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Abstract Neurodegeneration is the gradual deterioration and loss of conductive
ability of neurons constituting the central and the peripheral nervous system, partic-
ularly involving the neurons in the brain and spinal cord. Neurodegenerative condi-
tions are one of the leading causes of disability, affecting millions of people around
the world. The risk of the onset of neurodegenerative diseases increases dramatically
with age. Although age is considered a dominant factor in the mortality and
prevalence rates of many neurodegenerative disorders, the number of cases has
increased over the last 25 years. Most neurodegenerative diseases are challenging
to diagnose early. On the other hand, reports have stated that early treatment can
slow the progression of the disease. Thus, an early diagnosis of the disease would
allow the clinician to predict further possible neural damage and subsequent disabil-
ities. Neuro radio imaging tools are traditional methods for monitoring
neurodegeneration in clinical settings. Lately, genetic and biochemical tools have
also been successfully developed for early diagnosis. In addition, preclinical animal
models and human organoids have also been successfully utilized in the neuro drug
discovery program and early diagnosis of disease progression. Therefore, in the
above-mentioned context, the authors have briefly discussed various strategies for
monitoring neurodegeneration and the recent progress made in experimental models.

Keywords Neurodegeneration · Tracking of neurodegeneration ·
Neurodegenerative disorders · Radio imaging · Genetic test · Preclinical models ·
Human organoid models

M. Arumugam
Department of Pharmacology, Sri Ramachandra Faculty of Pharmacy, Sri Ramachandra
Institute of Higher Education and Research, Porur, Chennai, Tamil Nadu, India

S. Sugin Lal Jabaris (*)
Department of Pharmacology, Siddha Central Research Institute, Central Council for Research
in Siddha, Anna Govt. Hospital Campus, Arumbakkam, Chennai, Tamil Nadu, India
e-mail: s.sugin@gov.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
P. Elumalai, S. Lakshmi (eds.), Functional Foods and Therapeutic Strategies
for Neurodegenerative Disorders, https://doi.org/10.1007/978-981-16-6703-9_3

25

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-6703-9_3&domain=pdf
mailto:s.sugin@gov.in
https://doi.org/10.1007/978-981-16-6703-9_3#DOI


Abbreviations

6-OHDA 6-Hydroxydopamine
Ach Acetylcholine
AChT Acetylcholine transporter
AD Alzheimer’s disease
ALS Amyotrophic lateral sclerosis
APOE Apolipoprotein E
Aβ Amyloid beta
BBB Blood–brain barrier
CAA Cerebral amyloid angiopathy
CB2R Cannabinoid receptor 2
CBF Brain blood flow
CNS Central nervous system
COX Cyclooxygenase enzyme
DA Dopamine
ET Eye tracking
FTD Frontotemporal dementia
FTLD Frontotemporal lobar degeneration
GABA Gamma-aminobutyric acid
HD Huntington’s disease
HIV Human immunodeficiency virus
iPSCs Pluripotent stem cells
LTP Long-term potentiation
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MRI Magnetic resonance imaging
MS Multiple sclerosis
NFTs Neurofibrillary tangles
PD Parkinson’s disease
PET Positron emission tomography
SN Substantia nigra
SNc Substantia nigra pars compacta
SNpc Substantia nigra pars
SPECT Single-photon emission computed tomography
TEQ Therapeutic Engagement Questionnaire
TSPO Translocator protein

3.1 Introduction

Neurodegeneration is the gradual deterioration with concomitant loss of neuronal
ability to communicate across the central and peripheral nervous system.
Neurodegeneration is synonymous with diseases such as amyotrophic lateral
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sclerosis (ALS), Alzheimer’s disease (AD), Huntington’s disease (HD), multiple
sclerosis (MS), and Parkinson’s disease (PD). Neurodegenerative conditions are the
most frequent cause of disability and affect millions of people worldwide
(Checkoway et al. 2011). According to the US National Institute of Environment
and Health Sciences, AD and PD are the most common neurodegenerative diseases
globally. Furthermore, the risk of developing a neurodegenerative disease increases
considerably with age. Although age is considered to be a predominant factor in
mortality and prevalence rates for many neurodegenerative disorders, the number of
cases has increased over the past 25 years (GBD 2015 2017). Therefore, the market
size of therapies for neurodegenerative diseases is expected to grow by nearly USD
44.90 billion in 2026. This report provides a market analysis based on the findings of
AD, PD, MS, HD, and others (Reportlinker 2021).

Neurodegenerative disorders typically cause cognitive or motor dysfunction or
both. For example, AD is a common cause of dementia and impairs the individual’s
quality of life, mental judgment, financial implications, and memory functions. In
addition, it is often associated with mood swings in patients (Relja 2004; Sugin et al.
2020). While ALS and PD are progressive degenerative diseases that damage the
nerve cells (motor neurons) which control voluntary muscle movement, HD is
predominantly an autosomal disease establishing itself by a triad of motor, cognitive,
and psychiatric symptoms. Most neurodegenerative diseases are hereditary and
progress over several years, ultimately leading to death (Relja 2004; Dugger and
Dickson 2017). Unfortunately, it becomes increasingly difficult to treat as the
disease progresses. Conditions such as ALS, AD, and PD might be difficult to
diagnose early. On the other hand, reports have favored early treatment for slowing
down the progress of the disease (Mancuso et al. 2011; Murman 2012; Czaplinski
et al. 2006). Subsequently, it has also been believed that the neurodegenerative
process is characterized by the loss of the myelin sheath, followed by cell death and
behavioral changes; therefore, early diagnosis and treatment would facilitate the
arrest of further damage of neurons.

Initially, scientists were not able to accurately correlate the physiopathological
pathways with the rate of disease progression. As a result, it was difficult for
clinicians to monitor the therapeutic responses and the severity of the disease.
However, with recent advances in noninvasive brain imaging techniques, proteo-
mics, and estimation of the biomarkers, a wide range of evidence is available. Now,
the researcher can predict the progression of the disease and initiate proper counsel-
ing and medications. In the given context, the authors briefly address the monitoring
strategies of neurodegeneration and recent advances in the experimental models.

3.1.1 Pathophysiology of Neurodegeneration

As discussed above, neurogenerative diseases have been explained by complex
multifactorial pathogenetic mechanisms that vary depending on the clinical state.
The exact pathogenicity of neurodegenerative diseases remains largely unknown.
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However, the relevant neurochemistry and synaptic transmission levels have been
extensively researched. It is important to note that protein abnormalities followed by
neuroinflammation that define neurodegenerative diseases might occur prior to the
onset of clinical signs (Relja 2004; Dugger and Dickson 2017). Consequently, a
thorough knowledge of pathophysiology is necessary to understand the progression
of the disease. The common pathophysiology associated with clinical conditions is
discussed as follows.

The physiopathology of AD implies cortical atrophy, usually the most important
in the medial temporal lobe, which is composed of several important structures
related to cognitive function. The impacted brain regions suffer inflammation,
granular degeneration, and Hirano bodies. Furthermore, two classical inclusions
are considered pathognomonic of the disease: neurofibrillary tangles (NFTs) and
amyloid plaques. NFTs are localized aggregates of tau proteins and neurofilaments
found in neuronal cell bodies. The distribution and density of NFTs appear to be
correlated with clinical conditions. Amyloid plaques are extra neuronal aggregates of
Aβ-protein. The plaques, namely neuritic and diffuse, are two kinds that are respon-
sible for the pathology of the disease. The neuritic plaque is an extracellular
component of Aβ; the plaque also has a component of dystrophic neuritis that
contains tau protein. On the other hand, the diffuse plaques consist mainly of Aβ
protein. Interestingly, the histopathology of the brain section of autopsied elderly
individuals who are clinically unaffected has also demonstrated the presence of
diffuse, neuritic plaques, and NFTs (Pressman et al. 2014).

ALS affects both superior and lower motor neurons and is clinically associated
with weakness, muscle atrophy, and spasticity fasciculations. There are instances of
atrophy of the precentral gyrus. In addition, gray matter abnormalities, atrophy of the
motor cortex, and white matter reduction are also observed in different segmental
areas of the central nervous system, with a site predilection to the corticospinal tract
and Betz cell degeneration in the motor cortex (Dickson and Weller 2011; Saberi
et al. 2015). Other pathology features of ALS include vacuolization, large empty
spaces close to neurons, and spongiosis. Recent studies point to the importance of
the glial cells and their role in the pathophysiology of ALS (McGeer and McGeer
2002; Boillée et al. 2006a, b; Yamanaka et al. 2008).

