtypes have been published [31].

However, it is important to emphasize that
the use of clinical criteria constitute a tool to

support the diagnosis and for research pur-
poses, but it should not be considered as an
absolute method. Today there are complemen-
tary tools to make the diagnostic process more
accurate.

Regarding cognitive impairment, it most fre-
quently involves attention and executive func-
tioning. Language, verbal fluency, and social
cognition are also impaired, while visuospatial
and visuoperceptive functions are relatively
spared. Thus, a comprehensive cognitive assess-
ment is usually needed (Table 11.1). Motor and/
or speech disorders must be taken into account
adapting or correcting the cognitive instruments.
Behavioural assessment is essential, especially
because cognitive examination may be within
normal limits in early stages. This is explained by
the early impairment of orbitofrontal cortex

Table 11.1 Some examples of cognitive tests for each
domain

Domain
Screening/global
cognitive
functioning

Cognitive tests

— Edinburg Cognitive and
Behavioural ALS Screen
(ECAS)

— Addenbrooke’s Cognitive
Examination Revised/IIT

Attention/executive | — Digit span forward and

functioning backward

— Corsi’s blocks

— Stroop-Color Word
Interference test

— Trail making test

— Hayling test

— Wisconsin Card Sorting test

— Tower of London/Hanoi

Constructive praxis, | — Rey—Osterrieth Complex

visuospatial Figure

functioning — Judgement Line Orientation

— Visual Object and Space
Perception Battery

Language — Boston Naming test

— Pyramids and Palm Trees
test
— Verbal fluency

Memory — Free and Cued Selective
Reminding test

— Rey-Osterrieth Complex
Figure

Social cognition — Mini-SEA

— Faux-pas Recognition test
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(mainly associated to behaviour), while dorsolat-
eral cortex (mainly associated to executive tests
performance) is damaged later.

Two aspects deserve a commentary. Firstly, in
patients with FTD, episodic memory was consid-
ered to be preserved in the early stages of the dis-
ease, and even its alteration constituted an
exclusion criteria in the diagnosis. However, sev-
eral studies have confirmed that up to 15% of
cases of FTD had major alterations in memory,
questioning the aspect of “relative preservation
of episodic memory compared with executive
functions” considered in the clinical criteria we
use nowadays.

And secondly, another important aspect is
about social cognition. Because this cognitive
domain may be very early in the course of the
disease (with symptoms such as absence of
empathy, emotional coldness, inability to under-
stand the point of view of others, intuit intention-
ality or difficulties of moral judgement), it is
important to include in the protocols of cognitive
assessment in patients with suspicion of the ALS/
FTD spectrum.

11.4.2 Frontotemporal Dementia
and ALS

The ALS-FDT association is generally character-
ized by a rapid progression of behavioural and
cognitive symptoms that continue with motor
symptoms within 1-2 years [32]. The behav-
ioural symptoms present in this association
resemble those previously described for bvFTD,
and psychotic symptoms, delusional ideas and
hallucinations can also be observed. In addition,
these patients may develop language disorders,
fundamentally characterized by non-fluent lan-
guage, sometimes mixed, progressive aphasia,
reaching even mutism [4, 33-35]. Spastic dysar-
thria in the setting of nfPPA is a specific sign of
motor neuron disease, while apraxia of speech is
highly suggestive of FTD associated to parkin-
sonism. Both bvFTD and nfPPA (but exception-
ally svPPA) may be associated to motor neuron
disease (Fig. 11.2).

Fig. 11.2 Overlap between FTD and atypical parkinson-
isms (PSP, CBS) on the one hand (tauopathies, in blue)
and between FTD and motor neuron disease (TDP-43 pro-
teinopathies, in green)

11.5 Magnetic Resonance
Imaging (MRI)

Magnetic Resonance Imaging (MRI) is a neuro-
imaging technique that allows measuring and
quantifying the degree of brain atrophy in dif-
ferent neurodegenerative pathologies. It is a
useful tool both for the diagnosis and for the
monitoring of various diseases, while it is a
great help in establishing differential diagnoses
[36].

In FTD, the pattern of atrophy evidenced by
MRI seems to correlate very well with the differ-
ent clinical subtypes. Thus, bvFTD is character-
ized by atrophy of the frontal lobe, the insula, the
anterior cingulate and anterior temporal lobe;
whereas svPPA is associated with asymmetric
atrophy affecting the anterior region of the tem-
poral lobe and nfvPPA with asymmetric atrophy
of the dominant hemisphere in the anterior peri-
sylvian cortex.

It has also been shown that some features of
these patterns of brain atrophy, both grey matter
and white matter, can be used to discriminate
between the different clinical variants of FTD
with high sensitivity and specificity. For exam-
ple, temporal versus frontal atrophy can differen-
tiate sSVPPA from other variants, and laterality of
atrophy is an important feature in differentiating
svPPA from other FTD subtypes [26, 37-39].
Interestingly, specific types of TDP-43 pathology
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(type 1, 2 and 3) have been associated to more
atrophy in specific regions of frontotemporal and
parietal cortex [27, 40].

Regarding patients with ALS-FTD, MRI is
characterized by evidence of the typical findings
described for FTD associated in some cases with
areas of increased signal in the white matter and
pyramidal tract as well as rarely in the globus pal-
lidus and thalamus—characteristic of motoneu-
ron disease—although we must take into account
that these findings are not obligatory nor pathog-
nomonic. Some changes in grey and white matter
have found with a certain overlap between ALS,
ALS-FTD and bvFTD. In ALS-FTD, a temporal
lobe impairment was observed in comparison to
ALS with no FTD [41].

In early stages of the disease alterations evi-
denced by structural neuroimaging techniques
may be absent. Thus, functional neuroimaging
techniques such as positron emission tomogra-
phy, which we describe in the next section, may
be very useful.

11.6 Positron Emission
Tomography (PET)

Functional nuclear medicine techniques such as
PET have made a great contribution to the study
and knowledge of the pathophysiology of several
neurodegenerative diseases.

In neurology, the use of 2-deoxy-2-['°F]
fluoro-p-glucose (FDG) is able to determine
cerebral energetic metabolism, improving the
diagnostic sensitivity of dementias and other
neurodegenerative diseases [42].

The pattern of brain metabolism is different in
different neurodegenerative disorders, and FTD
typically shows a predominantly medial frontal,
lateral frontal, and temporal lobe hypometabo-
lism. Several studies reported in the literature
have shown the usefulness of this technique to
differentiate FTD from Alzheimer’s disease with
high sensitivity and specificity, demonstrating a
sensitivity of 90% and a specificity of 82% in a
study with histological confirmation [43, 44].

In ALS, a typical pattern of frontal hypome-
tabolism has been described. However,

impairment in other areas have been reported,
including hypometabolism in the dorsolateral
prefrontal cortex, lateral and medial premotor
cortex, insula, occipital cortex, anterior temporal
lobe, parietal; and hypermetabolism in midbrain,
corticospinal tract, superior temporal gyrus, hip-
pocampus and cerebellum [45-51].

Interestingly, the degree of frontal hypome-
tabolism and its extension has been associated to
cognitive impairment in patients with ALS [52].
In a study, ALS patients with C9ORF72 expan-
sion showed a more generalized hypometabo-
lism in comparison with patients without the
expansion [53]. Furthermore, in recent years,
other tracers have been released or are under
development, such as amyloid [52] or tau trac-
ers. These tracers will enable us to more accu-
rately know the histopathological findings
in vivo.

11.7 OtherTechniques

New techniques are being studied to obtain an
early diagnosis of these diseases. For instance,
some studies mention the usefulness of motor-
evoked potential gain for the assessment of corti-
cospinal dysfunction, as well as the utility of the
fasciculation ultrasound score as a simple and
noninvasive technique to diagnosis of ALS [54,
55]. Recent studies highlight the suitability of
transcranial magnetic stimulation (TMS) as a
potential diagnostic biomarker, in order of identi-
fying upper motor neuronal dysfunction, at ear-
lier stages of the ALS disease process.
Furthermore, this technique could even have a
role in treatment, as has been suggested in pilot
studies [56, 57].

Conclusions

The development of clinical symptoms of
both ALS and FTD in some patients confirms
a TDP-43 proteinopathy continuum. The
assessment of the ALS-DFT complex from an
integrative point of view (considering clinical,
molecular, genetic and neuroimaging tech-
niques) allows a more accurate approxima-
tion. Probably, in the coming years, some
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subtypes of patients associated to specific his-
topathological and genetic findings could be
identified taking into account clinical charac-
teristics, cognitive profiles and neuroimaging
findings.
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12.1 Introduction

12.1.1 Neurodegenerative Diseases

Neurodegenerative diseases gain an accelerating
importance depending on the increase in the life
span of mankind. Due to the increase in the life
time of human, the probablity of observing neu-
rodegenerative diseases increases remarkably. As
very well known, neurodegenerative diseases pri-
marily affect neurons resulting in progressive
degeneration and/or death of nerve cells, nerve
structure which may cause movement problems
and mental disfunctioning such as loss in mem-
ory and desicion-making. Alzheimer’s Disease
(AD), dementias, Parkinson’s Disease (PD),
PD-related disorders, prion disease, Motor
Neuron Diseases (MND), Huntington’s Disease
(HD), Spinocerebellar Ataxia (SCA), and Spinal
Muscular Atrophy (SMA) constitute neurode-
generative diseases. However, AD, dementia, PD,
and HD are the most widely encountered neuro-
degenerative diseases. AD is the most common
neurological disorder in people older than 65. It
has been estimated that the number of AD demen-
tia patients will be 13.8 million in 2050 [1, 2].
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PD is the degeneration or loss of dopaminer-
gic neurons in striatum and substantia nigra of
brain. Additionally, there is an abnormal accu-
mulation of alpha-synuclein protein bound to
ubiquitin in nerve cells in PD which accumu-
lates proteins from spherical inclusions called
Lewy bodies. Diskinezia, rigidity, and tremors
are the common symptoms of PD. AD is the
commonly observed form of dementia and it is
the progressive loss of memory by depositing of
tiny protein plaques and misfolding of beta-
amyloid and tau proteins that damage different
parts of the brain. Although PD and AD have
different characteristics, they have a similar
pathology mechanism involving the accumula-
tion of abnormally folded proteins that leads to
fibril formation and amyloidosis. HD is a pro-
gressive genetic disorder. It affects major mus-
cles of the body leading to severe motor
restriction and may cause death eventually
[3-5].

Current treatment strategies of neurodegener-
ative diseases can only comprise alleviation of
symptoms and helping to improve patients’ life
quality. For example, memantine and donepezil
can be used to slow the progression of dementia
symptoms in some people with Alzheimer’s dis-
ease. Levodopa as gold standard in PD treatment
can increase the brain’s dopamine level to relieve
some PD’s symptoms; however, its long-term
usage can cause some side effects such as on-off
periods and diskynesia.
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Due to the lack of effective therapy strategies
in neurodegenerative diseases, researchers focus
on enlightening the mechanisms of disease and
searching on new imaging strategies by using a
variety of noninvasive imaging modalities to per-
form early diagnosis with molecular imaging.
Therefore, effective therapy strategies of neuro-
degenerative diseases can be achieved [4].

12.1.2 Noninvasive Imaging
Modalities

A variety of imaging modalities with higher sen-
sitivity and specificity have been developed ben-
efiting from recent developments in the computer
engineering and radiation physics in order to
diagnose the diseases more accurately by getting
better images.

The history of imaging modalities initiates
with gamma camera at 1950s which was very
similar to photoscanners called scintillation cam-
era [6]. Gamma camera was then functionalized
with a rotating detection system with reconstruc-
tion algorithms and computers in 1976 called
single-photon emission computed tomography
(SPECT) [7].

A new age in the diagnosis in Nuclear
Medicine and Radiology clinics was performed
by invention of PET and other recently used
imaging modalities to obtain more sensitive and
accurate images. For both clinical and preclinical
studies, different imaging modalities are used for
nanomedicine researches that have different
applications with various pros and cons for the
diagnosis and imaging of various diseases.
Positron Emission Tomography (PET) and
Single-Photon Emission Computed Tomography
(SPECT) have some advantages such as higher
sensitivity, proper for biodistribution studies, giv-
ing quantitative results and unlimited penetra-
tion. Limited spatial resolution, use of radioactive
probes and lack of anatomical resolution are
some of their drawbacks. Computed Tomography
(CT) gives anatomical information with high spa-
tial resolution, dynamic imaging and quantitative
results. It has poor soft tissue contrast, low con-
trast agent sensitivity and causes radiation

exposure. Magnetic Resonance Imaging (MRI)
has high spatial resolution and high soft tissue
contrast. Its diasadvantages include low contrast
agent sensitivity and difficult quantification.
Optical Imaging (OI) is mostly used for preclini-
cal research purposes with high sensitivity.
However, it has poor penetration depth, difficulty
in quantification, and poor penetration depth.
Ultrasound (US) imaging is a dynamic imaging
modality with a high sensitivity. It has higher
user dependency and low probe versatility, and as
another disadvantage whole body imaging can
not be performed by US [8].

The launch of hybrid imaging modalities
such as PET/CT, SPECT/CT, PET/MR in pre-
clinical and clinical studies are relatively novel.
Hybrid imaging modalities have the ability to
fuse anatomical and functional images in
molecular imaging to obtain more accurate
images and better diagnosis by compensating
the weaknesses of each individual imaging
modalities [9, 10]. Hybrid imaging modalities
provide imaging of patient with different imag-
ing modalities at the same time, at the same
patient but without causing any disturbance to
patient and within a very short time to obtain
more accurate images [11].

As a relatively new field, molecular imaging
is the diagnosis of different diseases through
characterization and quantification of biological
processes at cellular and sub-cellular levels
before initiation of any symptomatic changes. It
is essential to detect a specific target molecule
such as hormone, enzyme, lipid, etc., which
may occur or increase during the disease pro-
cess. The quantification of molecular changes
related with the initiation, maintenance, and
finalization of pathologic processes is signifi-
cant in providing early diagnosis, prognosis,
and early therapy of several diseases [12]. These
molecular targeted, nanosized nanocarriers can
be used for either diagnosis and/or imaging of
different neurodegenerative diseases such as
Parkinson’s disease, Alzheimer’s disease, and
stroke [13, 14].

Although variety of imaging modalities have
different working principles, different pros and
cons, using different radiocontrast/contrast
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agents, all of them are needed higher signal inten-
sity coming from the diseased tissue or organ in
order to detect and diagnose the disease accu-
rately. Depending on the launch of novel imaging
modalities in Nuclear Medicine and Radiology
clinics, novel, more specific, targeted and modi-
fied radiopharmaceuticals, radioligands, and
radiocontrast agents are needed to specifically
image the diseased area within the body for early
diagnosis and by this way early therapy. This can
be achieved by designing molecular, target spe-
cific, nanosized and functionalized radiocontrast/
contrast nanocarriers.

