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2.1 Introduction

Neurodegenerative diseases are one of the biggest health burdens worldwide; they
affect millions of people and often have poor prognosis and decreased quality of life
(Mayeux 2003). This group of diseases is characterized by the fact that they are
degenerative conditions that affect areas of the central nervous system leading to
cognitive or motor impairments depending on the type of nervous cells that are
affected by the degeneration (Minghetti 2005). The majority of these diseases have a
strong correlation with age and are thus becoming a problem especially in aging
populations as their frequency increases with the increase of life expectancy
(Logroscino and Tortelli 2015). The reason why this group of diseases is character-
ized by its heterogeneity is the fact that some of them are complex and multifactorial
in nature such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral
sclerosis, while others result from single-gene mutations such as Huntington disease
and finally others such as prion disease that can be either hereditary, sporadic, or
transmitted (Pihlstrøm et al. 2018). Research has shown that certain causative genes
can account for inherited forms of ND diseases and that susceptibility genes can also
play a major role in sporadic development of the diseases. Time and time again,
research has shown that the environment also plays a major part in the development
of such diseases as exposure to metals and pesticides, nutrition, head trauma, and
certain infectious diseases that can highly increase the risk of developing indeed
disorders (Brown et al. 2005). Furthermore, the interaction between environmental
exposure and preexisting genetic variants has been established as one of the risk
factors as well. Studies performed on Twins (Gatz and Pedersen 2013) as well as
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animal models are also highly suggestive that the gene-environment nexus can
actually strongly impact the way newer degenerative diseases present, manifest,
and progress (Hannan 2004). In addition, the role of the mitochondria and oxidative
damage in such diseases has been repeatedly demonstrated, and various studies have
attempted to clarify whether there is an association between mitochondrial DNA
variants and susceptibility to development of ND (Reddy 2009).

2.2 Genetics and Neurodegenerative Diseases

The development in the insights regarding the link between genetics and neurode-
generative disorders reflects the rapid progress of techniques in the field of molecular
biology. In fact, the identification of the genes causing Huntington disease in 1983
was one of the pioneering endeavors in identifying the relationship between genetics
and disease (Gusella et al. 1983). This success was based on an old technique called
restriction fragment length polymorphism (RFLP) that showed that Huntington’s
patients had a certain marker on their chromosomes (huntingtin gene, p arm of
chromosome 4). With further advancements in the field of molecular biology,
scientists were able to identify that this marker was actually due to an increase in
the number of trinucleotide repeats in the HTT gene. This process of identifying the
exact mutation took around 10 years, showcasing the difficulty of mapping muta-
tions back then. However, this opened up the way for scientists to later on identify
many causative/associated genes and mutations for various illnesses (Bates 2005).
The technique used for decades later on was called linkage analysis which aims to
determine the association between a certain disease and various chromosomal
markers. After this linkage, researchers would narrow down the areas of genes that
were actually linked with the disease. Thanks to this technique, a multitude of
disease-causing mutations was identified for diseases such as prion disease, familial
Alzheimer’s disease, and spinocerebellar ataxia 1. This identification of disease-
causing genes allowed for screening of a large number of patients with similar
phenotype for the presence of the same genes, allowing researchers to begin testing
hypothesis regarding etiology, frequency of said mutations, and the degree to which
they can be linked to the disease (Pihlstrøm et al. 2018). However, these early
strategies, although successful for model diseases that follow mendelian rules of
inheritance, were not enough to identify causative mutations in complex sporadic
disorders. Not all cases, for example, followed the clear-cut influence of the apoli-
poprotein E variant whose presence greatly increases the risk for familial
Alzheimer’s disease (2–3 times). This variant was fairly common and largely
influential which is not the case for most variants that are associated with other
complex disorders. The study of such variants required large-scale research studies,
computational power, and breakthroughs in the field which luckily enough began
appearing as we progressed to the twenty-first century (Hirschhorn and Daly 2005).
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2.2.1 Monogenic Forms of Neurodegenerative Diseases:
Alzheimer’s and Parkinson’s Diseases as Examples

Alzheimer’s disease: Although most AD cases are complex and sporadic in nature,
there exists three familial forms of the disease that follow the rules of Mendelian
inheritance. These familial forms are autosomal dominant and result from the
inheritance of mutations affecting the formation of amyloid b which leads to the
formation of amyloid plaques. The amyloid precursor protein (APP) is expressed
and found on the transmembranes of neurons. This protein is later on cleaved and
released through the action of a group of enzymes known as secretases (mostly
a-secretase). When cleaved, fragments known as Ab40 and Ab42 are produced, and
these fragments are highly prone to aggregation. Disease-causing point mutations tip
the balance in the Ab40:Ab42 ratio, causing the aggregation of Ab42. Furthermore,
duplication of the gene encoding APP has been linked to susceptibility to AD with
cerebral amyloid angiopathy. Mutations in genes other than APP, like PSEN1 and
PSEN2 (encoding g-secretase), have also been implicated in familial AD, with
PSEN1 being the most common mutation followed by APP and then PSEN2
(Pilotto et al. 2013).