HD is a rare, progressive, and degenerative genetic condition caused by a single
defective gene on chromosome 4—one of 23 human chromosomes. It is especially
identified by the neuronal loss of striatum and cortex (Vonsattel and DiFiglia 1998)
but also affects many other nuclei, including the globus pallidus, thalamus, hypo-
thalamus, subthalamic nucleus, substantia nigra, and cerebellum (Petersén et al.
2002, 2005; Kassubek et al. 2004). Additionally, diffusion tensor imaging confirmed
white matter pathology in symptomatic patients before and prior to symptoms
(Rosas et al. 2006). Recent evidence has suggested that the mutant Huntingtin
gene RNA is toxic. On the DNA level, it causes a repeated expansion of somatic
GAC in susceptible cells, influencing the progression of the disease (Tabrizi et al.
2020).

PD can be an inherited or a sporadic disease, but they all have neuronal loss in the
substantia nigra pars (SNpc) compacta, which provides the dopaminergic
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innervation to the striatum (Dickson 2018). The gradual loss of dopamine neurons is
a characteristic of normal aging. However, the symptoms of PD are consistent with
excessive loss (70–80%) of these neurons. If left untreated, PD progresses over a
span of 5–10 years to a rigid and related condition, and patients are unable to fend for
themselves. Subsequently, the cross-sections of the PD brainstem demonstrated the
loss of the dark pigmentation zone in the SNpc and locus coeruleus. Pigmentation
loss was observed to be directly correlated with the death of dopaminergic neurons
(DA) containing neuromelanin in the SNpc and noradrenergic neurons of the locus
coeruleus (Dickson 2012), which leads to malfunction in other nondopaminergic
neurotransmitter systems (Kalia et al. 2013). Degeneration of these systems has been
attributed to the various nonmotor symptoms of PD that are refractive to dopamine
replacement therapies (Chaudhuri et al. 2006).

Moreover, the roles of neurotransmitters in the pathophysiology of
neurogenerative diseases have also been investigated. In addition to clinical condi-
tions, many neurodegenerative disorders have common phenomena in neurotrans-
mitter levels in the central nervous system (Vorobyov and Bobkova 2017).
Excitatory amino acids like glutamate are major excitatory neurotransmitters in the
human nervous system. Glutamate hyperactivity caused by exogenous or endoge-
nous factors is widely believed to be an etiological factor in chronic neurodegener-
ative disease (Lewerenz and Maher 2015). Exogenous or endogenous neurotoxic
compounds could also activate glutamate receptors, resulting in neurodegeneration.
The excitotoxicity of glutamate may also contribute to toxin-induced dopamine cell
death, mainly due to the presence of glutamate receptors in substantia nigra (Relja
2004). Therefore, it could be concluded that the understanding of pathophysiology
and relevant pathways is essential in the early diagnosis of the disease.

3.1.2 Classification of Neurodegenerative Diseases Based
on the Clinical Manifestations

To the best of the authors’ knowledge, the present attempt is the first of its kind in
classifying the neurodegenerative diseases, based on the functional disability
aspects, as follows:

• Neurodegeneration with physical disability: Movement disorders, including
hyperkinetic, hypokinetic, cerebellar, or dysfunction of the superior and inferior
motor neurons (e.g., HD, ALS or Lou Gehrig’s disease, PD, MS, spinocerebellar
ataxia, spinal muscular atrophy, and motor neuron diseases).

• Neurodegeneration with mental disability: Cognitive decline, dementia, and
impairment of superior cerebral functions (e.g., AD and other dementias, PD and
PD-related disorders, prion disease, and HD).

Clinical manifestations of neurodegenerative diseases begin either as motor or
cognitive dysfunction or early combinations of both.
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3.2 Tracking Strategies for Neurogenerative Diseases

The tracking of neurodegeneration at a macroscopic level by identifying the clinical
signs and up to the level of cellular pathology is one of the many recent advances
achieved in the treatment and management of neurodegenerative diseases. The initial
processes of neurodegeneration begin with neuroinflammation, which occurs in the
brain and spinal cord regions (Przedborski et al. 2003; Dugger and Dickson 2017).
Therefore, early diagnosis of the disease would allow the clinician to predict
additional neural damage and subsequent disabilities. Neurodegenerative diseases
have a group of pathophysiological events, and these differ with clinical conditions.
Therefore, the authors classified the tracking strategies based on the disease pro-
gression (Fig. 3.1).

Disease progression could be monitored by imaging anatomical changes and/or
quantifying pathophysiologically relevant biomarkers from various body fluids.
Recent developments in imaging tools and proteomics analysis techniques would
allow researchers to track the disease progression in clinical settings (Mathis et al.
2005; Shimizu et al. 2018). Neuroinflammation refers to the development of several
neurodegenerative disorders (Guzman-Martinez et al. 2019), followed by demyelin-
ation and neuronal death (Fig. 3.1). Astrocytes and microglia are the dominant
immune cells in the CNS (Carson et al. 2006). They are thought to play a critical
role in the initial cascade of neuroinflammation by releasing many neurotoxins
(Chen et al. 2016). Therefore, comparing the extent of neurochemicals in various
body fluids and radio imaging would help understand the rate of progression with
clinical correlation support.

3.2.1 Applications of Radio Imaging Tools in the Monitoring
of Neurodegenerative Diseases

Recent studies have revealed that nuclear imaging approaches such as positron
emission tomography (PET), single-photon emission computed tomography
(SPECT), and magnetic resonance imaging (MRI) have been helpful in monitoring
the molecular consequences of neuroinflammation. Furthermore, the above-
mentioned imaging tools have also been used in investigating changes in the
integrity of the blood–brain barrier (BBB) and biomarkers for neuroinflammation,
using specific radioligands.

3.2.2 Applying PET to Neurogenerative Disease Tracking

PET is the first nuclear imaging approach aimed at quantifying neuroinflammation
in vivo (Jain et al. 2020; Kreisl et al. 2020; Meyer et al. 2020; Zimmer et al. 2014).
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Activation of microglia in the brain and spinal cord region would lead to infiltration
of peripheral leukocytes into the CNS, followed by neuroinflammation (Carson et al.
2006; DiSabato et al. 2016). The microglia activation will trigger the release of
inflammatory markers such as cytokines and chemokines and the generation of
reactive oxidative species to sustain homeostasis (Harry and Kraft 2008; Wang
et al. 2015; DiSabato et al. 2016). Increasingly, data from preclinical models and
genomic association studies have highlighted the immune system’s role in neurode-
generative diseases, which include AD, PD, and MS (Golde 2019). Since
neuroinflammation is the primary cascade in neurodegeneration, an initial evaluation
of inflammatory markers would enable to predict the neurodegeneration by clini-
cians and researchers at the early stage of disease progression. In addition, PET has
discriminated a minor quantity of inflammatory markers in the brain and spinal cord
areas (Carson et al. 2006; DiSabato et al. 2016). The above information would
enable investigators to design clinical trials for neurodegenerative therapies. Recent
studies have provided considerable evidence of the usefulness of PET studies in
monitoring neuroinflammation; however, the clinical application is yet to be initi-
ated. Therefore, additional studies are warranted to apply these strategies toward
meaningful treatment.

The foremost advantages of PET in tracking neurodegeneration are that it could
detect low concentrations of particular proteins or amino acids in the region of
interest using specific radioligands (Kreisl et al. 2020). To detect specific proteins,
the specific nontoxic radioligands needed are known as tracers (Fig. 3.2). Tracers are
the radiolabeled chemical molecules with higher affinity toward the specific pro-
teins; thus, the injected tracers will bind with the proteins, and the PET scanner
would detect the radio signals. The ratio of radioligands between the region of
interest and the nonspecific regions would be a surrogate marker of the extent of
protein accumulation in the particular region. Changes in the radio signal ratio at
baseline and/or after treatment would provide the opportunity to track the impact of
the particular treatment on the condition and progression of the diseases (Fig. 3.2).
Several PET radiotracers have been developed for candidate biomarkers of
neuroinflammation, including 18 kD translocator protein (TSPO), cannabinoid
receptor 2 (CB2R), and cyclooxygenase enzymes (Jain et al. 2020).

In clinical trials, TSPO is a presumed biomarker of neuroinflammation, and the
elevation of PET ligands shows an increase in TSPO binding, which, in turn,
positively correlates with the clinical conditions in AD, as well as during major
depressive episodes of the disease (Ching et al. 2012; Dupont et al. 2017; Zhang
et al. 2021). The PET ligand for cyclooxygenases enzyme systems such as COX-1
and COX-2, which are components of the cyclooxygenase (Narayanaswami et al.
2018), might be more beneficial in studying the conditions and also to understand
whether the given treatment was effective or not.