12.1.3 Nanocarriers as Promising
Approach for Both Diagnosis
and Imaging

Benefiting from drug delivery systems as nano-
carriers depends on decreased volume of distri-
bution of drug molecules, enhanced
accumulation and localisation of drug mole-
cules in desired tissues, increasing bioavailabil-
ity, organs or even cells, improving undesired
properties such as bad taste and odor, and by
this way decreasing adverse effects and side
effects of drugs [15, 16]. Needing of drug com-
pany facilities with developed technology, high
costs, and developed drug research and devel-
opment facilities leading by qualified personnel
and longer process times are some of draw-
backs and challenging parts. However, these
drug delivery systems are very beneficial in
decreasing dose and by this way increasing
safety and efficacy and decreasing adverse
reactions and toxicity of drug molecules [14,
17-19]. These passive and active targeted drug
delivery systems as nanocarriers can also be
used for diagnosis and imaging of several dia-
seases such as neurodegenerative diseases by
modification of radionuclides and contrast
agents. Therapy monitoring can also be
achieved by using nanosized radioligands.
Liposomes, niosomes, micelles nanoparticles,
nanocapsules, microparticles, dendrimers, colloi-
dal gold, gold nanoshells, cyclodextrins, super-
paramagnetic particles, and carbon nanotubes are

some of drug delivery systems and nanocarriers
for not only therapy but also diagnosis and imag-
ing of several diseases such as neurodegenerative
diseases [14, 19-29].

The advantages and limitations of some of
these drug delivery sytems as nanomedicines for
either imaging or therapy have been given in
Table 12.1.

Drug delivery systems as nanocarriers have
proceeded a long way from first-generation deliv-
ery systems which were removed from blood cir-
culation by RES organs such as liver and spleen
[32]. They were mostly used for the diagnosis or
therapy of RES organs. Second-generation drug
delivery systems were modified with amphiphilic
polymers such as PEG, chitosan, monosialogan-
glioside GM1, and glucuronide derivatives, and
used for the diagnosis and therapy of other organs
and diseases [33]. These small particle sized and
hydrophilic polymer coated, passive targeted sys-
tems are called “stealth” systems [33]. Third-
generation nanocarriers comprise modification of
target specific ligands such as antibodies, anti-
body fragments, or peptides for active targeting
[19, 34, 35]. Surface modification and architec-
ture for specific targeting and proper radionuclide
or contrast agent modification by optimum for-
mulation are essential for designing target spe-
cific molecular imaging nanocarriers [14,
36-38].

These nanocarriers can be used for the diag-
nosis and imaging by modification of either a
single radioligand/contrast agent or two or
more diagnostic radiocontrast/contrast agents
in order to increase signal intensity to obtain
more accurate images of neurodegenerative dis-
eases as dual modality or multimodality nano-
carriers. Additionally, both the diagnosis and
therapy can be achieved by using single nano-
sized sytems called theranostics. Theranostics
give the chance of molecular imaging and ther-
apy monitoring [39]. Early diagnosis and imag-
ing of different neurodegenerative diseases and
by this way early therapy and therapy monitor-
ing can be achieved with a great success by
designing novel molecular, target specific,
nanosized and functionalized radiocontrast/
contrast nanocarriers.



146

M. Silindir-Gunay and A. Y. Ozer

Table 12.1 Nanocarriers and application platforms [30, 31]

Nanocarrier
type

Composition/structure

Properties

Applications

Lipid vesicles

Liposomes, micelles

Can carry hydrophobic cargo,
biocompatible, typically 50-500 nm

Drug delivery and imaging

Dendrimer PAMAM, etc. Low polydispersity, cargo, Drug delivery and imaging
biocompatible

Polymeric PLGA, glycerol, Some biodegradable Drug delivery; passive release

particles chitosan, DNA; (diffusion), controlled release

monomers, copolymers,
hydrogels, etc.

(triggered) and imaging

Quantum dots | CdSe, CulnSe, CdTe, etc.

Broad excitation, tunable emission,
typically 5-100 nm

Optical imaging

Gold particles | Spheres, rods, or shells | Biocompatibility, typically 5-100 nm | Hyperthermia therapy, drug
delivery, and imaging
Microbubbles | Microbubbles Low circulation residence time, Ability to target, drug delivery,
typically 100-700 nm diagnosis in combination with
ultrasound, biocompatible
Magnetic Iron oxide or cobalt- Superparamagnetic, ferromagnetic Contrast agents (MRI),
particles based; spheres, (small remanence to minimize hyperthermia therapy

aggregates in dextran or

aggregation), superferromagnetic

silica (~10 nm), paramagnetic
Silica particles | Spheres, shells, Biocompatibility Contrast agents, drug delivery
mesoporous (encapsulation)
Carbon-based | Carbon nanotubes, bucky | Biocompatible Drug delivery and imaging

particles balls, graphene

12.1.3.1 Nanocarriers for Imaging
of Neurodegenerative
Diseases
A variety of nanocarriers can be used for the
diagnosis and molecular imaging of different dis-
eases like neurodegenerative diseases. The diag-
nosis and imaging of neurodegenerative diseases
can be performed by different imaging modali-
ties by using different modified, targeted, nano-
sized single/multimodal and single/
multifunctional radiocontrast or contrast nano-
carriers [40]. A schematic representation of mul-
tifunctional nanocarriers was given in Fig. 12.1.
Human neural progenitor cells (hNPCs) have
the ability to differentiate into cells of the neural
lineage, and it is essential in neurodegenerative
diseases. Bernau et al. [42] formulated super-
paramagnetic iron oxide (SPIO) nanoparticles
labeled with hNPCs to increase iron content for
MRI imaging. This study is essential in enlight-
ening alternative methods for cell detection [42].
Indole-3-carbinol (I3C)-loaded poly(D,L-lactic-
co-glycolic acid) (PLGA) nanoparticles were for-

mulated for antioxidant and neuroprotective
effect which is essential in neurodegenerative
diseases [43]. BBB impermeability of I3C was
improved by preparation of Tween 80 comprising
nanoparticles in in vitro cell culture studies [43].
Apoptosis is related to many diseases including
incurable neurodegenerative diseases. Roy et al.
[44] used a novel method to prepare annexin V
antibody (AbAS5)-modified graphene quantum
dots (GQDs) including photoluminescence prop-
erties in order to label and in vivo imaging of
apoptotic cells in live zebrafish (Danio rerio) by
which found very effective [44]. Translocator
protein (TSPO) functionalized luminescent silica
coated QD nanoparticles (QD@SiO2 NPs) were
prepared for molecular fluorescent imaging of
mitochondria. TSPO is generally overexpressed
at outer mitochondrial membrane in some patho-
logical conditions such as neurodegenerative dis-
eases and cancers like glioma. These target
specific, nanosized silica coated QD nanoparti-
cles were observed as effective imaging agents
in vitro [45].
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Fig. 12.1 Multifunctionalized nanocarriers for different purposes (Taken and modified from [41])

Amyloid targeted nanoliposomes were formu-
lated for the therapy of AD. These
immunoliposomes were prepared by modifica-
tion of a mAb against AB-peptides (Ap-mAb)
and two different curcumin-lipid derivatives on
the surface of liposomes. It was observed that
these liposomes strongly delayed amyloid pep-
tide aggregation and found potential [46].
Superparamagnetic iron oxide nanoparticles can
be used for the diagnosis and imaging of BBB
dysfunction related to tumors and other neuroin-
flammatory pathologies, cerebral ischemia or
stroke, multiple sclerosis, traumatic brain injury,
and epilepsy. AD is also related with neuroin-
flammation comprising the BBB so ultrasmall
superparamagnetic iron oxide nanoparticles
(USPIONSs) can be used for imaging and diagno-
sis of AD by penetrating BBB to the some extent
[47]. Yang et al. [48] formulated AP1-42 peptide
loaded into ultrasmall USPIOs to diagnose and
image AD by MRI. Amyloid plaques were suc-

cessfully identified in mice. Nanosized, Congo
Red (ability to specifically bind to amyloid
plaques that have extensive f-sheet structures),
and Rutin (a phenolic antioxidant) loaded mag-
netic nanoparticles were formulated as theranos-
tics for both detecting amyloid plaques by MRI
and for therapy of AD by controlled release of
Rutin by H,O, response to prevent oxidative
stress. These theranostic agents found effective in
AD diagnosis and therapy in in vivo and in vitro
studies [49].

Similar to AD, early diagnosis of PD is also
crucial for early and effective therapy of PD. The
diagnosis and imaging of PD before the initiation
of disease symptoms such as slowness in the
movements, rigidity in the muscles, and malfunc-
tion in the posture at the level of molecular altera-
tions is crucial [50, 51]. Rhodamine-B conjugated
multimodal iron oxide nanoparticles were pre-
pared to image PD. It was observed that about
5 x 10° labeled mesenchymal stem cells were
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efficiently imaged with MRI in short term after
infusion in the brain striatum of rats developed
PD [52]. A fluorescent nanoparticle was prepared
for both the diagnosis and therapy of neurode-
generative diseases such as PD. These nanopar-
ticles include fluorescent core/shell CdSe/CdS
quantum rods for specific targeting and they were
aimed to controlled release of dopamine. These
multifunctional nanoparticles showed potential
efficacy [53].

Gold (Au) nanoparticles (colloidal gold) can
be used for both bio-imaging and as photonics
due to their unique optical properties which arise
after interaction of light with electrons on the sur-
face of Au nanoparticles [54]. Au nanoparticles
can also be used for dissolving amyloid aggre-
gates in weak microwave fields [55]. The dissolv-
ing of AP aggregates and prevention of A
aggregations were performed by local thermal
energy formation at a molecular level when sur-
rounded by a weak microwave field [55].
Au-doped TiO, nanotube arrays were formulated
as a photoelectrochemical immunosensor for the
diagnosis of a-synuclein specific in PD [56].
Nanosized, PEG-coated, °’"Tc-labeled and
pramipexole encapsulated, neutral and positive
charged liposomes and niosomes were formu-
lated for both diagnosis and therapy of PD. The
formulation and characterization studies of both
teranostic formulations were found proper and
potential for further in vivo studies in 6-OHDA
lesioned rats [57, 58].

Conclusion

The incidence of the observation of neurode-
generative diseases is on the rise depending on
the increament in the life span of human.
Therefore, early diagnosis and imaging of dif-
ferent neurodegenerative diseases is very
essential especially at molecular level before
initiation of symptomatic alterations in order
to enhance life quality and standard of patients
and to provide early and more effective
therapy.

Depending on the development of novel,
more sensitive imaging modalities, more spe-
cific and active targeted, single/multifunc-
tional contrast/radiocontrast nanocarriers are

getting under research increasingly and inves-
tigated by combination of modification,
chemical and biological design. Apart from
many pros of nanocarriers, by eliminating a
few cons such as lower stability and toxicity,
highly effective, target specific, next genera-
tion contrast agent/imaging probes can be
developed. The design of novel, effective,
BBB permeable, multifunctional contrast/
radiocontrast agents is not only crucial for
early diagnosis and imaging of neurodegen-
erative diseases, but also therapy monitoring,
identification of molecular targets in the brain
and understanding of tissue properties and
targeting mechanisms, tracing of biodistribu-
tion and pharmacokinetics of drug
molecules.

Due to the multidisciplinary studies of
medicine, pharmacy, chemistry, and computer
engineering, preclinical and clinical studies of
these novel, target specific, BBB permeable,
multifunctional contrast/radiocontrast agents
may take market authorization and enter to the
market in the near future. Therefore, its reflec-
tion to Nuclear Medicine and Radiology clin-
ics will help to obtain more accurate and early
diagnosis by molecular imaging of neurode-
generative diseases such as AD, PD, and
stroke.
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Parkinson Disease Therapies

and Drugs

Rodolphe Haijj

13.1 Introduction

Parkinson disease (PD) is the second most com-
mon neurodegenerative and progressive disorder
characterized by dopaminergic deficiency due to
the degeneration of dopamine-producing neurons
that control motor movements [1]. It is character-
ized by a-synuclein aggregation and deposition
as well as by a multitude of molecular distur-
bances in different areas of the brain [2]. Main
characteristic PD symptoms include rigidity,
tremor, bradykinesia and postural instability [3].
Other neurotransmitter systems together with the
loss of non-adrenergic, serotoninergic and cho-
linergic neurons are also responsible for non-
motor symptoms [4], such as cognitive decline,
depression, sleep abnormalities and gastrointesti-
nal disturbances.

Two hundred years after the first description
of PD, all currently approved drugs are symp-
tomatic with low to fair benefit, and do not affect
the progression of the disease [5]. This could be
mainly explained by the poor understanding of
the pathogenesis and the pathophysiological
mechanisms involved in the aetiology of PD that
limit the discovery of more effective symptom-
atic and disease-modifying agents.
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Therapies of PD involve drug treatment, neu-
rosurgery and supportive therapies. In this chap-
ter, I will focus on currently established therapies
of PD with the most common drugs and give
some examples of drugs still ongoing research
and development. Cell and gene therapies will be
discussed later in this book.

13.2 Pharmacotherapy
for Parkinson Disease

Following the establishment of the clinical diag-
nosis and after a deep discussion with the patient
and relatives about the disease and its implication
on daily life, an appropriate treatment should be
decided. Chosen pharmacotherapy must take into
account the age, the physical impairment by the
time of diagnosis, as well as motor complications
that can be related to the treatment. The therapy
must target first motor symptoms, then ideally
non-motor complications that are out of the scope
of this chapter.

The currently used pharmacotherapy for PD
consists mainly in dopamine replacing therapies
due the deficit of production and action of dopa-
mine in the nigrostriatal region of the brain. Other
non-dopaminergic therapies are also available
(Fig. 13.1).

151

S. Singh, N. Joshi (eds.), Pathology, Prevention and Therapeutics of Neurodegenerative Disease,

https://doi.org/10.1007/978-981-13-0944-1_13


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0944-1_13&domain=pdf
mailto:rhajj@pharnext.com

152 R. Hajj
PERIPHERAL BLOOD BRAIN
@
§ 3-O-methyldopa 3-methoxytyramine
(W3] r 3
= | .
3 -{ Q
Entacapone i Dopamine
Opicapone —| (‘04,7~ receptors
Toleapone [ AAT | AAA .
£ dopa * W o - < Dopamine 9
Benser‘_a*sz‘e —I ez v f % oL :;'*J\’* q
Carbidopa e - Selegiline o0 Ropinirole
p Rasagiline —| @ Piribedil
Dopamine ¢ _——'—-—'\ . Safinamide s Pramipexole
”°©N""= o + Rotigotine
HO §. DOPAC Apomorphine
rse gve nt§ E’ Bromocriptine
Aﬁ-ue 5 Benzatropine —e Pergolide
Nausea 2 | Trihexyphenidy! Carbegoline
Vomiting %. M1 receptors Lisuride
Hyper/Hypotension = a-DHEC
Amantadine —ID
l NMDA receptors

Fig. 13.1 Pharmacotherapy for the treatment of motor
symptoms in Parkinson disease. Approved drugs are pre-
sented in green. L-dopa is administered mainly orally with
an AAAC-I that does not cross the brain barrier to make it
more available for the brain. COMT-I may also prolong its
half-life and its availability to cross the blood—brain bar-
rier via the amino acid transporter (AAT). Once in the
brain, COMT-I (if a safe drug is available) will similarly
prevent partly the degradation of L-dopa leading to its
major conversion to dopamine that is responsible for the
positive clinical effect by binding dopamine receptors. To
increase the level of dopamine, MAO-B inhibitors are

13.2.1 -Dopa

Currently, the gold standard for the treatment of
PD is L-dopa (L-dihydroxyphenylalanine), used
as a precursor for the replacement of the loss of
dopamine in the brain of affected patients. It is
always combined with a decarboxylase inhibitor
to avoid its conversion to dopamine in the blood
stream and increases thus its original half-life.
L-dopa is today the most efficacious and efficient
symptomatic treatment for PD, devoid of any
neuroprotective activity. However, its chronic
long-term use is often associated with the devel-

Other receptors (S5HTR, ADR, nAChA7, o1)

used to prevent its partial degradation into
3,4-Dihydroxyphenylacetic acid (DOPAC). COMT-I can
also contribute the same way. To mimic the effect of dopa-
mine, dopamine agonists are also used alone or in combi-
nation to L-dopa. Other secondary therapies act on the
muscarinic receptors type 1 (Ml1), or on N-methyl-D-
aspartate (NMDA) receptors to moderately alleviate
motor deficits in patients. Red lines: inhibition. a-DHEC
dihydroergocryptine, SHTR 5-hydroxytryptamine recep-
tors, ADR adrenergic receptors, nAChA7 nicotinic acetyl-
choline alpha 7 receptors, o/ sigma-1 receptors

opment of motor complications such as dyskine-
sias [6], thought to be due to the repetitive
stimulation of dopamine receptors. It was even
shown to induce oxidative stress, in PD patients
[7], that might have a negative impact under
long-term treatment.