Parkinson’s disease: Similarly to Alzheimer’s disease, mutations in the SNCA
gene encoding alpha synuclein have been shown to cause familial autosomal-
dominant Parkinson’s disease. This was first demonstrated in 1997, and since then
a multitude of mutations in this gene have been identified and demonstrated to cause
early-onset poor prognosis parkinsonism. The protein, which is the subject of these
mutations, has been shown to be a component of intracellular Lewy bodies which
play a major role in the development of Parkinson’s disease. The identified point
mutations increase the protein’s capacity to oligomerize, causing the formation of
fibrils. Similar to Alzheimer’s disease, the multiplication of the SNCA gene also
causes familial autosomal-dominant Parkinson’s disease. It has been shown that
duplications of the gene cause a familial phenotype that resembles the sporadic one,
while the presence of the gene in triplicate form causes early onset and strong
cognitive impairments, showing that the amount of the wild-type protein can cause
poor prognosis (Alkanli and Ay 2019). Other genes have also been linked to the
disease both in autosomal-dominant and autosomal-recessive inheritance patterns.
These genes include LRRK2 and VPS35; their exact mechanism of action has not
been fully elucidated; however, they have been linked to various critical pathways
such as autophagy and protein degradation (Klein and Westenberger 2012).

By looking at the two monogenic forms of Alzheimer’s and Parkinson’s disease,
scientists have been able to infer important insights. Firstly, a mutation in a single
gene often produces a disease phenotype that is not distinguishable from sporadic
illness. Furthermore, even the familial diseases that present with a somewhat uni-
versal clinical presentation and inheritance often are the result of different mutations
in different genes that affect related pathways. To further add to the complexity, a
single gene has the capacity of inducing various phenotypic presentations of a
disease. The studies that were discussed previously showed that protein aggregation
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is a strong deterministic factor in the case of neurodegenerative diseases. The two
examples that were discussed show that neurodegenerative diseases can result from
structural mutations or expression changes in proteins. These monogenic studies
have paved the way for later on mechanistic studies to elucidate the exact role of said
genes in pathogenesis (Bekris et al. 2010).

2.3 The Environment and Its Effect

The belief that environmental exposures are strongly implicated in
neurodegeneration is not a new one; environmental exposures such as certain
types of food, metals, contaminants, pathogenic, and nonpathogenic microorganisms
as well as lifestyle can strongly affect a person’s risk in developing neurodegener-
ative disorders either directly or indirectly.

2.3.1 Effect of Environmental Exposures: The In Utero
Example

One such example is how the environment and exposures surrounding a fetus during
pregnancy can actually affect its adult life (Gluckman et al. 2008). It has been proven
that inadequate environmental conditions during pregnancy as well as infancy can
strongly increase the risk of neurodegenerative disorders. The maternal environment
can strongly impact the future of her child as during the in utero phase; the fetus is
only exposed to the environment through its mother. This is even evident as the
growth of the fetus is constrained by the mother’s body size, stature, and parity.
During pregnancy, a human fetus can be exposed to hypoxia, metals, hormones, and
other substances (Charalambous et al. 2007). It has been proven that exposure to
hypoxenima during pregnancy can lead to synaptic dysfunctions in the fetus, causing
neurodegeneration (Morales et al. 2008). As for hormonal disturbances, in the case
that the placental barrier is compromised, certain hormones such as glucocorticoids
can travel through the placenta and affect the fetus, leading to altered programming
of hypothalamus-pituitary-adrenal (HPA) (Kapoor et al. 2008). Human studies that
follow the effect of environmental exposures on fetal development and
neurodegeneration are limited by either their retrospective nature or difficulty of
their implementation in the case of longitudinal studies. In animals, a model of
prenatal asphyxia has demonstrated that retinal development is impaired due to the
reduction of ganglion cells as a result of degeneration which is anticipated to lead to
long-term complications (Piscopo et al. 2008). In another animal study on rabbits,
placental insufficiency was directly associated with brain damage through the
impairment of metabolic processes (van Vliet et al. 2013). Studies have repeatedly
shown that environmental exposures on the developing brain have far more
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detrimental effects than those on the adult brain. In yet another interesting animal
study, it was found that when the mother was subjected to lipopolysaccharide
treatment during pregnancy, the pups turned out to suffer from loss of dopaminergic
neurons, giving insight into how exposure to LPS during pregnancy can increase
susceptibility to parkinsonism (Ling et al. 2002). In addition, exposure to metal
toxins was found to induce altered levels of antioxidants in rats accompanied by
increases in oxidative stress (Erikson et al. 2006). Collectively, these studies show-
case how vital is to decipher the role of environmental exposures in utero in
determining fetal as well as adult brain health.