Furthermore, the markers showed significant differences between the healthy
volunteers and patients with neurodegenerative diseases such as AD, MS,
HIV-associated cognitive impairment, frontotemporal dementia, chronic traumatic
encephalopathy, HD, ALS, epilepsy, corticobasal degeneration, progressive
supranuclear palsy, and dementia with Lewy bodies and stroke (Kepe et al. 2013;

32 M. Arumugam and S. Sugin Lal Jabaris



F
ig
.3

.2
A
pp

lic
at
io
n
of

P
E
T
/S
P
E
T
in

tr
ac
ki
ng

ne
ur
od

eg
en
er
at
iv
e
di
so
rd
er
s

3 Tracking Neurodegeneration: Advancement in Experimental Study Models 33



Vera et al. 2017; Beyer et al. 2018; Tiepolt et al. 2019). In addition, the PET
acquisition could create three-dimensional images that enable the detailed state of
the brain region and spinal cord to be read. However, the main obstacle is the
limitation of quantification with the most common neuroinflammatory markers,
such as 18 kDa translocator protein (TSPO) due to higher nonspecific binding of
the radioligands (Ching et al. 2012).

3.2.3 Applying Single-Photon Emission Computed
Tomography (SPECT) in Neurogenerative Disease
Tracking

The principle of SPECT and PET operation is always common (Fig. 3.2) with
various devices. At the same time, PET and SPECT would be distinguished by the
type of radiotracers used. PET tracers generally have a shorter half-life, whereas
SPECT tracers have a longer half-life, allowing us to take more images (Rahmim and
Zaidi 2008; Wahl et al. 2011). Thus, the PET scanner is crucial in the study related to
BBB integrity, followed by the infiltration of inflammatory markers involved in the
first line cascade of the neuroinflammation process (Breuer et al. 2017; Kreisl et al.
2020). Furthermore, early diagnosis of changes in the BBB integrity in the condi-
tions of stroke and other diseases or injuries would help the physician plan proper
treatment and arrest the progress of neuronal damages.

Lorberboym and his colleagues reported (99 m) Tc-diethylenetriamine penta
acetic acid as a tracer for BBB integrity assessment during the acute stroke of the
middle cerebral artery, occurring between 24 and 48 hrs. The data showed that
measuring the degree of BBB disturbance at the initial stage of stroke and edema
formation might be used to predict the delayed neurological and functional results
(Lorberboym et al. 2003). In another clinical study, Elbert and the team used
123I-CLINDE as a SPECT tracer to study the neuroinflammation in patients after
mild traumatic brain injury. 123I-CLINDE, a marker specific to TSPO, is an
upregulated protein in the active immune cells. Interestingly, the results showed
that neuroinflammation occurred after 1–2 weeks after the injury. Furthermore, it
persisted up to 4 months as suspected in the pathogenesis of post-concussion
symptoms in patients (Ebert et al. 2019). Thus, the above evidence strongly
supported the hypothesis that early diagnosis of neuroinflammation via BBB integ-
rity changes by neuroimaging techniques would be a potential treatment strategy to
prevent late neuronal damage and subsequent disability.

In addition, unfortunately, there is no peripheral blood test for PD yet. Therefore,
most of the time, PD gets diagnosed only in the advanced stages. Early detection of
PD is essential in arresting further damage to the dopaminergic neurons. Nowadays,
123I-ioflupane is widely used as a tracer for the diagnosis of early-stage PD. Many
clinical studies have shown the logical relationship of changes in the 123I-ioflupane
binding report in left caudate, right caudate, left putamen, and right putamen with
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clinical presentation (Pahuja et al. 2019). As discussed earlier in the present chapter,
acetylcholine (ACh) is a key neurotransmitter involved in the pathophysiology of
PD. Levels of ACh and its vesicular acetylcholine transporters (AChT) would be less
in PD patients than in healthy volunteers (Bohnen and Albin 2011). Therefore,
monitoring the density of AChT could be a potential diagnostic approach for the
early detection of PD. The SPECT radiotracers like 123I-iodobenzovesamicol bind
specifically to AChT and reveal the density of acetylcholine containing vesicles.
Therefore, changes in the AChT could be correlated with the clinical presentation for
early detection of PD. Interestingly, the reduced density of AChT in parietal,
occipital lobes and cerebral cortex in PD patients identified by the SPECT radio-
tracer was also correlated with dementia (Niethammer et al. 2012).

3.2.4 Applying Magnetic Resonance Imaging (MRI)
to Neurogenerative Disease Tracking

MRI has taken on an essential and groundbreaking role in diagnostic imaging by
enabling the acquisition of high-resolution images without harmful ionizing radia-
tion. The major advantage of MRI is that it works through water molecules within
the body and requires no specialized radiotracer. However, the specific proteins or
inflammatory markers might not be detected through MRI. Instead, one can detect
structural abnormalities such as alterations in brain volume, atrophy, diameter, area,
etc. Melzer and his colleagues studied the structural abnormalities of twenty-three
nondemented PD patients over the period of one year. The results showed atrophy in
temporal and orbitofrontal cortices in the PD group compared with the control group.
The significant changes in brain atrophy could be used to monitor dementias in PD
patients (Melzer et al. 2015).

Furthermore, the substantia nigra (SN) region is primarily affected due to the after
infarction, especially in conditions like stroke or serious injury. SN has dopaminer-
gic neurons of the midbrain that play a vital role in motor and reward function.
Therefore, the damage caused by immune cell infiltration due to infarction seriously
affects motor function, which in turn leads to motor dysfunction. Linck and his
colleagues studied the SN after ipsilateral infarct and the clinical outcomes in
181 participants in their study. After one year of follow-up, the study made a riveting
conclusion that the patients with stroke had increased SN R2* in MRI. The elevated
SN R2* was related to the increased iron content and clinical outcomes. Therefore,
the study concluded that tracking of SN R2* by MRI could be a potential tool for
tracking secondary neurodegeneration in stroke patients (Linck et al. 2019).

Astrocytes play a crucial role in cerebral blood flow (CBF). In the course of MS,
CBF reduction is known as expected cerebral hypoperfusion. Therefore, changes in
CBF would be a potential early marker for the neurodegenerative process. Van
Schependom et al. described the comprehensive brain hypoperfusion in the cerebral
cortex and cerebellum in MS patients utilizing the arterial spin labeling method
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without using contrast administration (see Fig. 3.3 for an example from the authors’
own records, unpublished data adopted from Van Schependom et al. 2019). The
above findings supported the hypothesis that reduced CBF in the early stage of
diagnosis would be a potential strategy for prevention from further deterioration.

3.3 Genetic Testing for Neurodegenerative Disease
Tracking

Clinical genetic testing techniques on neurodegenerative disorders used for accurate
diagnosis provide information on the risk of recurrence and assist family members
involved in determining the personal risk and eligibility for counseling or clinical
trials.

Genetic detection of neurodegenerative diseases through monogene analysis
began in the 1980s when genes were identified for HD, AD, and other neurodegen-
erative diseases. Recent developments in genetic testing and multigenic panels,
whole exome sequencing increases diagnostic efficiency, especially if the specific
neurodegenerative state is unknown. At the beginning of the 1990s, genes respon-
sible for AD were identified on chromosomes 21 (APP), 14 (PSEN1), and
1 (PSEN2) (Van Cauwenberghe et al. 2016). These genetic tests have been proposed
in families with known or suspected mutations, while recent findings have confirmed
the critical role of associations between Lewy’s dementia and variants of the APOE,
GBA, and SNCA genes (Sanghvi et al. 2020). In addition, another study confirmed
that the mutation in a single multigene such as C9orf72, MAPT, and GRN causes
20–50% chances of frontotemporal dementia (FTD) (Olszewska et al. 2016). Unless
a specific pathogenic variant of the family is known, genetic testing for FTD is

Fig. 3.3 Perfusion-weighted cerebral MRI (labeling of arterial spin) of a healthy volunteer (left)
versus recurrent remission MS (right), with CBF map overlay with color code. Cerebral perfusion is
generally reduced in multiple sclerosis, compared with healthy volunteers (image adopted in Van
Schependom et al. 2019)
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usually performed using multigene panels (Greaves and Rohrer 2019). Similarly,
recent advancements in genome analysis could diagnose other neurodegenerative
diseases as well. For example, genes, such as GBA and LRRK2, display the most
common genetic variants associated with PD and serve as the basis for the emerging
target-based therapies for PD, and it is currently being tested in clinical trials (Sardi
et al. 2018).