L-dopa therapy is recommended in all stages
of PD whether patients present non-motor com-
plications or not. Its clinical efficacy was shown
to work better or at least equivalently to other
dopaminergic drugs [8]. However, the need of an
adjunction therapy after manifestation of L-dopa
side effects seems to be unavoidable.
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One way to decrease the appearance of
L-dopa-induced side effects was to formulate it as
an infusion in the jejunum (Duodopa) in order to
stabilize its concentration in the plasma and thus
stimulate dopamine receptors in a constant fash-
ion. This treatment can be prescribed later when
the disease is in an advanced stage where dyski-
nesias are highly manifested [9]. Infusion therapy
still needs to prove its use and efficacy since the
access to this therapy is not of general use for the
time being.

13.2.2 Decarboxylase Inhibitors

Also known as aromatic amino acid decarboxyl-
ase inhibitors (AAAC-I), these drugs were intro-
duced shortly after L-dopa in order to increase its
efficiency in producing dopamine in the brain,
and also to allow the use of L-dopa at lower dos-
ages to decrease its subsequent side effects. Two
AAAC-I are extensively used clinically, always
in combination to L-dopa: carbidopa and bensera-
zide. These drugs were primarily designed to act
in the peripheral blood only, devoid of the capac-
ity to cross the blood-brain barrier.

13.2.3 Catechol-O-Methyltransferase
Inhibitors (COMT-I)

COMT-I possess a more simple and straightfor-
ward mechanism of action than monoamine oxi-
dase inhibitors (MAO-I). Metabolism of L-dopa
by COMT is the second important degradation
pathway leading to the conversion of L-dopa to
3-0O-methyldopa (30MD). Entacapone is the
most used COMT-I clinically that prevents
peripheral degradation of L-dopa, thus improving
the penetrating level of L-dopa into the brain and
its conversion to dopamine. Recently in June
2016, opicapone was approved in Europe for the
same use, while tolcapone is no longer used due
to its toxic effect on the liver. COMT is impli-
cated in the degradation of dopamine in the brain
as well, which emphasizes the clinical meaning-
fulness of COMT-I by not only acting peripher-
ally to increase the amount and half-life of L-dopa

in the blood, but also improving the level of
dopamine in the brain of PD patients.

13.2.4 Monoamine Oxidase
Inhibitors (MAO-I)

MAGO:s are a class of inhibitors that slow the deg-
radation of dopamine by inhibiting its conversion
to DOPAC. Thus, MAO-I will increase dopamine
in the brain of PD patients leading to the symp-
tomatic improvement of motor functions.
However, this was not the reason for which
MAO-I were tested initially in the past. Indeed, it
was thought that the metabolism of dopamine is
generating oxidative stress responsible of nigros-
triatal cell death and associated PD symptoms.
Hence, the idea came to inhibit the observed oxi-
dative stress by inhibiting the metabolism of
dopamine, particularly by inhibiting the activity
of MAO-B that was initially regarded as a major
source of free radicals [10]. The first clinical trial
with the MAO-I selegiline was based on this idea
[11]. Later in subsequent clinical trials, selegiline
began to be considered as a disease modifier
when patients continued to show improvement
after washing out the drug, but this concept was
judge insufficient by experts [12]. Other MAO-I
such as rasagiline with a wider mechanism of
action was considered as promising for disease
modification, but its modifying effect turned out
to be disappointing clinically [13]. Another
recently approved MAO-I, safinamide, proved its
moderate efficacy clinically by a mechanism of
action that is thought to be beyond a simple
action on MAOs [14].

Therefore to date, MAO-I can support thera-
peutically L-dopa treatment as add-on by increas-
ing dopamine in the brain and by adding other
mechanistic components that could help in alle-
viating PD symptoms.

13.2.5 Dopamine Agonists
Dopamine agonists act by replacement or support

to endogenous dopamine that is severely
decreased in the striatum of PD patients. These
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work similarly by binding and stimulating post-
synaptic dopamine receptors. Ten dopamine ago-
nists are currently approved for the treatment of
PD and are administered to (1) treatment-naive
patients or as (2) add-on to L-dopa. As stated
above, dopamine agonists do not work better than
L-dopa and it was initially thought that these do
not lead to the occurrence of frequent dyskinesias
observed in patients treated initially with L-dopa
[15]. However, this idea is not clear yet since
long-term treatment and follow-up studies with
dopamine agonists followed by the addition of
L-dopa have still to be undertaken.

On the other hand, dopamine agonists are
known to induce side effects of which profile and
intensity depend on the type of the drug: ergot or
non-ergot derived drug. Indeed, non-ergot dopa-
mine agonists have been described to have a bet-
ter safety profile than ergot drugs [16], leading to
the idea of using non-ergot dopamine agonists
before using ergot ones, depending on the effi-
cacy and tolerability of the first administered
drugs to patients.

13.2.6 Non-dopaminergic Drugs

This class of drugs is less used than therapies
cited above and considered as secondary for PD
treatment. Anticholinergic drugs and amantadine
are among this class (Fig. 13.1). Amantadine is
still used at advanced stages of PD to manage
L-dopa associated dyskinesias and as a mild early
anti-Parkinsonian drug.

13.3 Which Treatment Comes First
for the Management

of Parkinson’s?

There is no definite choice in the initial pharma-
cotherapy to treat PD patients. Generally,
patient’s age (over or below 60 years old) and
lifestyle should be taken into account. More par-
ticularly, the patient should participate in the
selection of the first medication(s) after these
have been well explained by the physician,

regarding their short- and long-term benefits and
side effects.

The most widely used initial medication in
patients over 60 years old is L-dopa associated to
an AAAC-I. However, the dose of this combina-
tion per day should be kept as low as possible in
order to reduce the occurrence of motor compli-
cations such as dyskinesias.

On the other hand, the physician in collabora-
tion with the patient may choose to begin the
therapy with a dopamine agonist. As a general
recommendation, non-ergot dopamine agonists
are preferred first. Then, if these have moderate
efficacy on motor symptoms, ergot-derived dopa-
mine agonists may be tested with a close moni-
toring of adverse events. There is no general rule
for the use of a given dopamine agonist or
another. Each drug should be titrated in each
patient to achieve a clinical efficacious response.

Last, MAO-I might also be used as initial
treatment, but this is not usually the case since
these are almost always used as add-on to L-dopa
to manage complications. The same issue is for
amantadine that can be used in early PD after
other medications having been tested before.
COMT-I are always associated at later stages to
L-dopa for the management of motor fluctua-
tions. Similarly, apomorphine is used in adjunc-
tion to L-dopa when severe motor complications
occur. MAO-I and COMT-I can also be associ-
ated early to L-dopa to prolong its effect and thus
reduce the possibility of occurrence of motor
complications, but there is no general rule of
using this scheme. All recommendations for the
use of different approved drugs for PD were sum-
marized by Ferreira and colleagues [17].

13.4 Drugsin Research
and Development
for Parkinson’s

The therapeutic pipeline for the treatment of PD
was growing in the last decades due to the absence
of an effective safe, tolerable symptomatic and
disease-modifying treatment. Many molecules are
in their early phase of discovery and preclinical
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research, with diversified mechanisms of action.
Overall at the time of writing this chapter end 2016,
the total number of therapeutics in all R&D stages
for the treatment of PD and its complications is
estimated to be higher than 250 (source GlobalData,
https://healthcare.globaldata.com). Many non-
dopaminergic compounds that reached clinical
testing were summarized for their activity in ani-
mal models of PD by Stayte and colleagues [18].

New symptomatic therapies are currently
ongoing clinical trials to treat motor symptoms in
PD. Some still focus on the dopaminergic path-
way, more precisely on dopamine receptors such
as CLR-4001 (Phase 2, Clera Inc.) and KDT-3594
(Phase 1, Kissei Pharmaceutical) that agonises
dopamine receptors type 2, and others focus on
non-dopaminergic pathways such as those driven
by adenosine A2A receptors that are selectively
expressed in the striatum. The blockade of these
receptors expressed on the striatopallidal neurons
induces the inhibition of their release of GABA in
the globus pallidus, potentially enhancing motor
function in PD [19]. Istradefylline and tozadenant
are examples of such molecules antagonising
these receptors. Istradefylline was approved in
2013 in Japan but failed however recently in
December 2016 to demonstrate its efficacy in an
international Phase 3 trial for the assessment of
PD motor symptoms, therefore questioning the
successful future of other adenosine A2A-
targeting drugs. Other mechanisms of action
involve compounds acting on metabotropic gluta-
mate receptors, such as PXT-2331 (Phase 1,
Prexton Therapeutics), an agonist of mGluR4.
These receptors are localized presynaptically on
the striatopallidal neurons and on the subthalamo-
nigral projections. mGluR4 activation is expected
to decrease GABAergic and glutamatergic trans-
mission to restore motor behaviours in PD.

On the other hand, disease-modifying thera-
pies are also actively sought in order to slow the
progression of PD. Caffeine (Phase 3, McGill
University) for example is among the molecules
tested to modify the course of the disease. Its
mechanism of action is identical to molecules
antagonising adenosine A2A receptors. Inosine
(Phase 3, Massachusetts General Hospital) is

another example of molecule tested to raise urate
levels believed to be neuroprotective in
PD. Isradipine (Phase 3, University of Rochester),
a calcium channel blocker originally used for the
treatment of hypertension, was repurposed in PD
as a potential disease modifier. Simvastatin
(Phase 2, Plymouth Hospitals NHS Trust), a low-
ering cholesterol drug, is also currently reposi-
tioned and tested for neuroprotection in PD. Since
PD is related to a-synuclein, PRX002 (Phase 1,
Prothena Corporation) is now testing as a human-
ized IgG1 monoclonal antibody directed against
aggregated a-synuclein. Initial results showed
that it decreased the level of a-synuclein in the
blood of PD patients.

13.5 Why Drug Combinations Are
the Key for the Treatment
of Parkinson'’s?

Combination therapy is to date used routinely in
the management of PD. Dopaminergic therapies
are those mainly combined together to provide
effective symptom relief and limited side effects
associated with the higher doses of each agent
[20, 21]. Dopamine agonists can be added on
L-dopa and vice versa. When combined with
other drugs from the pharmacotherapy of PD,
L-dopa efficiency is enhanced at importantly
lower dosages, but for a short time period of
treatment. At later stages of the disease, L-dopa/
carbidopa is also combined to entacapone to pro-
long its effect on motor symptoms.

Current combinational strategies for the treat-
ment of PD involve up to 4 drugs together (with-
out taking into account AAAC-I) and are
commonly used to improve the symptoms and
reduce the occurrence of side effects and motor
complications of dopaminergic drugs, but still
not efficiently and satisfactory. This comes from
the fact that the sole mechanism of action of all
dopaminergic drugs is the activation of dopamine
receptors. Their combinations will hence act on
the same receptors without any new brought
mechanistic component, therefore mimicking a
mono-therapeutic intervention. Since Parkinson’s
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is a complex multifactorial disease characterized
by the disturbance of several molecular path-
ways, targeting one mechanism will most likely
not achieve a satisfactory clinical response.

In the last few years, it became largely admit-
ted that drug combinations would be the most rea-
sonable solution to tackle any disease, especially
neurodegenerative ones that are etiologically very
complex [22-24]. Drug combinations are of par-
ticular relevance when they multi-target different
molecular pathways and mechanisms of the dis-
ease. Very recently, Hajj and colleagues applied
this very promising combinational strategy to
treat PD by assuming that two drugs with differ-
ent mechanisms of action could be more efficient
when combined together [25]. More importantly,
these drugs in combination were used at very low
doses allowing to anticipate future concerns of
side effects. They repurposed two drugs, acam-
prosate and baclofen, and showed that their com-
bination named PXT864 provided neuroprotective
activity in Alzheimer disease in vitro and in vivo
models while restoring several altered hallmarks
in AD [24]. Based on the fact that Alzheimer and
Parkinson share genetic, molecular and cellular
features, they explored the possibility that
PXT864 could also be used for the treatment of
PD as well. They demonstrated that PXT864 syn-
ergistically protected dopaminergic neurons
in vitro, and then confirmed the efficacy of the
combination on motor dysfunctions in the
6-OHDA rat model, relevant to PD [25]. The
effectiveness of the combination did not only con-
sist in a neuroprotective activity in PD rats, but
also in a symptomatic one. They argued that
PXT864 is capable of protecting dopaminergic
neurons and normalizing the activity of the gluta-
matergic and GABAergic system reinstating the
functioning of brain motor systems [26]. This, if
not unique, is an example of how should drug
combinations be designed for the therapeutical
management of PD. Repurposed or not, drugs
should be combined on the basis of targeting dif-
ferent disease mechanisms, and ideally should be
synergistic in order to use them at low doses to
overcome problems of adverse events.

Conclusions

L-dopa discovery half a century ago [27] was
the most significant finding since it is still the
main used therapy for PD. However, as dis-
cussed above, its symptomatic action is
always accompanied by the discomfort of
side effect motor fluctuations. Moreover,
L-dopa does not possess the ability to protect
neuronal cells in patients and thus devoid of a
disease-modifying activity. Several therapeu-
tic approaches have been developed to treat
patients, but these are still lacking effective-
ness and safety. Extensive research efforts
have been carried out over years for the dis-
covery of effective and robust treatments for
replacement or combination to L-dopa, but
most compounds that have proven their effi-
cacy in animal models of PD [28] have failed
in human clinical trials [29].

Presently, there is an urgent need for a
disease-modifying neuroprotective therapy
that should also possess a symptomatic action
for the immediate restoration of motor dys-
functions that are already elicited at the
moment of diagnosis. It would not be exagger-
ated to predict the success of a new symptom-
atic or disease-modifying therapy in the next
two decades in replacement or support to
existing therapies. This could only occur if the
way of treating Parkinson disease is rethinked
by designing new polytherapeutic treatments
based on targeting multiple disease molecular
pathways from the mechanistic standpoint.
One obstacle should also be overcome for the
success of such therapies: the development of
a predictive animal model of PD capable of
mimicking patients’ neurodegeneration and
symptoms. In addition, all developed thera-
peutics were only tested in these animal mod-
els focusing on the nigrostriatal pathway that
do not model or take into account the distur-
bance of other neurotransmitter systems in the
brain. Next generation drugs should consider
other brain regions together with the current
targeted ones, ideally by combining synergis-
tic compounds.
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14.1 Introduction

As advances in medicine continue to be made,
important public health implications are now
arising in an aging population with increased life
expectancy. These implications are especially
noticed in diseases of aging, of which PD is no
exception. The prevalence and occurrence of PD
amplified almost exponentially with age, and the
number of people with the disease is projected to
increase by more than 50% by 2030 [1].