2.4 The Gene-Environment Nexus

Research has shown that neurological diseases can be caused by the interaction
between genetic and environmental factors. With the advancement in the arsenal of
tools of genomic sciences, more evidence points to the fact that genetic modulators
can strongly affect the risk and susceptibility to neurodegenerative diseases (Patel
2016). With these advancements, the goal now is to begin standardizing the defini-
tion of environmental exposure and how to analyze it. Newer types of studies include
exposome studies that analyze the entirety of environmental exposures throughout
the individual’s lifespan (Wild 2005). Huge amounts of data are currently being
generated both with regard to genetics and genomics as well as exposure; the major
challenge remains, including how to study and integrate this data to begin elucidat-
ing how certain gene variants can control a human’s response to environmental
factors, hence altering their susceptibility to diseases including neurodegenerative
ones (Rappaport 2011). This nexus of interaction may actually prove to be incredibly
useful in the case of diseases of aging as the accumulation of a lifetime of exposures
can strongly alter a populations risk overdeveloping a certain disease (Shulman et al.
2011). Two major examples of this are Alzheimer’s disease and Parkinson’s disease
which have been proven to have strong genetic components yet can strongly be
affected by certain environmental exposures during a person’s life (Barnes and Yaffe
2011). The interaction between these factors, however, is yet to be elucidated.

The extrapolation of data and the identification of points of interaction between
gene and environment are very challenging, and even when this task is done
correctly, the challenge remains on identifying how this interaction affects this
disease development and progression (Ahmad et al. 2013). For example, the effect
of this interaction may actually be very small, and in order to be well observed, it
would require expensive studies that integrate a large number of research subjects to
acquire their genomic data. Even if such studies are implemented, the acquiring of
exposure data especially retrospectively is yet another challenge that needs to be
overcome. Retrospective data often suffers from poor quality and this is evident in
environment-wide association studies whose challenges include incomplete or
biased recall, various confounding variables, difficulty of ascertaining the exact
timing and duration of exposure, and finally sampling issues. The challenging nature
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of such studies suffers from yet another layer of added complexity when we consider
that the environmental factors and exposures themselves evolve as human popula-
tion and industries evolve. Certain environmental factors that are very prominent
nowadays were not prominent a few decades ago and vice versa. These challenges
can be circumvented to a certain extent by performing animal studies under con-
trolled conditions and the added benefit of the shortened life span of laboratory
animals. However, such studies are preliminary at best and can only serve as pointers
to potential interactions. These studies are useful when studying already identified
variants which cannot allow for the de novo identification of human polymorphisms
(Ermann and Glimcher 2012).

Another way to circumvent these challenges is genome-wide association and
interaction studies that have robust analysis algorithms allowing for strong predic-
tive power and relatively smaller sample sizes (C. Lin et al. 2015). Furthermore, a lot
of interest is currently directed towards the observation of epigenetic changes
occurring in response to environmental exposure as potential hints to gene-
environment interactions (Maloney et al. 2012). Advances in technologies that can
be used for tracking environmental exposure data are also strongly overcoming the
challenges of inaccurate reporting, such technologies include wearables and
smartphone technologies (Ueberham and Schlink 2018). The interest of governmen-
tal agencies in funding research in this area has allowed for the implementation of
large-scale prospective studies that are currently providing large amounts of data
both on the genetic and environment fronts, allowing for a true exploration of gene-
environment interactions (McAllister et al. 2017).

Animal studies are also progressing by the enhancement of animal strains by
diversifying their genetic makeup allowing for more complex studies under a
controlled lab environment (Schoenrock et al. 2018; Williams et al. 2016). This is
exceptionally useful in the area of gene environment interaction studies as mouse
models allow for validation of findings found in humans as well as potential
identification of novel interactions going hand in hand with large-scale human
studies (Jones et al. 2013).

2.5 How to Approach Gene-Environment Interaction
Studies in the Neurodegenerative Context

2.5.1 Approach 1: One Gene-One Exposure

In an attempt to elucidate whether certain disease variance can affect individual
susceptibility to an environmental exposure, various studies have adopted the one
gene-one exposure model (Fig. 2.1) (Dunn et al. 2019). In this type of studies,
researchers compare between those who are variant positive and those who are
negative and evaluate their odds ratios once exposed to a certain environmental
factor. In these studies, it is possible that the accumulation of the exposure along
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with the presence of the disease variant can both strongly lead to the development of
neurodegenerative diseases (Lill 2016). One such example is studies evaluating the
effect of dietary interventions in those carrying certain variants in the APOE gene on
cholesterol levels and susceptibility to neurodegenerative diseases (Head et al.
2012). Both human and animal studies have shown that a person’s APOE genotype
affects their response to various environmental risk factors such as poor diet, obesity,
stress, poor lifestyle, and heavy metal exposure by making them more susceptible to
the development of neurodegenerative disorders (Pankratz and Foroud 2004). Col-
lectively this evidence shows that certain risk factors that are genetic in nature can
act together with environmental exposures and strongly affect this risk. Some other
studies have shown that certain APOE genotypes can actually be protective against
the effects of certain environmental factors (Wirth et al. 2014). One example is how
APOE for carriers benefit from cognitive activity and are relatively protected from
Alzheimer’s disease one compared to APOE 2 and 3 carriers (Rajan et al. 2014).