Unfortunately, there is no diagnostic or radio imaging protocol for the early
diagnosis of ALS. It is one of the primary neurodegenerative diseases of the motor
neurons, ending in mortality within 3–5 years after the onset of symptoms. However,
recent developments in the field of genetic diagnosis would provide the possibility of
identifying family inheritance occurs in 5–20% using GWAS. A number of genes
have been identified, including C9orf72, SOD1, FUS, and TARDBP, which are
directly correlated with the onset of ALS (Peters et al. 2015). In addition, van
Rheenen and co-workers recently identified MOBP and SCFD1 as new risk factors
associated with ALS (van Rheenen et al. 2016).

HD is a progressive neurodegenerative condition, potentially fatal and incur-
able, and there is currently no diagnostic test for HD. In early 1983, the polymorphic
marker was used to map a gene to a chromosome. The HD gene, now known as
HTT, has been correlated with chromosome number 4. The HTT gene was identified
and proved to be an extension of CAG trinucleotide replication, which opened the
door to direct genetic testing for HD (MacDonald et al. 1993; Roberts et al. 2020).

Together, recent advances in whole-genome analysis and sequencing would
make it possible to diagnose neurodegenerative diseases when clinical conditions
are unknown. In addition, it also provides an occasion for early diagnosis and
clinical advice for the management.

3.4 Advanced Study Models in Neurogenerative Disease
Tracking

For the most part, conventional methods for monitoring neurodegenerative disorders
include noninvasive imaging techniques and behavioral assessments. However,
recent advances in proteomics and in vitro culture would make it possible to predict
the rate of neurodegeneration from the patient’s peripheral tissue samples. The
following are some examples of recent preclinical and clinical models.

3.4.1 In Vitro Human Organoid Models for the Surveillance
of Neurogenerative Disorders

Recent studies on iPSC-derived brain organoids using skin samples from AD
patients showed that APOE4 exacerbated synapse loss and neurodegeneration
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(Zhao et al. 2020). In the above study, human dermal biopsies of healthy volunteers
and patients with the genotype APOE ε3/ε3 or ε4/ε4 were used. APOE genotype has
been identified by Sanger sequencing using DNA samples from fibroblast lines.
Cells were cultured, and induced pluripotent stem cells (iPSCs) were produced by
electroporation of three epidermal vectors in fibroblast cells. The IPSC colonies were
isolated and extended after 3–4 weeks of cultivation. The author then developed a
3D human brain organoid system to study the pathogenesis of AD. In the study
findings, it was observed that APOE4 predominantly worsened the p-tau accumula-
tion. At the same time, AD status has been linked to higher levels of Aβ and p-tau,
apoptosis, synaptic loss, and increased formation of stress pellets. It is important to
note that APOE4 potentially speeds up apoptosis and the formation of strain granules
in the AD state in this 3D organoid model. Therefore, the human iPSC-organoids
recapitulate that the APOE4-related model can be a tool for the early identification of
degenerative pathways contributing to AD pathogenesis. However, detailed studies
in this area are still warranted.

3.4.2 In Vivo Preclinical Models for Monitoring
Neurogenerative Disorders Being Investigated

A wide range of animal models that can mimic the human context of the disease is
being used to investigate the pathogenesis of the diseases and treatment strategies.
The FDA relies on data produced from animal models to evaluate the effectiveness
and safety of new drugs. Indeed, animal models have been the gold standard to study
the pathophysiology of any disease. In the above context, the authors examined
some recent animal models used for monitoring neurodegeneration, and the details
have been discussed below.

3.4.2.1 Preclinical Models for AD

Conventional preclinical animals such as mice, rats, monkeys, dogs, and others do
not naturally develop AD. However, the studies in animal models showed that
several chemicals and physical injuries might develop memory deficits,
neuroinflammation, and cerebral amyloid angiopathy (CAA). At the investigative
stage, the manifestation of AD in the brain reveals the accumulation of extracellular
amyloid plaques, intracellular neurofibrillary tangles, and neuronal loss. Several
studies have identified a causal relationship between neocortical NFT and cognitive
loss (Giannakopoulos et al. 2009; Nelson et al. 2012; Webster et al. 2014). Interest-
ingly, the triple transgenic 3xTg mouse model displayed learning and memory
deficits on the Barnes maze (Stover et al. 2015), and it expresses all disease
characteristics of AD. Aβ deposition is progressive, with intracellular immunoreac-
tivity detected in some areas of the brain from 3 to 4 months of age. These mice
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develop progressive neuropathology associated with age, including plaques and
tangles. The Aβ deposits become apparent in 6 months, and with progressing time,
the deposition becomes discernible at the microscopic level. This is complemented
by accelerating tau pathology, which becomes profound in 12 months’ time. Syn-
aptic dysfunction, including long-term potentiation (LTP) deficits, occurs prior to
plaques and tangles (Oddo et al. 2003; Billings et al. 2005).

Interestingly, cognitive impairment occurs within 4 months. Initially, plaques and
tangles deposition at the histological level begins to appear prior to the development
of memory and learning deficits. Several transgenic mouse models have been
developed and/or adapted to closely mimic a specific pathological characteristic of
AD. The transgenic mouse model Tg-SwDI shows CAA and accumulation of
diffuse and less prominent parenchymal vascular fibrillary plates Aβ, as early as
3 months (Davis et al. 2004). Tg-SwDI mice exhibit neurodegeneration of cholin-
ergic neurons followed by impaired cognition. Furthermore, the APP E693Δ-Tg
model expresses the Osaka (APPE693Δ) mutation, resulting in a unique phenotype
of enhanced expression of Aβ oligomers and synaptic and cognitive impairment as
early as 8 months of age, but no plaque or tau pathology formation (Tomiyama et al.
2010). The above-mentioned animal models are currently being involved in the AD
drug discovery program to understand the efficacy of new chemical entities during
the drug treatment.

3.4.2.2 Preclinical Models for Huntington’s Disease

HD is a life-threatening neurodegenerative disorder and is a consequence arising out
of mutation in the interesting transcription gene 15 (IT15), and it is challenging to
develop an animal model for HD. Theoretically, in the HD state, nucleocytoplasmic
transport is disrupted, and consequently, the drugs that cause restoration could be
neuroprotective. Invertebrate models like Caenorhabditis elegans and Drosophila
melanogaster are currently being used in drug discovery programs for high-
throughput screening of various classes of novel therapeutics. The C. elegans
model is known to express expanded polyglutamine repeats in its nervous system,
which is comparable to HD in humans. However, none of the animal models show a
potential clinical correlation.

3.4.2.3 Preclinical Models for Parkinson’s Disease

Chemical-induced PD models show dopaminergic neuron degeneration in substantia
nigra pars compacta (SNc) and a subsequent reduction in striatal dopamine content.
MPTP-induced PD is a widely accepted animal model for research, which has led to
the advancement of our PD knowledge and therapeutic approach (Benazzouz et al.
1993; Bezard et al. 2001; Dovero et al. 2016). Other familiar models for PD have
been generated using 6-hydroxydopamine (6-OHDA) by intracerebral administra-
tion (stereotaxic approach) (Kin et al. 2019).
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Genetic models are a relatively new approach to understand the disease at the
molecular scale, and it involves manipulation of genes that are associated with
PD. Transgenic animal models have been generated since the identification of
human mutations in neurodegenerative conditions and disorders, which result in
the abnormal production of PD-related proteins such as α-synuclein, parkin, PINK1,
DJ-1, LRRK2, or UCHL1 (Duty and Jenner 2011; Klein and Westenberger 2012).
Several types of α-sin transgenic mice have been established, and many behavioral
deficits have been observed. These models, however, could not demonstrate pro-
found nigrostriatal degenerations.

3.4.2.4 Preclinical Models for ALS

Due to the complexity of the pathogenicity of ALS, researchers are not able to
produce a conventional animal model for ALS. Therefore, modern science focuses
on the genetically modified animal model for ALS. The number of genetic animal
models that are being added to ALS research is steadily increasing, and such rapid
advancements empower the researchers to perform genetic incision of ALS, thereby
adding greater clarity to the knowledge base of the disease pathology. Recently,
zebrafish models have been used in ALS research to test the hypothesis (Babin et al.
2014). The degeneration of motor neurons in zebrafish after exposure to the indus-
trial plasticizer Bisphenol A was studied (Morrice et al. 2018). Exposure to BPA
induces motor neuron degeneration, activates microglia, and senses pathogenic
stimuli at the axon terminal prior to cell death, thereby suggesting a retrograde
mechanism of degeneration. BPA is an unlikely candidate toxin for ALS disease
(Morrice et al. 2018). The most widely used mouse model of ALS is based on the
expression of the human SOD1 protein containing the G93A mutation (Philips and
Rothstein 2015; Lutz 2018). The mSOD1 model has successfully attempted to
demonstrate the putative cellular dysfunction during disease pathogenesis, such as
the noncell autonomous nature of ALS (Nagai et al. 2007; Philips and Rothstein
2015). The above model displays rapid worsening of motor neuron architecture
leading to paralysis and ultimately resulting in mortality within the first 5 months.
Recently, mouse models of TDP-43-Q331K have been developed, each with unique
measures of face and construct validity (Lutz 2018). The disease progression in the
TDP43-Q331K model is controlled by prion protein gene promoter and displays
many ALS-like hallmarks such as progressive motor dysfunction, muscle atrophy,
reduced NMJ integrity, and motor neuron degeneration at 10 months of age.
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3.4.3 Recent Clinical Studies to Track Neurogenerative
Disorders

Apart from the conventional radio imaging techniques, behavioral and biochemical
evaluations also showed promising results in the early diagnosis of neurodegenera-
tive diseases. A few of them are discussed below.