PD is considered the majorly frequent move-
ment disorder. It is well-known for its character-
istic primary motor symptoms, which include
rigidity, resting tremor, hypokinesia, and postural
instability [2]. These symptoms are due to degen-
eration of dopaminergic neurons (DAn) in the
substantia nigra pars compacta (SNpc), which
thereby causes a severe deficit of the neurotrans-
mitter dopamine in the two target nuclei, the
putamen and the caudate nucleus [3].

PD diagnosis is based on the presence of
a-synuclein aggregates (a protein abundant in
presynaptic terminals) called Lewy bodies [4].
Furthermore, other complex cellular disturbances
such as synaptic damage, apoptosis, loss of tro-
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phic support, mitochondrial dysfunction, oxida-
tive stress, and neuro-inflammation are also
believed to be involved, contributing to disorder
progression [5]. These latter disturbances may
explain the lesser known secondary motor and
non-motor symptoms that also affect patients
with PD, and often manifest themselves years
before the recognizable primary motor symptoms
[1, 6].

The etiology of PD is still unknown, though
different theories have been suggested. One the-
ory, known as Braak’s hypothesis, emphasizes
the role of a-synuclein protein aggregates in dis-
ease progression. The theory proposes that these
protein aggregates target specific induction sites
in the peripheral nervous system which gradually
spread to less vulnerable areas in the central ner-
vous system, suggesting that PD may be a type of
prion disease [4]. A more recent hypothesis called
the “Threshold Theory” suggests that symptoms
begin appearing when the functional store of neu-
rons and their corresponding regions of brain can
no longer compensate for neuronal loss.
According to this theory, the first signs become
apparent in less compensated systems of the
peripheral nervous system, and later appear in the
central nervous system [7]. Overall, it is becom-
ing more clear that PD is a slow, complex, hetero-
geneous neurodegenerative disorder, affecting
several different neuroanatomical areas, and
could be influenced by a compounding of envi-
ronmental risk factors (including pesticide
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exposure, prior head injury, and rural living) and
genetic factors (including mutations in genes
such as a-synuclein (SNCA), leucine-rich repeat
kinase 2 (LRRK2), PARKIN, PTEN-induced
putative kinase 1 (PINKI), and DJ-1 (Daisuke-
Junko-1) [1, 5].

Current treatment options are available, rang-
ing from pharmacological therapy to invasive
surgery, and some can have profound effects on
increasing the excellence of life for some patients.
The current gold standard treatment for PD is
levodopa (L-dopa), a dopamine precursor that
can cross the blood-brain barrier (BBB) and
increases local levels of dopamine [2, 3].
Additional pharmacological treatments include
other dopamine agonists, inhibitors of dopamine
breakdown (inhibitors of the enzymes catechol-
O-methyl transferase and monoamine oxidase),
and anticholinergics, all of which aim to increase
local levels of dopamine. However, these treat-
ment options are often associated with side
effects, and eventually cease to be effective [8].
In these cases, some patients qualify for deep
brain stimulation (DBS), which has been devel-
oped to treat motor fluctuations and tremors
resistant to pharmacotherapy [8].DBS is a revers-
ible and adjustable system that involves the
implantation of microelectrodes in specific areas
of the brain (such as the globus pallidus or sub-
thalamic nucleus), which are activated electri-
cally by a neuro-stimulator, usually placed on the
patient’s chest [9].

Although these treatments can be highly effec-
tive at improving motor symptoms and, thereby,
the quality of life of patients at first, they are
purely symptomatic and none of them slow down
or prevent the disease progression. In addition,
few of treatments may develop undesired side
effects of their own, like involuntary muscle
movements, called dyskinesias. Therefore, alter-
native methods are currently being investigated,
especially in the form of cell replacement and
gene therapy.

Here we will review the most recent work
being done with cell replacement therapy (CRT)
derived from different types of stem cells, as

well as advancements being made in gene ther-
apy (GT). We will also review the rewards and
disadvantages of each type of therapy and pro-
vide an update on ongoing clinical trials work-
ing towards the common goal of finding a cure
for PD.

14.2 Stem Cell-Based Therapies
forPD

Transplants of cellular suspensions obtained
from fetal midbrain tissue (ventral mesencepha-
lon, VM), containing DAn and its precursor in
developing midbrain, have proven to be effective
and safe for PD patients. Fruitful open-label trials
have reported improved motor symptoms in a
number of PD patients [10, 11], increased
BE-DOPA uptake [12], and sturdy long-term
graft survival lasting over more than one decade
as shown by postmortem investigation, despite
some grafted cells showing Lewy body formation
[13—15]. Additionally, the grafted tissue re-inner-
vated the host striatum and became functionally
incorporated into the recipient circuitry [16].

However, practical issue in obtaining the
enough tissue for a successful transplant in rela-
tion to ethical clearance and concerns make this
strategy unpractical. Therefore, it is necessary to
search for new cellular sources, and stem cells
are the most widely used.

Stem cells are undifferentiated self-renewing
cells keeping potential to differentiate to particu-
lar type of cells in the body. Due to these proper-
ties, these are currently measured as the excellent
option for developing a uniform source of DAn to
be employed in PD therapies.

However, in order to successfully apply stem
cells to CRT for PD, they must first qualify for
clinical use. To qualify, it is generally accepted
that stem cells originated DAn need to be corre-
sponding to those of human VM tissue, and upon
transplantation, they must have capability to sur-
vive, re-innervate the striatum, and assimilate
into the host’s neural circuitry. Furthermore, they
need to appreciably improve motor symptoms,
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not cause undesired effects, and gather numerous
safety requirements, like eradicate the risks of
tumor formation, immunological responses and
the development of involuntary movements such
as dyskinesias [17-20].

Precursors of human DAn have been effi-
ciently derived from different sources of stem
cells including human Embryonic Stem Cells
(hESCs) [21, 22], human induced Pluripotent
Stem Cells (hiPSCs) [23, 24], human Neural
Stem Cells (hNSCs) obtained from fetal [25, 26]
or adult brains [27], and human Mesenchymal
Stem Cells (hMSCs) [28].

14.2.1 Human Multipotent
Stem Cells

14.2.1.1 Human Neural Stem Cells

These are multipotent stem cells with the limited
capacity to differentiate to cells of ectodermal
origin like neurons and glia. These stem cells can
be acquired from fetal, neonatal, and adult brains
or through designated differentiation of pluripo-
tent stem cells. Neural precursor cells obtained
from the human VM are measured as the best
alternative for cell therapies in PD, however as
discussed above their utilization is limited. Apart
from high ethical concerns, these cells have
unstable phenotypes, present reduced growth
potential, and survive poorly after grafting [26,
29, 30].

Several methods have been formulated to opti-
mize the expansion of these cells. These tech-
niques include the development of neurospheres
with the availability of growth factors such as
basic Fibroblast Growth Factor (bFGF) and
Epidermal Growth Factor (EGF) [31] or with the
addition of soluble factors like Wnt5a [32]; other
strategies consisting transduction with an immor-
talizing gene such as v-Myc, c-Myc, or TERT
[26, 33]. In spite of all these attempts, an efficient
method to obtain sufficient mesencephalic dopa-
minergic neurons from NCSs for large-scale clin-
ical application is still lacking.

14.2.1.2 Human Mesenchymal Stem
Cells (hMSCs)

hMSCs are multipotent stem cells that may be
found in varied adult tissues including bone
marrow, adipose tissue, placenta, and dental
pulp [34-37].These cells are quickly emerging
as an encouraging new approach to regenera-
tive medicine due to their universal availability
in the body, as well as their extensive prolifera-
tive potential. These are stromal cells which
showed multi-lineage differentiation potential
to cells of mesodermal origin [38]. Recently,
some authors have reported that hMSCs also
contain trans-differentiation potential to cells
of a neural lineage (ectodermal origin) [39].
However, this remains somewhat controver-
sial. Results from these reports were contradic-
tory and thus unable to verify the ability of
these cells to properly integrate into the host-
neural circuitry to form the synaptic connec-
tions [40].

Another property of MSCs is their ability to
promote protection and repair by secreting a
number of neurotrophic factors, growth factors,
and cytokines (including VEGF, BDNF, HGF,
IGF-1, TGF-f, B-NGF, FGF2, and GDNF). They
can inhibit the release of inflammatory cytokines,
thus contributing to immunosuppression and
other immunomodulatory effects in the brain
[41]. Furthermore, it has been shown that follow-
ing systemic infusion in animals, these cells were
found in injury sites, suggesting migratory capa-
bility towards damaged areas where these can
then enhance repair processes. Finally, one of the
greatest advantages of these cells is the possibil-
ity of isolating them from autologous sources,
which would avoid the requirement for immuno-
logical regimes and also eradicate any ethical
concerns [42].

Despite these facts, the use of hMSC in clini-
cal trials has been confined, mainly due to the dif-
ficulty in obtaining homogenous populations of
cells isolated from diverse tissues. However,
some clinical trials have been approved using
hMSCs isolated from bone marrow or adipose
tissue. These clinical trials are investigating the
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Table 14.1 Human stem cells used in clinical trials (www.clinicaltrials.gov) for treatment of Parkinson’s disease

Stem Transplant | Method and | Endpoint
cell type | Source Identifier Status | type target classification | Sponsor
hNSCs | Fetal ventral | NCT01898390 | Phase 1 | Allogenic | Intracerebral | Safety and University of
mesencephalic implantation | efficacy study | Cambridge
tissue NCT02538315 | Phase O | Allogenic | Intracerebral | Observational | University of
implantation Saskatchewan
NCTO01860794 | Phase | Allogenic | Not provided | Safety and Bundang CHA
172 tolerability Hospital
study
Fetal brain NCT02780895 | Phase 1 | Allogenic | Intraputaminal | Safety study | Celavie
implantation Biosciences LLC
Adult cerebral | NCT01329926 | Phase O | Not Not provided | Observational | NeuroGeneration
cortex provided
hMSCs | Adipose tissue | NCT01453803 | Phase | Autologous | Intravenous Safety and Ageless
172 and intranasal | efficacy study | Regenerative
administration Institute
NCT02184546 | Phase O | Autologous | Not provided | Observational | StemGenex
Bone marrow | NCT02611167 | Phase | Allogenic | Intravenous Safety, The University
12 administration | feasibility, and | of Texas Health
efficacy study | Science Center
NCTO01446614 | Phase | Autologous | Intravenous Safety and Guangzhou
172 administration | efficacy study | General Hospital
hpESCs | Non-fertilized | NCT02452723 | Phase 1 | Allogenic | Implantation | Safety and Cyto
oocytes into striatum | tolerability Therapeutics Pty
and substantia | study Limited
nigra

Abbreviations: ANSCs human Neural Stem Cells, 2MSCs human Mesenchymal Stem Cells, ipESCs human partheno-

genetic Embryonic Stem Cells

efficiency of treatment of autologous and
allogenic hMSCs in PD patients, focusing on
their immunomodulatory actions and trophic
properties (Table 14.1 and Fig. 14.1) [43].

14.2.2 Human Pluripotent Stem Cells

Pluripotent stem cells are specified by their
unlimited self-renewal and the ability to differen-
tiate into specialized cells from all three germ
layers (endoderm, mesoderm, and ectoderm).
However, risks associated with their use (ethical
concerns, possible tumor formation, host immune
reactions, and issues associated to appropriate
differentiation) have led most countries to highly
regulate their use, leading to a limited integer of
clinical trials approved for the investigation of
their therapeutic potential.

14.2.2.1
Cells

Human Embryonic Stem

Human Embryonic Stem Cells (hESCs) are con-
sidered the most fundamental stem cells, as they
are pluripotent by nature. They are obtained from
the cell mass of the blastocyst, which derived in
about 1 week after fertilization of the embryo
[44]. These cells are therefore believed to be the
best source for cell replacement therapies.
Recently, a derivative of hESCs, called parthe-
nogenetic embryonic stem cells (phESC), can be
obtained via the chemical or electrical activation
of unfertilized oocytes (a process known as par-
thenogenesis) [45]. However, these cells lack the
paternal contribution present during normal
oocyte fertilization. This could make their inac-
curate clinical use, as normal cell cycle progres-
sion and their differentiation could be affected.
The very first clinical trial in 2015 with pluripotent
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stem cells for treating PD was approved, and
employed the use of phESCs (Table 14.1 and
Fig. 14.1) [46].

Although hESCs are considered the optimal
source of cells for clinical use, they must meet
several strict requirements to qualify for the treat-
ment of PD. These cells must show safe and effi-
cient differentiation to cells with the correct DAn
phenotype. To attain this, numerous varied proto-
cols have been developed. The most effective
protocols include the formation of embryoid bod-
ies, dual SMAD inhibition, and the use of Shh
and Wnt to help renovate floor plate precursors
into DA neurons [47, 48].

However, as optimal as hESCs may seem, sev-
eral problems persist. These problems include
extensive ethical concerns, tumor formation
probability, phenotypic instability, and risks of
host-graft rejection due to the HLA typing [49,
50]. Besides, it is critical to follow GLP/GMP
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(CRT) in PD after differentiation into dopaminergic neu-
rons. Mesenchymal stem cells can be isolated from differ-
ent tissues and infused intracerebrally or systemically for
treating PD patients

(Good Laboratory and Manufacture Procedures)
to eliminate issues of contamination and opti-
mize the clinical application of these cells
(Fig. 14.1).

14.2.2.2 Human Induced Pluripotent
Stem Cells

Human induced pluripotent stem cells (hiPSCs)
are cells which have been reprogrammed from
adult somatic cells to reenforce a state of pluri-
potency. They share several similarities with
hESCs, including the presence of pluripotency
markers, cell morphology, epigenetic alterations,
the capability to differentiate into cells of all
three germ layers in vitro and in vivo (by form-
ing teratomas), and the capability to create via-
ble chimeras [51].

Takahashi and Yamanaka (2006) made a nota-
ble breakthrough in stem cell research with the
discovery of these cells, which they achieved by
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the addition of the four major factors Oct3/4,
Sox2, KlIf4, and c-myc to reinforce a state of plu-
ripotency [51]. These cells can be utilized as
in vitro cellular models of PD and also could be a
foundation of autologous cells that would abolish
ethical concerns.

Despite their assurance, several issues still
bordered the use of hiPSCs on a large-scale clini-
cal level. hiPSCs are anticipated to create the
same challenges as hESCs, in addition to adver-
sity of epigenetic memory of autologous tissue,
genomic instability, the risk of teratoma forma-
tion, and issues with the strategy employed to
reprogram the cells, especially when using inte-
grating viral vectors [52]. Despite these limita-
tions, the prospects placed on hiPSCs are still
large. Several clinical trials including their use to
treat PD are already intended and currently wait-
ing for government approval. One is expected to
start in Japan later this year led by the group of
Jun Takahashi (Table 14.1 and Fig. 14.1) [53].

Alternative to the use of hiPSCs, some investi-
gations are focused on the straight conversion of
fibroblasts to neural stem cells (iNSCs) or to
dopaminergic neurons (iDA), which could offer
new opportunities for transplantation and model-
ing of PD [54-56].

14.3 Gene Therapy Strategies
for Treatment of PD

Gene therapy is an approach for treating diseases
based on the transfer of genetic material, involv-
ing DNA and RNA, to cells of an individual in
order to modify cellular and/or biological func-
tion. Conventionally, gene therapy has been
mainly thought of as a means of correcting a
genetic defect. However, various other gene-
based therapeutic schemes for disorders that are
not primarily genetic in origin, such as PD, have
been well thought-out and tested [57]. Depending
on whether genetic information is directly intro-
duced into the patient’s own cells or if the cells
are genetically customized in culture and trans-

planted into the patient, clinical gene therapy is
classified as in vivo or ex vivo gene therapy,
respectively [58]. Currently human clinical trials
related to gene-based therapy in PD have utilized
an in vivo approach, using viral vectors to inno-
vate specific genes into the patient’s own cells
(Table 14.2) [59].

The most frequently used viral vectors are
adeno-associated virus (AAV) and lentivirus,
which have both revealed promise in experimen-
tal animal models, and are now considered poten-
tial tools for the implication of neuroprotective
therapies in PD patients and other neurodegener-
ative disorders [60, 61]. All AAV-based gene
therapies have shown to be secure and well sup-
ported in clinical assessments. More recently,
lentiviral vectors have begun being evaluated in
clinical trials of central nervous system (CNS)
diseases as well [62]. These vectors have repeat-
edly been shown to transduce neuronal cells with
high effectiveness, have low immunogenicity and
are able to hold a larger therapeutic cargo than
AAV vectors [63]. However, regardless of the
vector used, there is a common limitation to both
strategies: neither AAV nor lentivirus vectors can
cross the BBB. Consequently, all gene therapy
clinical trials currently approved for PD included
the direct infusion of the viral vector via craniot-
omy into specified areas in the brain [64].

Several gene therapies have been evaluated in
clinical trials of PD, and mostly utilized AAV
and/or lentivirus vectors for gene transfer. Such
strategies are aimed at modulating basal ganglia
activity by transducing genes that alter neuronal
phenotypes  [glutamic acid decarboxylase
(GAD)], increase dopamine production by trans-
ducing genes exhibiting neurotransmitter synthe-
sis [aromatic L-amino acid decarboxylase
(AADC), tyrosine hydroxylase (TH), guanosine
triphosphate cyclohydrolase 1 (GCHI1)] and
increase the survival of dopaminergic nerve ter-
minals by transducing genes for neurotrophic
factors like neurturin and glial cell-derived neu-
rotrophic factor (GDNF) (Fig. 14.2, Table 14.2)
[65, 66].
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Table 14.2 Gene therapy used in clinical trials (www.clinicaltrials.gov) for treatment of Parkinson’s disease

Viral Endpoint
Gene vector Identifier Status Method and target classification Sponsor
GAD AAV2 NCT00643890 | Phase 2 | Bilateral surgical Safety and efficacy | Neurologix Inc.
infusion in study
subthalamic nucleus
AAV NCTO00195143 | Phase 1 | Surgical infusion in Safety and efficacy | Neurologix Inc.
subthalamic nucleus | study
AAV NCTO01301573 | Phase O | Surgical infusion in Observational Neurologix Inc.
subthalamic nucleus
AADC AAV2 NCTO01973543 | Phase 1 | MRI guided infusion | Safety and efficacy | Voyager
to putamen study Therapeutics
AAV NCT02418598 | Phase 1/2 | Stereotactic infusion | Safety study Jichi Medical
to putamen University
AADC + Lentivirus | NCT00627588 | Phase 1/2 | Stereotactic injection | Safety and efficacy | Oxford
TH + GCH1 to striatum study Biomedical
(ProSavin) | Lentivirus | NCT01856439 | Phase 1/2 | Bilateral injection to | Safety and Oxford
putamen tolerability study Biomedical
Neurturin AAV2 NCT00985517 | Phase 1/2 | Direct surgical Safety and efficacy | Ceregene
injection to putamen | study
and substantia nigra
AAV2 NCT00252850 | Phase 1 | Bilateral stereotactic | Safety, tolerability, | Ceregene
injection to putamen | and biologic activity
GDNF AAV2 NCTO01621581 | Phase 1 | Bilateral convection- | Safety and efficacy | NINDS
enhanced delivery to | study
putamen

Abbreviations: GAD glutamic acid decarboxylase, AADC aromatic L-amino acid decarboxylase, TH tyrosine hydroxy-
lase, GCHI guanosine triphosphate cyclohydrolase 1, GDNF glial cell line-derived neurotrophic factor, AAV adeno-

associated virus

14.3.1 Types of Gene Therapy
in Clinical Trials for PD

Inhibition of Subthalamic
Nucleus (STN)

The deficit of dopaminergic neurons in PD causes
downstream alterations in circuits of the basal
ganglia, involving depleted gamma-aminobutyric
acid (GABA) input to the subthalamic nucleus
(STN). Since GABA is the main inhibitory neu-
rotransmitter in the brain, the reduction of
GABAergic afferent fibers from the globus palli-
dus (GPe) causes excessive activity in the STN. In
turn, the hyperactive glutamatergic efferent fibers
cause alterations in thalamic and cortical motor
neuron activity [64, 67]. Consequently, treat-
ments that modulate activity of the STN can help
relieve some parkinsonian symptoms [68]. Gene

14.3.1.1

therapy containing inserted gene for glutamic
acid decarboxylase (GAD) into the STN works
by reducing glutamatergic neurotransmission and
increases the GABAergic tone in downstream
targets. GAD is the rate-limiting enzyme for
GABA production pathway, and the activity of
both GABA efferents to the STN and its targets
within the basal ganglia circuitry are impacted in
PD [69, 70].

After several findings of improvement
obtained from AAV2-GAD injection in a stan-
dard rodent model of PD, there are various clini-
cal trials using this strategy [71, 72]. Over the last
decade, early phase clinical trials have utilized
AAV?2 vectors for GAD delivery to the STN in
order to regulate STN firing rates and alleviate
the foremost motor symptoms caused by nigros-
triatal degeneration. To date, published results
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from clinical trials show significant improve-
ments in both regional and network-related meta-
bolic activity after unilateral insertion of
AAV2-GAD in the STN, as well as good results
in efficacy and prophylactic after bilateral infu-
sion of AAV2-GAD in the STN [67, 70]. This
shows guarantee for gene therapy to treat neuro-
logical disorders and justifies continued develop-
ment of AAV2-GAD for treating PD.

14.3.1.2 Biological Dopamine
Replacement

Dopamine replacement has been the standard

pharmacotherapy to treat motor impairment in

PD. At initial stages of the disease, this type of

treatment can provide great benefit and symptom

relief to patients, but as the disease progresses,
severe loss of nigrostriatal nerve terminals leads
to decreased activity of dopamine-synthesizing
enzymes [73]. One approach of gene therapy for
treating motor symptoms of PD focuses on
enhancing the efficiency of the conversion of
levodopa to dopamine. The therapy utilizes aro-
matic L-amino acid decarboxylase (AADC), the
rate-limiting enzyme that converts endogenous or
pharmacologically administered levodopa to
dopamine, and its activity decreases with the pro-
gressive loss of nigrostriatal neurons [74].

Gene therapy consisting of insertion of the
AADC gene inside the caudate putamen works to
reinstate dopamine synthesis in situ within the
striatum, where dopamine is most required.
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Along with AADC, tyrosine hydroxylase (TH),
an enzyme to synthesize L-DOPA from L-tyrosine,
and guanosine triphosphate cyclohydrolase 1
(GCH1), the first enzyme in the biosynthesis of
an essential TH cofactor tetrahydrobiopterin, are
essential for proficient levels of dopamine [74].

Positive results of recovery obtained from
AAV2-AADC injection in in vivo models of PD
have led to several clinical trials using this type of
gene therapy [75, 76]. Early phase clinical trials
have utilized the AAV2 vector for insertion of
AADC into the putamen in order to continue
dopamine production in PD patients. Until now,
good results have been obtained in efficacy,
safety, and tolerability [73, 77]. Similarly, other
clinical trials have used a lentiviral vector to
incorporate the genes namely AADC, TH, and
GCHLI into the caudate putamen. In addition to
good safety and tolerability obtained, these stud-
ies showed improved motor behavior in patients
with advanced PD and suggest that this strategy
has the capacity to treat neurological disorders
(Fig. 14.2, Table 14.2) [62].

14.3.1.3 Delivery of Neurotrophic
Factors

The two previous gene therapy strategies are
aimed at treating symptomatic effects of PD
through normalizing basal ganglia circuits or by
increasing dopamine production. However, gene
therapy has also been employed to execute thera-
pies aimed at modifying effects of the disease.
These perspectives have utilized applied genes of
neurotrophic factors to restore function of
dopaminergic neurons and to slow disease pro-
gression [64].

Gene therapy containing insertion of the glial
cell-derived neurotrophic factor (GDNF) gene or
the neurturin gene into the putamen and SNpc has
been tried, in order to hold the purpose, survival,
and neurite outgrowth of nigral dopaminergic
neurons.

It has been shown that GDNF and neurturin
improve function and protection of dopaminer-
gic neurons in in vivo models of PD [78, 79].
However, improvements have not been obtained
in double-blind clinical trials with PD patients
infused with GDNF directly to the putamen,
probably because of inappropriate distribution of

trophic factor throughout the target region [80].
This has led to the exploration of viral vectors
for delivery of GDNF or neurturin genes as a
substitute to GDNF infusion. After repeated
findings of recovery obtained by AAV2-GDNF
or AAV-neurturin injection in PD animal mod-
els, clinical trials using this type of gene therapy
have been permitted and are currently in use.
Early phase clinical trials have utilized AAV2
vectors for distribution of the neurturin gene into
the putamen and SNpc to restore function of
dopaminergic neurons in patients with PD [81].
Good results have been obtained showing effi-
cacy and safety, and justify continued develop-
ment of AAV2-neurturin for treating patients
with advanced PD (Table 14.2, Fig. 14.2) [65,
81, 82].

14.3.2 Risks of Gene Therapy

Treatment of human disease by utilization of
gene therapy has shown varying results over the
last two decades. With a committed effort, vari-
ous challenges are being overcome and there
have been many hopeful clinical trials showing
efficacy [83]. However, gene therapy contains
several risks which need to be measured before
conducting clinical trials.

One potential risk of in vivo gene therapy is
insertional mutagenesis, where the administered
gene could potentially be inserted into the host
genome, inducing neoplastic transformation of
the host cells. Another potential risk is unregu-
lated abandoned production of the targeted pro-
tein, provoking several undesired effects. In
addition, gene therapy might induce autoimmune
and inflammatory responses, mainly from the use
of certain viral vectors [64]. There are strategies
to mitigate these risks, and tracking them should
be carried out regularly in clinical trials.

14.4 Conclusions and Future
Directions

The existing treatment alternatives available for
most neurodegenerative disorders, including
PD, only offer temporary symptomatic relief
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and could not prevent the disease progression.
Therefore, the expansion of cell replacement
and gene therapies may provide considerable
benefits for PD patients. To achieve this, how-
ever, a number of requirements must be met.
First, in terms of cell therapy, better standard-
ization of surgical methods and tissue sources
needs to be established. Second, the immuno-
logical response to tissue grafts needs to be bet-
ter understood to avoid rejection. Third, clinical
trial design needs to be improved and fourth, the
best source of cells for DAn differentiation
needs to be found. However, immense progress
has been made in the development of hiPSC
technology that allows improved development
of viable DAn, and mounting work with hMSCs
is also increasing their clinical potential, espe-
cially in terms of their trophic and neuroprotec-
tive properties.

Furthermore, in the last few years, various
gene therapy strategies with mixed responses
have been introduced in clinical trials for the
treatment of PD. However, compiling data sug-
gest that gene therapy may be safe and well-stood
in PD patients. That said, several risks need to be
corrected and certain problems must be solved,
such as determination of the optimal dose and
target, modulation of gene expression, and find-
ing the appropriate patient population to study to
help advance gene therapy as a therapeutic alter-
native for PD.

Though more work needs to be done to con-
firm the efficacy and safety of such cell and gene
therapy approaches, numerous clinical trials are
currently being conducted, utilizing different
strategies of CRT and GT for treating PD (Tables
14.1 and 14.2). These clinical trials are an excit-
ing start towards improving current treatment
options, and encourage more work to be done to
eventually find a cure for PD.
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15.1 Introduction

Alzheimer’s disease (AD) is age-related devastat-
ing neurodegenerative disease specified by a pro-
gressive impairment in cognition associated with
synaptic and neuronal deficit, and the evidences
of neurofibrillary tangles (NFTs) and senile
plaques in brain [1, 2]. Senile plaques are made
up of amyloid-p (Ap) peptides and remain insol-
uble and extracellular, while NFTs are consisting
of abnormal hyperphosphorylation of the micro-
tubule-stabilizing tau protein [1, 2]. There are
several forms of AD. Familial forms with known
mutations of specific genes, representing less
than 5% of AD cases, and sporadic forms repre-
senting more than 95% of patients, with unknown
mechanisms, but with identified risk factors. The
principal risk factor for sporadic AD is aging and
could be double after every 5 years after the age
of 65. Environmental stress also plays consider-
able role in pathology and could enhance the
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probability to develop AD [3-5]. Such perspec-
tive is supported by the fact that the symptoms of
AD patients involving the cognitive impairment
and psychiatric problems are associated with an
early dysregulated hypothalamic-pituitary-adre-
nal (HPA) axis, with increased levels of gluco-
corticoids in cerebrospinal fluid in addition to
plasma [6-9].

The HPA axis is implicated in the stress
response, and could trigger the adrenal cortex to
release the glucocorticoids (corticosterone and
cortisol in rodents and humans). Such steroid
hormones readily pass the blood-brain barrier
and bind to glucocorticoid receptors (GR) and
also to receptors of mineralocorticoid (MR) [10].
These two receptors are essential for physiologi-
cal cellular activity and many functions of central
nervous system like memory and learning [11].
While MR are essentially localized in the hippo-
campus, GR are more ubiquitous and are particu-
larly found in several structures of the limbic
system, which is vastly involved in psychological
and cognitive functions, but also are imperative
machinery of the neural circuitry arbitrating HPA
axis activity [12]. Therefore, while structural
plasticity in the prefrontal cortex and hippocam-
pus may mediate the impaired cognitive func-
tions, alterations in amygdala probably contribute
to the affective facet of stress disorders [13]. In
limbic structures also the dysregulated HPA axis
activity and modification of GR functioning
could be extremely toxic [14] and therefore,
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contribute to the cognitive deficit and psychiatric
problem that occur in AD patients. It has also
been reported that such structures of the limbic
system get affected in AD patients [15]. Moreover,
the dysregulation described above is the largely
common and well-authenticated neuroendocrine
irregularity in stress-related disorders and also in
depression [16], a prodromal stage and a compo-
nent of AD pathology, and may be also an initia-
tor event for incipient AD [17].

15.2 Studiesin Human

This association between AD, stress, HPA axis,
and glucocorticoids first came from observations
in humans. Reports available showed the aug-
mented basal level of circulating cortisol and
inability to show cortisol suppression following a
dexamethasone challenge, substantiating HPA
axis deregulation in patients of AD [6-9, 18-21].
Estimation of cortisol levels in blood serum of
AD patients appears to be relevant prognostic
marker of disease occurrence. Previous study by
Davis et al. evidenced the augmented levels of
cortisol in the most severely demented patients
[22]. Comparatively more recently, Csernansky
et al. also showed that higher cortisol level of
serum in the pre-dementia clinical stages of AD
predicts a more rapid cognitive impairment [6].
In disparity, an increased level of serum cortisol
was observed in the cerebrospinal fluid of AD
patients, whereas in patients of mild cognitive
impairment the levels were not significantly
altered, suggesting that the increased level of cor-
tisol in the cerebrospinal fluid is related to the
progression of AD [20]. Chronic stress like loss
of life partner or sleep deprivation in addition to
memory impairment enhances the vulnerability
to develop AD [23, 24]. AD patients, treated with
prednisone (a glucocorticoid classically used for
its anti-inflammatory properties), showed the
increased behavioral decline in comparison to
placebo-treated cohort. Another report evidenced
a halotype in the gene of 11f-hydroxysteroid
dehydrogenase type 1 (11p-HSD), an enzyme
involved in the activation of glucocorticoids,
which increases the risk to develop AD by six

times [25]. Likewise, it appears that lots of
molecular neurodegenerative mechanisms and
cascades identified in humans that trigger the
pathogenesis of major depression are also
involved in the AD etiology (in particular, chronic
inflammation, neurotrophin deficits, and HPA
axis dysregulation) [17, 26]. Involvement of
environmental factors has been observed for
about 25-40% risk for AD development [27].