In recent days, eye-tracking (ET) studies have been commonly used in clinical
configurations to monitor neurodegeneration. The main benefit of ET is its economic
and rapid methodology to track changes in behavior. Previously, the Therapeutic
Engagement Questionnaire (TEQ) was primarily used in psychological or develop-
mental cognitive studies. However, there is increasing evidence for the application
of ET in motion disorders and the measurement of cognitive processes in
neurodegeneration. The major drawback is that data is not available for the applica-
tion of ET studies at more advanced stages of the disease. On the other hand,
theoretically, when patients’ motor and verbal functions are significantly affected,
it is difficult to assess the cognitive functions. Mostly, assessment is not possible.
Therefore, ET is a promising tool to track the cognitive defects at the earliest stage of
neurodegenerative conditions.

3.5 Ongoing Research Projects Related to the Monitoring
of Neurogenerative Disorders

A few ongoing research projects focused on the monitoring of neurodegenerative
disorders are as follows:

The project entitled NeuroTRACK (Grant agreement ID: 714388), funded by
ERC (European Research Council), is expected to be completed in March 2022. The
above project aims to apply the emerging network science tools to evaluate longi-
tudinal, structural, and functional brain connectivity using 3 T magnetic resonance
imaging data from patients with frontotemporal lobar degeneration—a devastating,
relentlessly progressive, early-onset, neurodegenerative disorder. The project also
aims to examine the sporadic and familial cases, including carriers of
presymptomatic genetic mutations. The authors hope that the project team would
develop tracking tools for diseases like AD and PD, which in turn would lead to
early intervention and modification of disease progression (NeuroTRACK 2021).

In another clinical trial, the neurodegenerative tracking protocol for ALS diseases
is being evaluated with human volunteers. The primary objective of the study is to
assess frontotemporal dementia (FTD) and adult-onset neurodegenerative disorder
(ClinicalTrials.gov Identifier: NCT03225144, https://clinicaltrials.gov/ct2/show/
study/NCT03225144. Retrieved on July 2021).

Wolf–Hirschhorn syndrome (WHS) is a genetic disorder that affects sporadically
anywhere in the body. It is characterized by facial appearance, growth and devel-
opmental retardation, intellectual impairment, muscle tone weakness, and seizures.

3 Tracking Neurodegeneration: Advancement in Experimental Study Models 41

http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/study/NCT03225144
https://clinicaltrials.gov/ct2/show/study/NCT03225144


The clinical trial aims to study the pattern of early neurodegenerative changes in
WHS. Preliminary evidence supports the feasibility of this approach and its potential
to generate invaluable information about neurodevelopmental and neurodegenera-
tive models within WFS (ClinicalTrials.gov Identifier: NCT02455414, https://
clinicaltrials.gov/ct2/show/results/NCT02455414. Retrieved on July 2021).

3.6 Perspectives

Neurodegenerative diseases are those that are characterized by progressive loss of
functional neurons terminating in dysfunctions and anatomical alterations associated
with the deposition of proteins and neurochemical alterations. However, recent
research reports revealed that the neurotransmission mechanisms might be more
complex. Therefore, their characterizations might help the researchers to understand
the pathogenesis of neurodegeneration in a better manner and design newer phar-
macological strategies for the management of neurodegenerative disorders. In addi-
tion, the adaptation of genetic tests and calculation of risk scores of diseases with a
high prevalence in a healthy population in order to effectively implement essential
prevention strategies or to extend early care by initiating drugs administration to
those patients devoid of symptoms but are likely to develop the disease due to
genetic predilection could be followed.

Conflict of Interest The authors have no conflicting interests.

References

Babin PJ, Goizet C, Raldua D (2014) Zebrafish models of human motor neuron diseases: advan-
tages and limitations. Prog Neurobiol 118:36–58. https://doi.org/10.1016/j.pneurobio.2014.
03.001

Benazzouz A, Gross C, Feger J et al (1993) Reversal of rigidity and improvement in motor
performance by subthalamic high-frequency stimulation in MPTP-treated monkeys. Eur J
Neurosci 5:382–389. https://doi.org/10.1111/j.1460-9568.1993.tb00505.x

Beyer L, Meyer-Wilmes J, Schönecker S et al (2018) Clinical routine FDG-PET imaging of
suspected progressive Supranuclear palsy and Corticobasal degeneration: a gatekeeper for
subsequent tau-PET imaging? Front Neurol 9:483. https://doi.org/10.3389/fneur.2018.00483

Bezard E, Dovero S, Prunier C et al (2001) Relationship between the appearance of symptoms and
the level of nigrostriatal degeneration in a progressive 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-lesioned macaque model of Parkinson’s disease. J Neurosci 21:6853–
6861. https://doi.org/10.1523/JNEUROSCI.21-17-06853.2001

Billings LM, Oddo S, Green KN et al (2005) Intraneuronal Abeta causes the onset of early
Alzheimer's disease-related cognitive deficits in transgenic mice. Neuron 45:675–688. https://
doi.org/10.1016/j.neuron.2005.01.040

Bohnen NI, Albin RL (2011) The cholinergic system and Parkinson disease. Behav Brain Res 221:
564–573. https://doi.org/10.1016/j.bbr.2009.12.048

Boillée S, Vande Velde C, Cleveland Don W (2006a) ALS: a disease of motor neurons and their
nonneuronal neighbors. Neuron 52:39–59. https://doi.org/10.1016/j.neuron.2006.09.018

42 M. Arumugam and S. Sugin Lal Jabaris

http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/results/NCT02455414
https://clinicaltrials.gov/ct2/show/results/NCT02455414
https://doi.org/10.1016/j.pneurobio.2014.03.001
https://doi.org/10.1016/j.pneurobio.2014.03.001
https://doi.org/10.1111/j.1460-9568.1993.tb00505.x
https://doi.org/10.3389/fneur.2018.00483
https://doi.org/10.1523/JNEUROSCI.21-17-06853.2001
https://doi.org/10.1016/j.neuron.2005.01.040
https://doi.org/10.1016/j.neuron.2005.01.040
https://doi.org/10.1016/j.bbr.2009.12.048
https://doi.org/10.1016/j.neuron.2006.09.018


Boillée S, Yamanaka K, Lobsiger CS et al (2006b) Onset and progression in inherited ALS
determined by motor neurons and microglia. Science 312:1389–1392. https://doi.org/10.1126/
science.1123511

Breuer H, Meier M, Schneefeld S et al (2017) Multimodality imaging of blood-brain barrier
impairment during epileptogenesis. J Cereb Blood Flow Metab 37:2049–2061. https://doi.org/
10.1177/0271678X16659672

Carson MJ, Thrash JC, Walter B (2006) The cellular response in neuroinflammation: the role of
leukocytes, microglia and astrocytes in neuronal death and survival. Clin Neurosci Res 6:237–
245. https://doi.org/10.1016/j.cnr.2006.09.004

Chaudhuri KR, Healy DG, Schapira AH (2006) Non-motor symptoms of Parkinson’s disease:
diagnosis and management. Lancet Neurol 5:235–245. https://doi.org/10.1016/S1474-4422(06)
70373-8

Checkoway H, Lundin JI, Kelada SN (2011) Neurodegenerative diseases. IARC Sci Publ 163:407–
419

Chen WW, Zhang X, Huang WJ (2016) Role of neuroinflammation in neurodegenerative diseases
(review). Mol Med Rep 13:3391–3396. https://doi.org/10.3892/mmr.2016.4948

Ching AS, Kuhnast B, Damont A (2012) Current paradigm of the 18-kDa translocator protein
(TSPO) as a molecular target for PET imaging in neuroinflammation and neurodegenerative
diseases. Insights Imaging 3:111–119. https://doi.org/10.1007/s13244-011-0128-x