All these observations in human evidenced
that lifetime events, chronic stress, stress-related
disorders, and glucocorticoids are involved in the
AD etiology and could be thought of as an impor-
tant risk factor for AD development [17, 26-31].

15.3 Studiesin Animal Models

In addition to the observations in humans, many
proofs implicating HPA axis dysfunction, gluco-
corticoids, stress, and stress-related disorders in
AD came from studies conducted in rodent mod-
els. In chronic animal models of AD (transgenic
models), glucocorticoid levels and stress affect
the grade of the pathology. For instance, chronic
behavioral stress augmented the senile plaque
pathology and hastened the initiated cognitive
impairmentin transgenic Tg2576 and APP-CT100
mice [32, 33]. Socially isolated APP/PS1 mice
showed the increased impairment of spatial
working memory in relation to increased Af in
the hippocampus region [34]. Chronic mild social
stress or chronic stress-level glucocorticoid
administration in 3xTg AD mice triggered the
amyloid precursor protein (APP) misprocessing
and increased Af levels in addition to neuronal
damage in hippocampus and cognitive decline,
further stimulated the Tau hyperphosphorylation
and its accumulation [35, 36]. The corticotropin-
releasing factor receptor (CRF1) in Tg2576 mice
was also linked with the progression of Tau
pathology, suggesting an additional link between
stress, HPA axis, and AD [37].

In acute models of AD, in which an oligo-
meric solution of AP-peptides is injected in cere-
bral ventricles or directly in brain structures,
amyloid toxicity modified the HPA axis activity.
Indeed, we showed a clear non-functional HPA
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axis in one of these acute models induced through
single intracerebroventricular (icv) administra-
tion of an oligomeric solution of an Ap fragment
(0AP2s35) [38, 39]. This AP fragment found in
AD patients and originated from proteolysis of
senile plaques [40—42] induced a broad pattern of
central modifications suggestive of the human
physiopathology [38, 39]. Previously we reported
that activation of the HPA axis remains associ-
ated with an alteration of the balance between
expression of MR and GR. An alteration of the
adaptive response to acute stress and an interrup-
tion in the GR nucleocytoplasmic shuttling sug-
gested a progressive sequestration of this receptor
in the cellular nucleolus [43]. In addition, chronic
treatment with corticosterone before the icv
injection of 0Af,s_3s exacerbated amyloid toxic-
ity (unpublished results), suggesting a potential
positive synergy between glucocorticoids and
amyloid-f peptides.

15.4 Glucocorticoids and AD

Glucocorticoids and GR are particularly involved
in the regulation of a few parameters engaged in
the etiology of AD [28, 29]. Since glucocorti-
coids act synergistically with glutamate, dys-
function of the HPA axis could be enormously
harmful, especially at the hippocampus level
through causing the excitotoxicity, neuronal
death, neuroinflammation, oxidative stress, and
cognitive impairment [14, 44-50]. In humans,
the deregulation of HPA axis with chronic gluco-
corticoids hypersecretion appears to exhibit the
harmful effects in aging, and also in several dis-
eases like AD, Cushing’s syndrome, and depres-
sion [51, 52]. In fact, it appears that plasma
levels of cortisol correlate with the severity of
hippocampal atrophy and therefore may contrib-
ute to the impaired cognition and occurrence of
psychological symptoms that take place in neu-
rodegenerative pathologies and particularly in
AD [51].

The impact of glucocorticoids on misprocess-
ing of APP and Ap pathway could be due to vari-
ous harmonizing events. A glucocorticoid
response element (GRE) in the promoter regions

of APP and B-APP cleaving enzyme (BACE1)
genes was reported in few studies [53, 54] which
proposed that glucocorticoids and GR may
directly mediate transcription of APP and BACE1
genes, offering augmented Af levels. Reports are
scarce regarding the role of insulin degrading
enzyme (IDE) which offer clearance of Ap.
However, it was shown that glucocorticoids alle-
viate Ap degradation and clearance by astrocytes
through increased expression of APP and
decreased levels of AP degrading proteases [55].
The IDE mediated regulation of glucocorticoids
was also reported in aged macaques [56] and in
the Af,s_35 experimental model [57].

In the same line of evidence, glucocorticoids
and stress seem to provoke hyperphosphorylation
of Tau and its accumulation in neurons [35, 58].
It seems that exogenous glucocorticoids also
potentiate the capability of chronically infused
APy, which further increased the Tau hyper-
phosphorylation and thus their cytoplasmic accu-
mulation associated with AD pathology [58].
Thus, as recently reviewed by Vyas et al., infor-
mation on the mechanisms underlying the rela-
tionships between stress, glucocorticoids, and
Tau is only emerging [31]. Indeed, in vitro stud-
ies show that the effects of glucocorticoids and
stress are mediated through enzyme glycogen
synthase kinase-3p (GSK-3p) and cyclin-depen-
dent kinase 5 (CDKS5) which are known for their
involvement in Tau phosphorylation and the sub-
sequent disruption of microtubules related to AD
pathophysiology [31, 59]. Glucocorticoids expo-
sure increase Tau aggregation by affecting its
turnover through a reduced level of molecular
chaperones (Hsp90 and Hsp70), responsible for
its degradation [60]. Interestingly, both of these
heat shock proteins also serve to uphold GR in
high affinity state, suggesting that these proteins
could be the key point at which glucocorticoids
and GR signaling interconnect with the cellular
machinery and regulating degradation of Tau
[31]. In addition, it seems that chronic stress
enhances caspase-3-mediated truncation of Tau
at c-terminus and causes its anomalous confor-
mation [31]. Such level of abnormal tau facilitates
the nucleation and employment of other mole-
cules of Tau into formation of neuropathogenic
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aggregates [61, 62] before formation of NFT [61,
63, 64]. Such effect of stress at the hippocampus
region seems to be mediated in part by the CRF1
receptor [65].

The interruption of the GR nucleocytoplasmic
shuttling as previously evidenced [43] seems to
be dependent on the phosphorylation condition
of GR [28, 29, 66], underlying another link
between AD and glucocorticoid regulations. GR
get phosphorylated on serine and threonine resi-
dues by kinases involving mitogen-activated pro-
tein kinases (MAPK), cyclin-dependent kinases
(CDK), and GSK-3p. Such phosphorylation of
GR modulates its transcriptional activity, as well
as affects its nuclear and/or cytoplasmic shuttling
within cells [67]. For instance, it was reported
that Jun amino-terminal kinases (JNK) inhibited
the transcriptional activity of GR [68-70]. Since
previously, the role of these kinases is reported in
AD [71], it would be obvious to hypothesize that
along with other predicted mechanisms, the inac-
tivation of central GR could be under the control
of these kinases. This hypothesis could explain,
at least in part, the interruption of the GR nucleo-
cytoplasmic shuttling as reported by us previ-
ously [43], but also the resistance observed in AD
patients [9, 18, 29].

Apolipoprotein E (ApoE), a chaperone protein
particularly implicated in the metabolism of lipo-
proteins and transport of cholesterol [72]. It has
been reported that ApoE in the brain remains
involved in regeneration, neuroprotection, and
also in development [73]. ApoE is also a known
amyloid-p  peptide-binding protein  highly
involved in its clearance. It also facilitates
microglial phagocytosis and proteolytic degrada-
tion by enzymes like neprilysin and insulin
degrading enzyme [74-76]. ApoE is a sturdy
genetic hazard for AD particularly ApoE-e4
allele [77-79]. ApoE seems to be also implicated
in the maintenance of activity of HPA axis and
particularly in the synthesis of adrenal steroids.
Indeed, Raber et al. evidenced in a rodent model
of ApoE-deficient mice (ApoE—/—), an age-
dependent deregulation of the HPA axis by
affected functions of the adrenal gland. In fact, in
addition to develop neurodegenerative, behav-
ioral, and metabolic alterations, these mice pres-

ent an age-related amplified basal adrenal
corticosterone level and peculiarly augmented
plasma corticosterone levels after restraint stress
[80]. Accordingly, alterations in the level or
activity of ApoE, by the presence of a specific
allele like ApoE-€4 for instance [81, 82], could
be involved in the deregulation of the HPA axis
as evidenced in AD pathology, and thus contrib-
ute to the connection of HPA axis in the AD
pathophysiology.

15.5 AVicious Circle

All these observations evidenced that dysregula-
tions of the HPA axis would possibly increase the
levels of AP and Tau, hyperphosphorylation of
Tau, resulting inevitably in a vicious circle
whereby the pathological events increase the
secretion of glucocorticoids. Such release of glu-
cocorticoid further worsens the disease pathol-
ogy [35, 83-86], In addition, it appears that
aging, genetic susceptibility, pathologies associ-
ated with high levels of circulating glucocorti-
coids (chronic stress, depression or Cushing’s
syndrome for instance) or a stressful lifestyle
could also be involved in the etiology of AD, by
reinforcing this vicious circle [23, 30, 35] (cf.
Fig. 15.1).

In view of above evidences, maintenance of
glucocorticoid levels could be sufficient to coun-
teract the harmful effects related to deregulated
HPA axis. In fact, the inhibition of glucocorticoid
activation with inhibitors like 11f-hydroxysteroid
dehydrogenase type 1 may provide improvement
in the verbal memory [87]. The inhibition of this
enzyme may also offer improvement in memory
related to social recognition, amnesia, and spatial
memory performance [88-90].

15.6 The Anti-GR Strategy

Based on the different observations previously
described in this chapter in humans and in experi-
mental animal models, suggesting a dysregulation
of GR functioning, several strategies targeting
directly GR were tested and seem to have an
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Fig. 15.1 The vicious circle and the anti-GR strategy in Alzheimer’s disease

important remedial potential [91]. However,
given the ubiquitous expression of GR receptors
[92], their antagonists may implicate various
undesired side effects and should be used with
caution.

Studies tested an anti-GR strategy, with the
nonselective antagonist of GR mifepristone
(RU486) provided very hopeful results. In fact,
chronic treatment with mifepristone in 3xTg-AD
mice rescued the impaired cognition, markedly
reduced the AP levels, as well as accumulated
phosphorylated Tau [93]. Another study showed
that Tg2576 mice treated with mifepristone res-
cued early episodic memory and synaptic plastic-
ity deficits [47]. In the o0Af,s35 model,
mifepristone [94] restored the basal circulating
CORT levels, significantly reversed the synaptic
deficits and hippocampal apoptosis [57].
Nevertheless, the partial reversal of impaired
cognition, APP misprocessing in hippocampus,
clearance of AP and neuroinflammatory pro-
cesses are suggesting limits in its efficacy [57].
This limitation was also observed in human as
treatment with mifepristone slows the progres-
sion of cognitive decline in AD patients [95] and
increases morning levels of circulating glucocor-
ticoids [96], suggesting its potential side effects
and thus a limited therapeutic potential.

Several potent and selective GR ligand series
were recently developed and seem to have an
interesting therapeutic potential. The first nonste-
roidal selective GR molecules come from anti-
inflammatory studies. Indeed, glucocorticoids
are normally used to take care of inflammatory

diseases; however, the extended use of these ste-
roids leads to a number of deleterious undesired
effects that might be due to both activated and
repressed GR target genes and are not directly
involved in the inflammatory process. The objec-
tive of Abbott Laboratories (Abbott Park, IL,
USA) was to create a series of molecules capable
of preventing its detrimental side effects from
anti-inflammatory activity [97]. The Abbott-
Ligand 438 (AL-438) was derived by modifica-
tion in synthetic progestin scaffold ensuing in the
discovery of a new series of high affinity,
GR-selective ligands. In comparison with predni-
sone, the steroidal anti-inflammatory molecule of
reference, AL-438 shares the similar intracellular
receptor binding profile as prednisone in that
both ligands have less affinity for MR while high
affinity for GR. Though, with a major difference,
in MR-dependent reporter gene assays, AL-438
was a very weak antagonist, whereas prednisone
is a full agonist at nanomolar concentrations.
When tested in vivo, AL-438 retained significant
anti-inflammatory effectiveness and potency
analogous to steroids with its reduced negative
side effects [97]. Unfortunately, this compound
and its derivatives were never tested, to our
knowledge, in AD studies.

Another series of selective nonsteroidal mol-
ecules (1H-pyrazolo[3,4-g]hexahydro-isoquino-
line sulfonamides) derived by Corcept
Therapeutics (Menlo Park, CA, USA). These GR
ligands and in particular CORT108297 and
CORT113176 exhibited high affinity for GR
while for other nuclear hormone receptors like
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PR (progesterone receptor), AR (androgen recep-
tor), MR, and ER (estrogen receptor), no quanti-
fiable affinity was observed [98-100].
Dexamethasone (DEX), the GR agonist aug-
ments the activity and expression level of tyro-
sine amino transferase (TAT) in liver cells. Both
CORT108297 and CORT113176 act as full
antagonists in the human liver cell line HepG2, as
reported by their ability to inhibit the DEX-
induced increased TAT activity. Contradictorily
Beaudry et al. [98] showed that when these were
tested in a similar assay by using rat hepatocytes,
both compounds showed incomplete antagonism
and partial agonist activity. An additional cell-
based functional assay in the A549 cell line
showed the effect of CORT108297 and
CORT113176 on IL-1p-induced IL-6 production.
Both compounds in this cell line exhibited the
partial agonism and also acted as partial antago-
nists when tested in presence of DEX (Review in
[57]). Thus, the underlying principle for testing
this family of molecules in AD patients comes
from their particular modulator properties. These
molecules represent a class of ligands which
could selectively abrogate the pathogenic
GR-dependent processes in the brain, while also
keeping the beneficial aspects of GR signaling.
Onno Meijer’s team reported that CORT108297
induced antagonizing effects were companied
with a lack of negative-feedback inhibition of the
HPA axis, which further proposed the probability
of antagonizing various GR effects without
affecting basal systemic glucocorticoid levels
[94]. In fact, it appears that this family of mole-
cules acts as “selective GR modulators” rather
than pure antagonists [94].

Tested in triple transgenic mice, CORT108297
was able to reduce APP-C-terminal fragment
(C83) and the Tau hyperphosphorylation via
reductions in p25 levels [93]. In the acute experi-
mental model, we showed that treatments with
CORT108297 and CORT113176 reverse the hip-
pocampal amyloidogenic pathway accelerated
through the inhibition of BACEI and the increase
of IDE. Besides this, the selective GR modulators
reinstate the hippocampal levels of synaptic
markers, repeal the hippocampal neuroinflamma-
tion, apoptotic processes, restore the glucocorti-

coid levels in plasma, and thus consequently
inhibit the cognitive impairment [57].