Czaplinski A, Yen AA, Simpson EP et al (2006) Slower disease progression and prolonged survival
in contemporary patients with amyotrophic lateral sclerosis: is the natural history of
amyotrophic lateral sclerosis changing? Arch Neurol 63:1139–1143. https://doi.org/10.1001/
archneur.63.8.1139

Davis J, Xu F, Deane R et al (2004) Early-onset and robust cerebral microvascular accumulation of
amyloid beta-protein in transgenic mice expressing low levels of a vasculotropic Dutch/Iowa
mutant form of amyloid beta-protein precursor. J Biol Chem 279:20296–20306. https://doi.org/
10.1074/jbc.M312946200

Dickson DW (2012) Parkinson’s disease and parkinsonism: neuropathology. Cold Spring Harb
Perspect Med 2:a009258. https://doi.org/10.1101/cshperspect.a009258

Dickson DW (2018) Neuropathology of Parkinson disease. Parkinsonism Relat Disord 46(Suppl.
1):S30–S33. https://doi.org/10.1016/j.parkreldis.2017.07.033

Dickson DW, Weller RO (2011) Neurodegeneration: the molecular pathology of dementia and
movement disorders, 2nd edn. Wiley-Blackwell. https://doi.org/10.1002/9781444341256

DiSabato DJ, Quan N, Godbout JP (2016) Neuroinflammation: the devil is in the details. J
Neurochem 139(Suppl 2):136–153. https://doi.org/10.1111/jnc.13607

Dovero S, Gross C, Bezard E (2016) Unexpected toxicity of very low dose MPTP in mice: a clue to
the etiology of Parkinson’s disease? Synapse 70:49–51. https://doi.org/10.1002/syn.21875

Dugger BN, Dickson DW (2017) Pathology of mar diseases. Cold Spring Harb Perspect Biol 5:
a028035. https://doi.org/10.1101/cshperspect.a028035

Dupont AC, Largeau B, Santiago Ribeiro MJ et al (2017) Translocator Protein-18 kDa (TSPO)
positron emission tomography (PET) imaging and its clinical impact in neurodegenerative
diseases. Int J Mol Sci 18:785. https://doi.org/10.3390/ijms18040785

Duty S, Jenner P (2011) Animal models of Parkinson’s disease: a source of novel treatments and
clues to the cause of the disease. Br J Pharmacol 164:1357–1391. https://doi.org/10.1111/j.
1476-5381.2011.01426.x

Ebert SE, Jensen P, Ozenne B et al (2019) Molecular imaging of neuroinflammation in patients after
mild traumatic brain injury: a longitudinal 123 I-CLINDE single photon emission computed
tomography study. Eur J Neurol 26:1426–1432. https://doi.org/10.1111/ene.13971

GBD 2015 (2017) Neurological disorders collaborator group global, regional, and national burden
of neurological disorders during 1990–2015: a systematic analysis for the global burden of
disease study 2015. Lancet Neurol 16:877–897

Giannakopoulos P, Kovari E, Gold G et al (2009) Pathological substrates of cognitive decline in
Alzheimer's disease. Front Neurol Neurosci 24:20–29. https://doi.org/10.1159/000197881

3 Tracking Neurodegeneration: Advancement in Experimental Study Models 43

https://doi.org/10.1126/science.1123511
https://doi.org/10.1126/science.1123511
https://doi.org/10.1177/0271678X16659672
https://doi.org/10.1177/0271678X16659672
https://doi.org/10.1016/j.cnr.2006.09.004
https://doi.org/10.1016/S1474-4422(06)70373-8
https://doi.org/10.1016/S1474-4422(06)70373-8
https://doi.org/10.3892/mmr.2016.4948
https://doi.org/10.1007/s13244-011-0128-x
https://doi.org/10.1001/archneur.63.8.1139
https://doi.org/10.1001/archneur.63.8.1139
https://doi.org/10.1074/jbc.M312946200
https://doi.org/10.1074/jbc.M312946200
https://doi.org/10.1101/cshperspect.a009258
https://doi.org/10.1016/j.parkreldis.2017.07.033
https://doi.org/10.1002/9781444341256
https://doi.org/10.1111/jnc.13607
https://doi.org/10.1002/syn.21875
https://doi.org/10.1101/cshperspect.a028035
https://doi.org/10.3390/ijms18040785
https://doi.org/10.1111/j.1476-5381.2011.01426.x
https://doi.org/10.1111/j.1476-5381.2011.01426.x
https://doi.org/10.1111/ene.13971
https://doi.org/10.1159/000197881


Golde TE (2019) Harnessing Immunoproteostasis to treat neurodegenerative disorders. Neuron
101:1003–1015. https://doi.org/10.1016/j.neuron.2019.02.027

Greaves CV, Rohrer JD (2019) An update on genetic frontotemporal dementia. J Neurol 266:2075–
2086. https://doi.org/10.1007/s00415-019-09363-4

Guzman-Martinez L, Maccioni RB, Andrade V (2019) Neuroinflammation as a common feature of
neurodegenerative disorders. Front Pharmacol 10:1008. https://doi.org/10.3389/fphar.2019.
01008

Harry GJ, Kraft AD (2008) Neuroinflammation and microglia: considerations and approaches for
neurotoxicity assessment. Expert Opin Drug Metab Toxicol 4:1265–1277. https://doi.org/10.
1517/17425255.4.10.1265

Jain P, Chaney AM, Carlson ML et al (2020) Neuroinflammation PET imaging: current opinion and
future directions. J Nucl Med 61:1107–1112. https://doi.org/10.2967/jnumed.119.229443

Kalia LV, Brotchie JM, Fox SH (2013) Novel nondopaminergic targets for motor features of
Parkinson’s disease: review of recent trials. Mov Disord 28:131–144. https://doi.org/10.1002/
mds.25273

Kassubek J, Bernhard Landwehrmeyer G, Ecker D et al (2004) Global cerebral atrophy in early
stages of Huntington's disease: quantitative MRI study. Neuroreport 15:363–365. https://doi.
org/10.1097/00001756-200402090-00030

Kepe V, Bordelon Y, Boxer A et al (2013) PET imaging of neuropathology in tauopathies:
progressive supranuclear palsy. J Alzheimers Dis 36:145–153. https://doi.org/10.3233/
JAD-130032

Kin K, Yasuhara T, Kameda M et al (2019, 20) Animal models for Parkinson's disease research:
trends in the 2000s. Int J Mol Sci:5402. https://doi.org/10.3390/ijms20215402

Klein C, Westenberger A (2012) Genetics of Parkinson’s disease. Cold Spring Harb Perspect Med
2:a008888. https://doi.org/10.1101/cshperspect.a008888

Kreisl WC, Kim MJ, Coughlin JM et al (2020) PET imaging of neuroinflammation in neurological
disorders. Lancet Neurol 19:940–950. https://doi.org/10.1016/S1474-4422(20)30346-X

Lewerenz J, Maher P (2015) Chronic glutamate toxicity in neurodegenerative diseases-what is the
evidence? Front Neurosci 9:469. https://doi.org/10.3389/fnins.2015.00469

Linck PA, Kuchcinski G, Munsch F et al (2019) Neurodegeneration of the substantia Nigra after
ipsilateral infarct: MRI R2* mapping and relationship to clinical outcome. Radiology 291:438–
448. https://doi.org/10.1148/radiol.2019182126

LorberboymM, Lampl Y, Sadeh M (2003) Correlation of 99mTc-DTPA SPECT of the blood-brain
barrier with neurologic outcome after acute stroke. J Nucl Med 44:1898–1904

Lutz C (2018) Mouse models of ALS: past, present and future. Brain Res 1693:1–10. https://doi.
org/10.1016/j.brainres.2018.03.024

MacDonald ME, Ambrose CM, Duyao MP et al (1993) A novel gene containing a trinucleotide
repeat that is expanded and unstable on Huntington’s disease chromosomes. Cell 72:971–983.
https://doi.org/10.1016/0092-8674(93)90585-e

Mancuso C, Siciliano R, Barone E et al (2011) Pharmacologists and Alzheimer disease therapy: to
boldly go where no scientist has gone before. Expert Opin Investig Drugs 20:1243–1261.
https://doi.org/10.1517/13543784.2011.601740

Mathis CA, Klunk WE, Price JC et al (2005) Imaging technology for neurodegenerative diseases:
progress toward detection of specific pathologies. Arch Neurol 62:196–200. https://doi.org/10.
1001/archneur.62.2.196

McGeer PL, McGeer EG (2002) Inflammatory processes in amyotrophic lateral sclerosis. Muscle
Nerve 26:459–470. https://doi.org/10.1002/mus.10191