The diverse efficacy between all of these com-
pounds (mifepristone, AL-438, CORT 108297, and
CORT113176) could be due to the their unlike
selectivity and affinity for GR [97-100]. Such var-
ied effect may also include the fundamental prop-
erties of GR nuclear receptors and their capability
to differentially employ nuclear receptor coregula-
tors after binding of ligands [94, 97, 101]. These
coregulators form a varied group of transcription-
ally functional proteins which could arbitrate the
transcriptional effects of nuclear receptors which
have tissue/ligand/cell-specific expression pat-
terns, and display gene and receptor specific inter-
actions [94, 102, 103]. Onno Meijer’s team showed
that each GR compound could induce a specific
profile of interaction with these coregulators. They
suggested, as previously envisaged by Coghlan
et al. in 2003 and detailed by Onno Meijer studies
more recently, that these particular profiles could
explain the distinct efficacy and functionality of
these GR ligands [97, 101].

Conclusions

All of the above discussed preclinical investi-
gations designate the potential therapeutic
effect of selective GR modulators as an effec-
tive treatment for AD patients and further
highlight the impact of the glucocorticoid sys-
tem as a regulator of A accumulation, aggre-
gation, and clearance, as well as of Tau
hyperphosphorylation. Thus, this class of
compounds, alone or in association, becomes
captivating and relevant candidates in the
treatment of AD.

This review also evidences that modulator
molecules selectively targeting GR could
abrogate pathogenic GR-dependent processes
induced by a dysregulation of the HPA axis
and retain beneficial and primordial aspects of
GR signaling. Accordingly, it appears that a
better knowledge of the specific molecular
interaction profiles of GR compounds, in
combination of their regional distribution in
brain, may provide insights for dissecting the
molecular degenerative signaling pathways
underlying pathologies specifically related to
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high levels of glucocorticoids. This strategy
will participate to create new avenues of inves-
tigation on glucocorticoids and GR, and to
exploit these avenues to develop novel preven-
tive and/or therapeutic strategies to tackle dis-
orders (neurodegenerative or not), associated
with a dysregulation of the HPA axis.

11.
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16.1 Introduction
The etiology of AD pathology involves oxidative
stress, deposition of extracellular amyloid beta
(Ap) plaques, formation of intracellular neurofi-
brillary tangles (NFTs), metal-mediated neuro-
toxicity, mutations in genes, neuroinflammation,
hyperphosphorylation of tau, and apoptosis [1,
2]. In addition, hyperphosphorylation of tau and
AP accumulation are associated with augmented
levels of inflammatory cytokines such as
interleukinlp and Tumor Necrosis Factora
(TNFa), perturbed calcium homeostasis, synap-
tic disintegration, and neuronal dysfunction
eventually resulting in neuronal death [3, 4].
Since AD pathogenesis is more than a decade
long process before diagnosis, there is a growing
need to develop substantial theranostic agents. In
line with this, metal-free nitroxide based MRI
contrast agent has been developed for Ap detec-
tion. It showed adequate brain penetration in turn
demonstrating better affinity for A [5].
Although manifold animal models were
employed to study tau pathology yet there is a
burgeoning need to develop newer models and
novel imaging techniques to tease out appropriate
therapeutic avenues [6, 7]. Transgenic AD mod-
els which have been extensively used in AD
research replicate multiple etiological factors.
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However, they fail to show clinicopathological
events of human AD, thus impeding the progress
of therapeutic intervention significantly [8—16].
Growing lines of evidence suggest that human
based models such as studies on pluripotent stem
cells, neuronal and glial cultures yield robust out-
come compared to animal models [16].
Microfluidics or organ on chip systems with
multiple cell types are used for AD research
and also open new avenues to study therapeu-
tic compounds currently. However, staggering
array of research approaches are required to
unravel the molecular understanding thoroughly
[16]. Growing lines of evidence suggest that
nucleotide-binding  oligomerization domain-
like receptor family, pyrin domain-containing-3
(NLRP3) inflammasome provokes inflammation
in neurodegeneration more specifically in AD
and is the robust therapeutic target currently [17].
Multifactorial ~etiology with incomplete
understanding and inability of therapeutic mole-
cules to span BBB are the major lacunae in AD
research currently [4]. Electroacupuncture cur-
tailed AP levels significantly by provoking per-
oxisome proliferator activated receptor y
(PPAR-y) which ameliorated AD symptoms in
Sprague-Dawley rats [18]. Recent reports cor-
roborated the amelioration of AD symptoms by
modulating glucocorticoid metabolism in brain
via inhibition of 11 hydroxycorticosteroid [19].
Cerebrospinal fluid neurogranin, an appropriate
biomarker was found to be correlated with AD

185

S. Singh, N. Joshi (eds.), Pathology, Prevention and Therapeutics of Neurodegenerative Disease,

https://doi.org/10.1007/978-981-13-0944-1_16


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0944-1_16&domain=pdf

186

M. Obulays

pathological events such as reduced glucose
metabolism and hippocampal volume [20].
Identification of appropriate biomarkers provides
substantial impetus in the development of AD
therapeutics [7, 21]. Although adequate research
has already been done and currently in progress
yet the number of studies escalated to clinical tri-
als is significantly low.

16.2 Blood Brain Barrier

BBB impairment plays a pivotal role in neurode-
generative diseases such as AD [22]. BBB dys-
function being the primary event in aging human
brain starts in hippocampus, thus resulting in
cognitive dysfunction [22-25]. Tight junction
architecture of BBB plays a pivotal role in limit-
ing the entry of multifarious molecules into brain
[22]. BBB considerably limits the entry of blood
circulating therapeutic compounds into brain
[26]. A few strategies employed to make brain
entry of the therapeutic molecules such as anti-
bodies directed against transferrin receptor or the
insulin receptor showed safety concerns [26].

16.3 Astrocytes

Astrocytes play a pivotal role in the neurophysiol-
ogy by maintaining blood flow, extracellular ionic
balance, BBB and providing metabolites to neu-
rons [27-29]. However, a few studies corroborated
their role in neuropathological events [29, 30]. In
line with this, they are one of the best therapeutic
targets to overcome neurodegeneration currently
[29]. It has also been reported that the meticulous
therapeutic strategy requires a deeper understand-
ing although the astrocytes are the mainstay [29].

16.4 Drugs

After extensive research for almost a century, only
a few drugs rivastigmine (Exelon), galantamine
(Razadyne and Reminyl), tacrine (Cognex),
donepezil (Aricept), and memantine (Namenda)
were approved by food and drug administration

(FDA). In addition, these drugs merely amelio-
rate AD symptoms and slow the disease process
in a few patients but in many patients they show
poor compliance [31-33].

Despite the inadequate acetylcholinesterase
(AchE) inhibition by galanthamine, it plays a vital
role in strengthening the sensitivity of acetylcholine
[34-36]. Furthermore, it attenuates A aggregation
by regulating the activity of beta site Ap cleaving
enzyme [36-38]. Non-steroidal anti-inflammatory
drugs (NSAIDs) such as naproxen and celecoxib
showed amelioration of cognitive decline [39].

16.5 Bioactive Compounds

Gypenoside (GP), a vital bioactive component of
Gynostemma pentaphyllum, a traditional Chinese
herb medicine showed reduction in M1 markers
and augmentation of M2 markers leading to the
deterioration of Ap-induced microglial activation
[40]. In another study, Vitamin D also has been
found to play a pivotal role in the treatment of
AD. Its potential neuroprotective properties have
been explored in both human and animal studies
[41]. Accumulating evidence emphasized that
Vitamin D succeeds in reaching memory centers
due to the existence of corresponding receptors in
the brain [41-44].

It has been reported that the selective reuptake
inhibitors such as fluoxetine provoke paracrine
signaling regulated by transforming growth
factor-p1, thus attenuating AB-42 induced toxicity
[45]. Furthermore, Puerarin, an isoflavone glyco-
side and a popular traditional Chinese medicine
showed substantial therapeutic effect against AD
by attenuating the Ap-instigated toxicity by provo-
cation of estrogen receptor f [46, 47]. Its structural
similarity with mammalian estrogen and ability to
instigate estrogen receptors confer it the substan-
tial protective efficacy [47-49].

16.6 Nanotechnology

Wealth of studies showed that 100s of therapeu-
tic compounds failed in clinical trials due to low
bioavailability and BBB constraints [33, 50]. A
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few FDA-approved AD drugs being oral formu-
lations repose a few gastrointestinal adverse
effects, thus resulting in poor patient compli-
ance [51]. In addition, the drugs fail to stop the
progression of disease [16]. Almost for a decade,
no new drugs have been designed to treat AD
with a significantly high clinical failure rate of
99.6% [16]. To overcome these challenges and
achieve better patient compliance, nanotechnol-
ogy based DDS have been extensively used cur-
rently [50].

Redox nanoparticles employed to cure AD by
improving the bioavailability of piperine yielded
substantial therapeutic effects [2, 52]. Despite the
difficulty in spanning BBB, recently designed
Camelid single domain antibodies with variable
heavy chain succeeded in diagnosing the extra-
cellular amyloid plaques and intraneuronal NFTs
[26]. They span BBB through receptor-mediated
transcytosis.

16.6.1 Curcumin Nanoparticles

Recently designed curcumin-loaded poly(lactide-
co-glycolide) (PLGA) nanoparticles showed sub-
stantial neuroprotective efficacy against AD [53].
In addition, a curcumin-loaded low density lipo-
protein (LDL)-mimetic nanostructured lipid car-
rier (NLC) modified with lactoferrin (Lf) showed
enhanced BBB permeability with robust neuro-
protective efficacy [54]. Transferrin functional-
ized polymerosomes succeeded in delivering
curcumin to the brain and ameliorating cognitive
dysfunction in intrahippocampal Af1-42-injected
mice [55].

16.6.2 Liposomes

Liposomes employed for various diseases such
as cancer showed significant therapeutic effects
[56]. In line with this, rivastigmine-loaded lipo-
somes showed enhanced therapeutic efficacy by
augmenting the concentration and half-life of the
drug in the brain of mice [57] and rats [33, 58].
Moreover, liposomal vaccines were also exten-
sively used to treat AD. It has been reported that

15 aminoacid sequence of AP peptide coupled to
fatty acid residues or phospholipid/PEG spac-
ers showed enhanced neuroprotective efficacy
against AD [33].

In summary, it is essential to develop appro-
priate nanoparticles which enhance the therapeu-
tic efficacy of natural compounds such as
curcumin. Since both natural compounds and
nanoformulations with encapsulated natural
compounds showed promising therapeutic effi-
cacy in several studies, further studies on improv-
ing these biomaterials may reverse AD symptoms
significantly. In addition, nanoparticles with mul-
tiple therapeutic effects such as drug-loaded
redox-active nanoparticles which can scavenge
reactive oxygen species and also show therapeu-
tic effect of loaded drug can open novel therapeu-
tic avenues.

16.7 Viral Vector Therapeutics

Multiple lines of evidence suggested that viral
vectors are substantial therapeutics compared
to nanotechnology based DDS due to their
efficacy and safety [4]. With a view to achieve
potential neuroprotection against AD, viral
vector expression of AP cleaving enzymes,
such as neprilysin [59, 60], or anti-Ap single-
chain antibodies to accomplish passive immu-
nization [61] were extensively employed [4].
Furthermore, regulation of amyloid precur-
sor protein degradation was accomplished by
genetic transfer of siRNA for (-secretase [4,
62] or shRNA to curtail G protein coupled
receptor for y-secretase [4, 63]. Wide range
of other viral vector therapeutics include anti-
Apo E antibodies [64], inhibition of acylCoA-
cholesterol acyltransferase [65], delivery of
growth factors such as cerebral dopamine
neurotrophic factor [66], insulin growth fac-
tor [67], brain derived neurotrophic factor
[68], and nerve growth factor [69] to evade
toxic injury to the brain. Despite the merits of
viral vector therapeutics, a few demerits such
as immune intervention, absence of appropri-
ate entry receptors, and inappropriate cellular
uptake of vectors impede their success [4].
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Conclusion

Although etiology of AD has extensively been
studied yet the understanding of panoply of
molecular underpinnings is elusive. The pri-
mary molecular players involved in neurode-
generation at BBB level play a pivotal role in
AD [22]. Considerable importance to the neg-
ative data and employment of human models
are strongly recommended by AD researchers
[16]. Novel nanomedicine such as Camelid
antibodies with robust imaging ability
becomes a corner stone to develop appropriate
armamentarium for severe neurodegenerative
diseases. However, wealth of studies showed
that there is a burgeoning need to improve
DDS for brain diseases since they are not as
appropriate as they are for other diseases such
as cancer [50]. Multifactorial etiology of AD
needs a robust theranostic arsenal that entails
the expertise from several disciplines such as
medicine, pharmacy, and biology [2].
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17.1 Introduction

Huntington’s disease (HD) is a neurodegenerative
genetic disorder with a mutation in huntingtin
(Htt) gene. This mutation is caused by an
expanded cytosine-adenosine-guanine repeat in
the gene. This mutation results in an abnormally
long polyglutamine repeat in the huntingtin pro-
tein which is a major driver of this disease. The
resultant phenotypic manifestations are uncon-
trolled as well as excessive motor movements in
combination with cognitive and emotional defects
[1]. The molecular pathology of this disease has
been understood in the past few years which offer
the potential of designing new treatment para-
digms [2].

Drug discovery is a long (it takes about
12-15 years for an idea to be developed into a
marketed drug) and expensive process (it costs
US $500 million on an average to discover,
develop, and market a drug). Within the disease
therapy areas, discovery and development of
drugs for treatment of central nervous system
(CNS) diseases is a big stumbling block for the
pharmaceutical industry. Not only discovery but
especially Huntington’s drug discovery and
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development is affected by some of these chal-
lenges [3]. The challenges are listed below:

1. There is a lack of good animal models that
mimic human CNS diseases and therefore
when a drug that appears to be efficacious in
an animal model is tested in humans, the prob-
ability of success is low.

2. In most cases, understanding of CNS disease
is still a work in progress and the utility of a
target protein or gene is not completely under-
stood because of poor disease models.

3. The blood brain barrier, i.e., brain endothe-
lium, represents an often impregnable wall
that does not allow drugs to get to the brain at
sufficient concentrations to be efficacious.

4. The time frame for seeing significant efficacy
of a drug candidate in clinical trials for CNS
diseases is often long and therefore the trials
are expensive.

5. The safety considerations of a drug are critical
and the safety requirement bar is high because
most CNS diseases afflict the elderly.

Despite these challenges, much progress
has been made in treatment of CNS diseases
although vast majority of these drugs are
“symptomatic drugs.” Drugs can be classified
in two categories, those that are symptomatic
and act only temporarily because they do not
treat root cause of disease and those which are
curative and may permanently cure or reverse
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the disease. A major treatment gap in
Huntington’s is that the currently marketed
drugs are mainly providing symptomatic relief
but offer no benefit towards cure of the disease
to the patient [4]. However, there is a strong
possibility based on the current drugs in devel-
opment pipeline that there will be better drugs
specifically for this disease in the near future.
When this happens, it will be a paradigm shift
in the treatment from use of symptomatic to
curative drugs.

17.2 Huntington’s Clinical Disease
Symptom Presentation

The symptoms are obvious and overt in the
advance disease. Clinically they are segregated
into motor, cognitive, and psychiatric disorders.
The presentation of different symptoms is based
on the stage of the disease. A brief and simplified
summary of various symptoms at different stages
of disease is as follows [5]:

I. Early Stage: uncoordinated movements,
impairment of gait (locomotor), impairment
in thought process, mood changes (cogni-
tive), and sadness/unhappiness (psychiatric).

II. Mid Stage: speech/swallowing difficulty,
impaired voluntary movements (locomotor),
tendency of getting stuck on thoughts and
behavior (cognitive), and insomnia, irritabil-
ity, anxiety, indecisiveness, etc. (psychiatric).

III. Late Stage: chorea, dystonia, bradykinesia
(locomotor), lack of awareness, behavioral
disabilities (cognitive), and social with-
drawal or suicidal tendencies (psychiatric).

Clinical assessment of the disease is a critical
aspect of determining the stage of disease. The
Huntington Study Group (HSG) has developed
a uniform assessment tool to describe the clini-
cal features of HD, which has been designated
as Unified Huntington’s Disease Rating Scale
(UHDRS). The UHDRS is considered a reliable
and validated method to measure outcomes of
Huntington’s clinical trials. The components of the

UHDRS are: (1) Motor Assessment, (2) Cognitive
Assessment, (3) Behavioral Assessment, (4)
Independence Scale, (5) Functional Assessment,
and (6) Total Functional Capacity (TFC) [5].

17.3 Pathogenesis of the Disease

Huntington’s disease is caused by CAG repeats,
leading to an abnormally long polyglutamine
(polyQ) expansion in the Htt protein. The mutated
Huntingtin protein (mHtt) has abnormal proper-
ties and is neurotoxic. mHtt triggers a cascade
of pathogenic events that ultimately results in
neurodegeneration. As shown in Fig. 17.1, the
mHtt protein is misfolded and it aggregates into
clumps [6, 7]. Essentially, mHtt engages in mul-
tiple pathogenic pathways leading to neuronal
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Fig.17.1 This figure shows a simplified process by which
mHtt may play a role in the disease process
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Table 17.1 List of investigational drugs and details pertaining to their current clinical phase for Huntington’s, mecha-

nism of action and impact

Impact in

Pipeline drug Clinical phase Mechanism of action Huntington’s
Deutetrabenazine NDA approved | Vesicular monoamine transporter Type 2 (VMAT-2) | Reducing chorea
(SD-809) inhibitor, thus decreasing available dopamine and

reducing chorea
Pridopidine III D2 dopamine receptor antagonist, thus inhibiting Motor impairment
(ACRI16) excitatory hyperglutamatergic symptoms
Selisistat I Sirtuin 1 (Sirtl) inhibitor, acts by restoring global Restoration of the
(EX-527) acetylation, thus restoring mutant Htt (mHtt) Htt mutation

dysfunction and ultimately neuronal death. A
particularly attractive hypothesis for this dysfunc-
tion is that mHtt may cause increased oxidative
stress within the neuron. This may induce aber-
rant gene expression followed by activation of
caspase enzymes and apoptosis of neuronal cells
[8—12]. Finally, there is neurotransmitter imbal-
ance which produces symptomatic motor and
cognitive abnormalities.

17.4 Current Treatment Strategies

Currently the drugs that are used for treatment of
Huntington’s mainly provide symptomatic relief
to patients. Various symptomatic drugs that are
used for treating different symptoms of
Huntington’s disease are presented below [13]:

(a) Suppression of Chorea: Tetrabenazine, Halo-
peridol, Clozapine, Clonazepam, Diazepam.

(b) Antidepressant/Anxiolytic: ~ Escitalopram,
Fluoxetine, Sertraline

(¢) Mood stabilizer: Lithium

(d) Anticonvulsants: Valproic Acid, Divalproex,
Lamotrigine

Symptomatic drugs are those that only treat
the symptoms but not the underlying cause of the
disease. Not only these drugs do not treat the
disease-causing steps but since the symptoms
are treated but not the disease, the disease may
continue to worsen. In contrast to this, disease-
modifying drugs intervene in a disease-causing
step (s) to retard disease progression and/or stop
disease process or reverse it.

17.5 Drugs in Clinical
Development

Here we have focused on three investigational
drugs that are currently active in clinical trials or
have been recently approved. The profile of these
investigational drugs, their current clinical phase
for Huntington’s and mechanism of action are
shown in Table 17.1. Each of them is briefly dis-
cussed below:

17.5.1 Deutetrabenazine (SD-809)

Deutetrabenazine (SD-809) was approved by
USFDA in 2016 to treat chorea associated with
Huntington’s after successful completion of Phase
III clinical trials [14]. Deutetrabenazine is a deu-
terated analogue of TBZ, and deuterium
(D)-substitution reduces the metabolism of the
active metabolites, resulting in improved pharma-
cokinetic properties, and increased half-life [15].
Deutetrabenazine is an inhibitor of vesicular
monoamine transporter Type 2 (VMAT-2), which
leads to the early metabolic degradation of mono-
amines. This in turn leads to prevention of uptake
of serotonin, norepinephrine, and dopamine into
pre-synaptic neurons. This leads to reduction in
hyperkinetic disorders like chorea [16].

17.5.2 Pridopidine (ACR16)

Pridopidine (4-[3-(methylsulfonyl)phenyl]-1-pro-
pylpiperidine hydrochloride) acts similar to a
dopamine D2 antagonist as well as through
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N-methyl-D-aspartate (NMDA) receptors [17, 18].
Multiple rodent experiments have been conducted
using pridopidine that confirmed the preclinical
potential of pridopidine as a dopaminergic stabi-
lizer [19, 20]. Recently, Sigma 1 Receptor (S1R)
agonism has been proposed to be an additional
mechanism of action for pridopidine [21].

In clinical trials, pridopidine has been efficacious
on motor symptoms but has not shown improvement
in cognitive function. In the trial conducted by
Huntington Study Group HART Investigators
(ClinicalTrials.gov Identifier: NCT00724048), this
drug candidate showed that after 12 weeks of treat-
ment the only dose that showed improvement on the
modified motor score was 90 mg/day. Pridopidine
was well tolerated at this dose [22]. However, in a
recently concluded Phase II clinical trial
(ClinicalTrials.gov Identifier: NCT02006472) the
drug candidate showed a statistically significant
reduction in disease progression from 26 to
52 weeks after treatment with pridopidine at certain
doses as compared to placebo control. The efficacy
was measured using Total Functional Capacity
(TFC) [23].

17.5.3 Selisistat (EX-527)

Selisistat  (EX-527, SENO0014196, 6-chloro-
2,3,4,9-tetrahydro- 1 H-carbazole- 1 -carboxamide)
is a selective Sirtuin 1 (Sirtl) inhibitor. It acts on
NAD*-dependent deacetylation mechanism, thus
inhibiting histone deacetylases (HDACs) which
in turn restores the gene transcription repression
caused by mHtt [24, 25]. It has been demonstrated
in genetic as well as phenotypic animal models
that selisistat suppresses pathological effects of
Huntington’s [26].

Selisistat has been studied in a couple of
clinical trials (ClinicalTrials.gov Identifiers:
NCTO01521832, NCT01521585), wherein it has
been claimed to have satisfied the criteria of
pharmacokinetics  parameters, pharmacody-
namic efficacy and tolerability up to 12 weeks of
treatment [27]. This is one of the few investiga-
tional drugs that may act as disease-modifying
agent based on the disease-modifying events as
described in Fig. 17.1.

Conclusion
Discovering new and better drugs for rare dis-
eases such as Huntington’s is fraught with high
risk both scientifically as well as from a busi-
ness perspective. Firstly, the number of patients
available for a clinical trial is less than optimal
and therefore demonstrating a meaningful and
statistically significant therapeutic effect is
tough. Secondly, because the number of
patients is less the profitability for the innova-
tor has to be carefully thought thru. To this end,
the USFDA provides incentives for developing
drugs for rare diseases for pharma companies.
Despite such challenges, we believe that in the
near future the likelihood of producing a disease-
modifying drug is realistic [28]. As shown in the
pipeline drugs described here, there are many
“shots on goal” and therefore one should be
hopeful of success. We should expect a paradigm
change in the way this disease could be treated by
the entry of disease-modifying drugs that can
work together with the symptomatic drugs.
Ultimately this could lead to improvement to the
patient’s health and longevity.
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18.1 Introduction

Huntington’s disease (HD) is a hyperkinetic
movement disorder and dominant inherited neu-
rodegenerative disorder caused by genetic muta-
tion, resulting in an unstable expansion in
polyglutamine stretch (CAG repeat) in IT-15
gene. IT-15 gene encodes for a protein known as
huntingtin protein [1-3]. HD is characterized by
mutant huntingtin protein (mHTT) induced selec-
tive degeneration of GABAergic medium spiny
neurons in the striatum and is associated with
motor (hyperkinetic movements and gait abnor-
malities) and non-motor symptoms (depression,
memory impairment, and anxiety). HD has a
worldwide prevalence of 5—8 per 100,000 people.
A substantial progress has been made in last three
decades about understanding the pathophysiol-
ogy of HD and several theories have been put
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forward like mutant huntingtin protein (mHTT)
protein aggregation, transcriptional dysregula-
tion, mitochondrial dysfunctions, oxidative
stress, apoptosis, and neuroinflammation but the
exact mechanisms by which mHTT induces early
GABAergic MSN degeneration are still unclear
[1, 4]. Numerous studies have indicated that HD
pathophysiology may begin both from autono-
mous processes within defenseless neurons and
from alteration in neuron—neuron interactions,
most exclusively at the level of the cortico-striatal
neurons.

Clinically reported symptoms of HD in early
stages include progressive weight loss, sexual
behavior dysfunction, and alteration in the sleep
cycle, whereas in the later stages HD is character-
ized by motor signs, progressive cognitive dys-
function, and impairment of the intellectual
processes involved in thinking, decision, and
memory. Due to progressive motor dysfunction,
patients with advanced HD are unable to walk
and have very less food intake. Life-threatening
conditions in advanced HD result from injuries
associated with serious accidents, and most of
advanced HD patients ultimately surrender their
life due to aspiration pneumonia [4].

During past two decades, significant advance-
ment has been made to develop drugs for HD but
still there is no drug available that can arrest the
neurodegenerative processes involved in HD. A
drug, i.e., Tetrabenazine, belonging to the class of
dopamine transporter inhibitors has been
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approved by FDA for treating dyskinetic symp-
toms in HD patients. This drug provides restricted
relief from clinical symptoms and induces vari-
ous ill effects like suicidal thoughts, depression,
and sedation. Accordingly, innovative approaches
are required to develop new drugs or agents that
may halt neurodegeneration in HD. Other fruitful
approaches like suppressing the expression of
huntingtin gene and clearance of mHTT aggre-
gates in the neurons might prove to be advanta-
geous in the treatment of HD. In this regard, we
have composed and conversed the data of recently
assessed drugs in HD animal models on HTT
gene expression, mHTT protein metabolism,
mitochondrial dysfunction, BDNF level, apopto-
sis, neuroinflammation, and various other neuro-
degenerative processes in HD.

18.2 Huntingtin Protein:
Structure and Function

The HTT gene encodes for huntingtin protein
having a molecular weight of 348-kDa. HTT
gene contains a specific DNA segment known as
a CAG trinucleotide repeat and is composed of
series of three DNA building blocks (cytosine,
adenine, and guanine) that appear multiple times
in a row. The normal repetitions of CAG segment
appear 10-35 times within the gene [4]. Three
different forms of huntingtin have been identified
matching to human huntingtin protein amino
acids, i.e., 1-386 (httl), 683-1586 (htt2), and
2437-3078 (htt3). Recently, it has been found
that the NH,-terminus of httl is the most evolved
part of huntingtin, while the COOH-terminus is
most conserved portion among all animal.
Physiological HTT is universally expressed
cytoplasmic protein and is found in all mamma-
lian cells with uppermost expression reported in
the brain. HTT is incriminated in numerous func-
tions including neurogenesis, transcription, cell
trafficking, axonal transport and in upregulation
of the expression of neurotrophic factors, such as
BDNF and NGF [5, 6]. In the brain, the lack of
HTT protein gives explanation for some of the
clinically observed symptoms of HD. HTT plays

a pivotal role in the embryonic brain develop-
ment, as relentless impairment of neurogenesis
has been seen in HTT knockout mice. Even
though the exact function of this protein is not
understood, it appears to play multiple roles in
the brain and is essential for normal brain devel-
opment before birth.

mHTT is considered as key contestant in arbi-
trating the HD pathophysiology. mHTT consists
of enlarged polyglutamine stretch (polyQ) with
more than 40 CAG repetitions. The utmost
expression of mHTT has been found in the stria-
tum nuclei of brain. The unusual folding of
mHTT protein leads to striatal neurotoxicity as
mHTT is not degraded by ubiquitin-proteasomal
system but its toxic protofibrils and fibrils are
defused in aggregates and inclusions. These
mHTT aggregates and inclusions get assembled
in the cytoplasm and nucleus of neurons but the
mechanism by which mHTT initiates neuronal
degeneration is not fully understood. However,
the loss of activity of ubiquitin-proteasomal sys-
tem, defective autophagy-lysosomal system,
transcriptional dysregulation, oxido-nitrosative
stress, activation of apoptosis, mitochondrial
dysfunction, neuroinflammation, and abnormal
protein—protein interaction are considered to be
key factors in interceding HD pathogenesis [1].

18.3 Mechanism Underlying
Huntington Disease
Pathogenesis (Fig. 18.1)

18.3.1 Oxidative Stress

Oxidative stress results from imbalance between
pro-oxidants and antioxidants. Reactive oxygen
species (ROS) production is unavoidable conse-
quence of cellular metabolism. Elevated ROS
levels are thought to play a significant role in HD
pathogenesis [7]. In particular, high levels of
ROS in HD are linked to proteasomal pathway
dysfunction, which stimulates mHTT aggregate
formation and ultimately leads to mitochondrial
inhibition. In addition, mHTT aggregates are the
production foundation of ROS because they are
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Fig. 18.1 Mutant
Huntington protein
induced pathogenic
mechanism underlying
HD pathogenesis

rich source of oxidized proteins. Moreover, HD
patients showed decline in mitochondrial
aconitase activity in caudate and putamen nuclei
of striatum by 90% and 70%, respectively, which
is indicator of high levels of ROS production.
3-nitropropionic acid (3-NP) is mitochondrial
complex II inhibitor, enhances excessive ROS
production, and produces degeneration of
GABAergic MSNs in the striatum. 3-NP pro-
duces similar brain lesions in rats and mice as
seen in HD patients and is widely used as animal
model to study HD pathogenesis. Quinolinic acid
(QA), an endogenous metabolite of kynurenine
pathway produces overactivation of N-methyl-D-
aspartate (NMDA) receptor, which leads to mito-
chondrial dysfunction, excessive ROS production,
and oxidative damage. Acute intrastriatal admin-
istration of QA in rodents reproduces the symp-
toms of HD. Previous studies have revealed that
the use of antioxidants like green tea, lycopene,
polyamines, curcumin, resveratrol, quercetin,
and epigallocathechin-3-gallate (EGCG) was
successful in ameliorating the deleterious effects
of 3-NP and QA-induced HD in Wistar rats [1, 8,
9]. Therefore, it is not speculate to conclude that
HD onset and progression is well correlated with
the elevated levels of ROS in HD subjects.

Mutant

Huntington
Protein

18.3.2 Mitochondrial Dysfunction

Mitochondrial dysfunction is a key feature in
the pathogenesis of neurodegenerative disor-
ders like HD and considered as hallmark for
neurodegeneration, occurring as a result of
defective mitochondrial calcium handling,
ATP production, transcription abnormalities,
and electron transport chain (ETC) impair-
ment. Animal models of HD exhibit mitochon-
drial impairment and metabolic deficits similar
to those found in HD patients. mHTT causes
mitochondrial dysfunction by directly interfer-
ing with mitochondrial dynamics, and organelle
trafficking, which in turn result in bioener-
getic failure. Loss of the activity of enzymes
involved in mitochondrial oxidative phosphor-
ylation further supports the hypothesis of mito-
chondrial dysfunction in HD. Po