Melzer TR, Myall DJ, MacAskill MR et al (2015) Tracking Parkinson's disease over one year with
multimodal magnetic resonance imaging in a Group of Older Patients with moderate disease.
PLoS One 10:e0143923. https://doi.org/10.1371/journal.pone.0143923

Meyer JH, Cervenka S, Kim MJ, Kreisl WC, Henter ID, Innis RB (2020) Neuroinflammation in
psychiatric disorders: PET imaging and promising new targets. Lancet Psychiatry 7(12):
1064–1074. https://doi.org/10.1016/S2215-0366(20)30255-8

44 M. Arumugam and S. Sugin Lal Jabaris

https://doi.org/10.1016/j.neuron.2019.02.027
https://doi.org/10.1007/s00415-019-09363-4
https://doi.org/10.3389/fphar.2019.01008
https://doi.org/10.3389/fphar.2019.01008
https://doi.org/10.1517/17425255.4.10.1265
https://doi.org/10.1517/17425255.4.10.1265
https://doi.org/10.2967/jnumed.119.229443
https://doi.org/10.1002/mds.25273
https://doi.org/10.1002/mds.25273
https://doi.org/10.1097/00001756-200402090-00030
https://doi.org/10.1097/00001756-200402090-00030
https://doi.org/10.3233/JAD-130032
https://doi.org/10.3233/JAD-130032
https://doi.org/10.3390/ijms20215402
https://doi.org/10.1101/cshperspect.a008888
https://doi.org/10.1016/S1474-4422(20)30346-X
https://doi.org/10.3389/fnins.2015.00469
https://doi.org/10.1148/radiol.2019182126
https://doi.org/10.1016/j.brainres.2018.03.024
https://doi.org/10.1016/j.brainres.2018.03.024
https://doi.org/10.1016/0092-8674(93)90585-e
https://doi.org/10.1517/13543784.2011.601740
https://doi.org/10.1001/archneur.62.2.196
https://doi.org/10.1001/archneur.62.2.196
https://doi.org/10.1002/mus.10191
https://doi.org/10.1371/journal.pone.0143923
https://doi.org/10.1016/S2215-0366(20)30255-8


Morrice JR, Gregory-Evans CY, Shaw CA (2018) Animal models of amyotrophic lateral sclerosis:
a comparison of model validity. Neural Regen Res 13:2050–2054. https://doi.org/10.4103/
1673-5374.241445

Murman DL (2012) Early treatment of Parkinson's disease: opportunities for managed care. Am J
Manag Care 18:S183–S188. https://doi.org/10.4103/1673-5374.241445

Nagai M, Re DB, Nagata T et al (2007) Astrocytes expressing ALS-linked mutated SOD1 release
factors selectively toxic to motor neurons. Nat Neurosci 10:615–622. https://doi.org/10.1038/
nn1876

Narayanaswami V, Dahl K, Bernard-Gauthier V et al (2018) Emerging PET radiotracers and targets
for imaging of Neuroinflammation in neurodegenerative diseases: outlook beyond TSPO. Mol
Imaging 17:1536012118792317. https://doi.org/10.1177/1536012118792317

Nelson PT, Alafuzoff I, Bigio EH et al (2012) Correlation of Alzheimer's disease neuropathologic
changes with cognitive status: a review of the literature. JNEN 71:362–381. https://doi.org/10.
1097/NEN.0b013e31825018f7

NeuroTRACK. https://cordis.europa.eu/project/id/714388. Retrieved on July 2021
Niethammer M, Feigin A, Eidelberg D (2012) Functional neuroimaging in Parkinson's disease.

Cold Spring Harb Perspect Med 2:a009274. https://doi.org/10.1101/cshperspect.a009274
Oddo S, Caccamo A, Shepherd JD (2003) Triple-transgenic model of Alzheimer's disease with

plaques and tangles: intracellular Abeta and synaptic dysfunction. Neuron 39(3):409–421.
https://doi.org/10.1016/s0896-6273(03)00434-3

Olszewska DA, Lonergan R, Fallon EM (2016) Genetics of frontotemporal dementia. Curr Neurol
Neurosci Rep 16:107. https://doi.org/10.1007/s11910-016-0707-9

Pahuja G, Nagabhushan TN, Prasad B (2019) Early detection of Parkinson’s disease by using
SPECT imaging and biomarkers. J Intell Syst 29:1329–1344. https://doi.org/10.1515/jisys-
2018-0261

Peters OM, Ghasemi M, Brown RH Jr (2015) Emerging mechanisms of molecular pathology in
ALS. J Clin Invest 125:1767–1779. https://doi.org/10.1172/JCI71601

Petersén A, Chase K, Puschban Z et al (2002) Maintenance of susceptibility to neurodegeneration
following intrastriatal injections of quinolinic acid in a new transgenic mouse model of
Huntington's disease. Exp Neurol 175:297–300. https://doi.org/10.1006/exnr.2002.7885

Petersén A, Gil J, Maat-Schieman ML et al (2005) Orexin loss in Huntington's disease. Hum Mol
Genet 14:39–47. https://doi.org/10.1093/hmg/ddi004

Philips T, Rothstein JD (2015) Rodent models of amyotrophic lateral sclerosis. Curr Protoc
Pharmacol 69:56761–56721. https://doi.org/10.1002/0471141755.ph0567s69

Pressman P, Rabinovici GD, San C et al (2014) Alzheimer’s disease. Encycl Neurol Sci 1:91–96.
https://doi.org/10.1016/B978-0-12-385157-4.00475-9

Przedborski S, Vila M, Jackson-Lewis V (2003) Neurodegeneration: what is it and where are we? J
Clin Invest 111:3–10. https://doi.org/10.1172/JCI17522

Rahmim A, Zaidi H (2008) PET versus SPECT: strengths, limitations and challenges. Nucl Med
Commun 29:193–207. https://doi.org/10.1097/MNM.0b013e3282f3a515

Relja M (2004) Pathophysiology and classification of neurodegenerative diseases. EJIFCC 15:97–
99

Reportlinker (2021) Alzheimer's Disease Diagnostics and Therapeutics Market - Growth, Trends,
COVID-19 Impact, and Forecasts (2021–2026) available at: https://www.mordorintelligence.
com/industry-reports/alzheimers-diagnosis-and-drugs-market. Retrieved on July 2021

Roberts JS, Patterson AK, Uhlmann WR (2020) Genetic testing for neurodegenerative diseases:
ethical and health communication challenges. Neurobiol Dis 141:104871. https://doi.org/10.
1016/j.nbd.2020.104871

Rosas HD, Tuch DS, Hevelone ND et al (2006) Diffusion tensor imaging in presymptomatic and
early Huntington's disease: selective white matter pathology and its relationship to clinical
measures. Mov Disord 21:1317–1325. https://doi.org/10.1002/mds.20979

Saberi S, Stauffer JE, Schulte DJ et al (2015) Neuropathology of amyotrophic lateral sclerosis and
its variants. Neurol Clin 33:855–876. https://doi.org/10.1016/j.ncl.2015.07.012

3 Tracking Neurodegeneration: Advancement in Experimental Study Models 45

https://doi.org/10.4103/1673-5374.241445
https://doi.org/10.4103/1673-5374.241445
https://doi.org/10.4103/1673-5374.241445
https://doi.org/10.1038/nn1876
https://doi.org/10.1038/nn1876
https://doi.org/10.1177/1536012118792317
https://doi.org/10.1097/NEN.0b013e31825018f7
https://doi.org/10.1097/NEN.0b013e31825018f7
https://cordis.europa.eu/project/id/714388
https://doi.org/10.1101/cshperspect.a009274
https://doi.org/10.1016/s0896-6273(03)00434-3
https://doi.org/10.1007/s11910-016-0707-9
https://doi.org/10.1515/jisys-2018-0261
https://doi.org/10.1515/jisys-2018-0261
https://doi.org/10.1172/JCI71601
https://doi.org/10.1006/exnr.2002.7885
https://doi.org/10.1093/hmg/ddi004
https://doi.org/10.1002/0471141755.ph0567s69
https://doi.org/10.1016/B978-0-12-385157-4.00475-9
https://doi.org/10.1172/JCI17522
https://doi.org/10.1097/MNM.0b013e3282f3a515
https://www.mordorintelligence.com/industry-reports/alzheimers-diagnosis-and-drugs-market
https://www.mordorintelligence.com/industry-reports/alzheimers-diagnosis-and-drugs-market
https://doi.org/10.1016/j.nbd.2020.104871
https://doi.org/10.1016/j.nbd.2020.104871
https://doi.org/10.1002/mds.20979
https://doi.org/10.1016/j.ncl.2015.07.012


Sanghvi H, Singh R, Morrin H et al (2020) Systematic review of genetic association studies in
people with Lewy body dementia. Int J Geriatr Psychiatry 35:436–448. https://doi.org/10.1002/
gps.5260

Sardi SP, Cedarbaum JM, Brundin P (2018) Targeted therapies for Parkinson’s disease: from
genetics to the clinic. Mov Disord 33:684–696. https://doi.org/10.1002/mds.27414

Shimizu S, Hirose D, Hatanaka H et al (2018) Role of neuroimaging as a biomarker for neurode-
generative diseases. Front Neurol 18:265. https://doi.org/10.3389/fneur.2018.00265

Stover KR, Campbell MA, VanWinssen CM et al (2015) Early detection of cognitive deficits in the
3xTg-AD mouse model of Alzheimer's disease. Behav Brain Res 289:29–38. https://doi.org/10.
1016/j.bbr.2015.04.012

Sugin LJS, Murugesan A, Bindu M et al (2020) Roflumilast: a potential drug for the treatment of
cognitive impairment? Neurosci Lett 736:135281. https://doi.org/10.1016/j.neulet.2020.135281

Tabrizi SJ, Flower MD, Ross CA et al (2020) Huntington disease: new insights into molecular
pathogenesis and therapeutic opportunities. Nat Rev Neurol 16:529–546. https://doi.org/10.
1038/s41582-020-0389-4

Tiepolt S, Patt M, Aghakhanyan G et al (2019) Current radiotracers to image neurodegenerative
diseases. EJNMMI Radiopharm Chem 4:17. https://doi.org/10.1186/s41181-019-0070-7

Tomiyama T, Matsuyama S, Iso H et al (2010) A mouse model of amyloid b oligomers: their
contribution to synaptic alteration, abnormal tau phosphorylation, glial activation, and neuronal
loss in vivo. J Neurosci 30:4845–4856. https://doi.org/10.1523/JNEUROSCI.5825-09.2010

Van Cauwenberghe C, Van Broeckhoven C, Sleegers K (2016) The genetic landscape of Alzheimer
disease: clinical implications and perspectives. Genet Med 18:421–430. https://doi.org/10.1038/
gim.2015.117

van Rheenen W, Shatunov A, Dekker AM et al (2016) Genome-wide association analyses identify
new risk variants and the genetic architecture of amyotrophic lateral sclerosis. Nat Genet 48:
1043–1048. https://doi.org/10.1038/ng.3622

Van Schependom J, Guldolf K, D’hooghe MB et al (2019) Detecting neurodegenerative pathology
in multiple sclerosis before irreversible brain tissue loss sets in. Transl Neurodegener 8:37.
https://doi.org/10.1186/s40035-019-0178-4

Vera JH, Ridha B, Gilleece Y et al (2017) PET brain imaging in HIV-associated neurocognitive
disorders (HAND) in the era of combination antiretroviral therapy. Eur J Nucl Med Mol
Imaging 44:895–902. https://doi.org/10.1007/s00259-016-3602-3

Vonsattel JP, DiFiglia M (1998) Huntington disease. J Neuropathol Exp Neurol 57:369–384.
https://doi.org/10.1097/00005072-199805000-00001

Vorobyov V, Bobkova N (2017) Intracerebral interplay and neurotransmitter systems involvement
in animal models of neurodegenerative disorders: EEG approach expectations. Neural Regen
Res 12(1):66–67. https://doi.org/10.4103/1673-5374.198981

Wahl RL, Herman JM, Ford E (2011) The promise and pitfalls of positron emission tomography
and single-photon emission computed tomography molecular imaging-guided radiation therapy.
Semin Radiat Oncol 21:88–100. https://doi.org/10.1016/j.semradonc.2010.11.004

Wang WY, Tan MS, Yu JT et al (2015) Role of pro-inflammatory cytokines released from
microglia in Alzheimer's disease. Ann Transl Med 3:136. https://doi.org/10.3978/j.issn.
2305-5839.2015.03.49

Webster SJ, Bachstetter AD, Nelson PT et al (2014) Using mice to model Alzheimer's dementia: an
overview of the clinical disease and the preclinical behavioral changes in 10 mouse models.
Front Genet 5:88. https://doi.org/10.3389/fgene.2014.00088

46 M. Arumugam and S. Sugin Lal Jabaris

https://doi.org/10.1002/gps.5260
https://doi.org/10.1002/gps.5260
https://doi.org/10.1002/mds.27414
https://doi.org/10.3389/fneur.2018.00265
https://doi.org/10.1016/j.bbr.2015.04.012
https://doi.org/10.1016/j.bbr.2015.04.012
https://doi.org/10.1016/j.neulet.2020.135281
https://doi.org/10.1038/s41582-020-0389-4
https://doi.org/10.1038/s41582-020-0389-4
https://doi.org/10.1186/s41181-019-0070-7
https://doi.org/10.1523/JNEUROSCI.5825-09.2010
https://doi.org/10.1038/gim.2015.117
https://doi.org/10.1038/gim.2015.117
https://doi.org/10.1038/ng.3622
https://doi.org/10.1186/s40035-019-0178-4
https://doi.org/10.1007/s00259-016-3602-3
https://doi.org/10.1097/00005072-199805000-00001
https://doi.org/10.4103/1673-5374.198981
https://doi.org/10.1016/j.semradonc.2010.11.004
https://doi.org/10.3978/j.issn.2305-5839.2015.03.49
https://doi.org/10.3978/j.issn.2305-5839.2015.03.49
https://doi.org/10.3389/fgene.2014.00088


Yamanaka K, Chun SJ, Boillee S et al (2008) Astrocytes as determinants of disease progression in
inherited amyotrophic lateral sclerosis. Nat Neurosci 11:251–253. https://doi.org/10.1038/
nn2047

Zhang L, Hu K, Shao T et al (2021) Recent developments on PET radiotracers for TSPO and their
applications in neuroimaging. Acta Pharm Sin B 11:373–393. https://doi.org/10.1016/j.apsb.
2020.08.006

Zhao J, Fu Y, Yamazaki Y et al (2020) APOE4 exacerbates synapse loss and neurodegeneration in
Alzheimer’s disease patient iPSC-derived cerebral organoids. Nat Commun 11:5540. https://
doi.org/10.1038/s41467-020-19264-0

Zimmer ER, Leuzy A, Benedet AL et al (2014) Tracking neuroinflammation in Alzheimer's disease:
the role of positron emission tomography imaging. J Neuroinflammation 11:120. https://doi.org/
10.1186/1742-2094-11-120

3 Tracking Neurodegeneration: Advancement in Experimental Study Models 47

https://doi.org/10.1038/nn2047
https://doi.org/10.1038/nn2047
https://doi.org/10.1016/j.apsb.2020.08.006
https://doi.org/10.1016/j.apsb.2020.08.006
https://doi.org/10.1038/s41467-020-19264-0
https://doi.org/10.1038/s41467-020-19264-0
https://doi.org/10.1186/1742-2094-11-120
https://doi.org/10.1186/1742-2094-11-120

	Chapter 3: Tracking Neurodegeneration: Advancement in Experimental Study Models
	3.1 Introduction
	3.1.1 Pathophysiology of Neurodegeneration
	3.1.2 Classification of Neurodegenerative Diseases Based on the Clinical Manifestations

	3.2 Tracking Strategies for Neurogenerative Diseases
	3.2.1 Applications of Radio Imaging Tools in the Monitoring of Neurodegenerative Diseases
	3.2.2 Applying PET to Neurogenerative Disease Tracking
	3.2.3 Applying Single-Photon Emission Computed Tomography (SPECT) in Neurogenerative Disease Tracking
	3.2.4 Applying Magnetic Resonance Imaging (MRI) to Neurogenerative Disease Tracking

	3.3 Genetic Testing for Neurodegenerative Disease Tracking
	3.4 Advanced Study Models in Neurogenerative Disease Tracking
	3.4.1 In Vitro Human Organoid Models for the Surveillance of Neurogenerative Disorders
	3.4.2 In Vivo Preclinical Models for Monitoring Neurogenerative Disorders Being Investigated
	3.4.2.1 Preclinical Models for AD
	3.4.2.2 Preclinical Models for Huntington´s Disease
	3.4.2.3 Preclinical Models for Parkinson´s Disease
	3.4.2.4 Preclinical Models for ALS

	3.4.3 Recent Clinical Studies to Track Neurogenerative Disorders

	3.5 Ongoing Research Projects Related to the Monitoring of Neurogenerative Disorders
	3.6 Perspectives
	References