2.5.2 Approach 2: Gene Datasets—Multiple Exposures

The complexity of the human genome and environmental exposures guarantees that
the one gene-one exposure approach is potentially faulty and may not be the most
accurate way to begin inferring relevant gene-environment interactions. Several

Fig. 2.1 Candidate gene analyses ask whether an exposure or exposures result in differential
disease risk in carriers (e.g., “T/T” individuals) or noncarriers (e.g., “A/A” individuals) of a
particular known disease risk allele (Dunn et al. 2019)
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studies have attempted to go beyond this model as an intermediary approach
between the previous one and genome-wide associations. For example, a study
observing the effect of a multitude of lifestyle choices on a panel on 27 genes
associated with Alzheimer’s found that one genotype (SLC24A4) was strongly
affected by whether the person was a smoker or a drinker and in turn impacted the
person’s risk of developing the disease (E. Lin et al. 2017). In a similar approach,
another group looked at the relationship between cardiovascular disease risk factors
and another panel of Alzheimer’s-associated genes. They found an interesting
correlation between the ABCA7 genotype and right parietal volume indicating a
potential relationship between this genotype and susceptibility to cognitive impair-
ment induced by cardiovascular-associated factors (Wang et al. 2017). This type of
studies does offer significant advantages to those conferred by one gene-one expo-
sure-type studies as it eliminates certain biases and provides insights as to which
pathways may be affected by environmental exposures, thus mediating disease. Yet,
despite their usefulness, they do not enable de novo identification of relevant genes/
pathways (Holmans et al. 2013).

2.5.3 Approach 3: Observing the Genome

As previously discussed, approaches that start with a pre-identified list of candidate
genes and exposures is minimally useful in the de novo identification of gene-
environment interactions that affect disease susceptibility. In the case of mapping
environmental exposure, the best study design remains to be genome-wide associ-
ation and interaction studies (GWAIS) (Fig. 2.2). When conducted in the realm of
neurobiology, these studies have strikingly identified risk genes and exposures that

Fig. 2.2 GWAIS ask which genetic variants and genomic loci correlate with disease risk given
individuals’ exposure to a known disease-relevant environmental factor (Dunn et al. 2019)
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were previously implicated in diseases of different nature, hinting at the importance
of expanding neurobiology research even beyond the genome-wide model. GWAIS
have identified interactions between novel genetic modulators and environmental
exposures in Alzheimer’s and Parkinson’s (W.-Y. Lin et al. 2019). For example, one
of these studies found that glutamate receptor genes and their variants are determin-
istic factors in a person’s response to caffeine in Parkinson’s disease. One interesting
variant was the rs4998386 SNP of GRIN2A which was found to be strongly
associated with a 70–80% caffeine-induced reduction in Parkinson’s Disease risk
of development (Hamza et al. 2011). These findings were identical in two studies
and irreproducible in a third, raising the doubt that this relationship may count on
another unidentified factor, further adding to the complexity of the gene-
environment interaction in this scenario (Ahmed et al. 2014; Yamada-Fowler et al.
2014). Another GWAIS approach shed light on the relationship between smoking
and the risk of Parkinson’s showing that according to the individual genetic land-
scape, smoking may actually confer protective properties from the disease. Impli-
cated genes included variants of gene known as the synaptic vesicle glycoprotein
2 (SV2C) gene. Homozygous major allele individuals showed a reduction in
Parkinson’s disease risk associated with smoking, while those homozygous for the
minor alleles showed an increased risk induced by smoking (Hill-Burns et al. 2013).
These results were also validated in animal studies where SV2C knockout mice
showed drastically different dopamine responses to nicotine than wild-types (Dunn
et al. 2017). Despite the promise of GWAIS-type studies, our understanding of the
gene-environment nexus will also remain predominantly hindered by the incomplete
nature of exposure data in human studies.

2.6 What the Future Holds for the Gene-Environment
Nexus in Neurodegenerative Disorders

Evidence has repeatedly shown that genetics have a strong bearing on the risk and
development of neurodegenerative diseases and so does environmental exposure.
Furthermore, evidence strongly suggests that certain genetic variants modulate a
person’s response to environmental exposures and have the capacity of greatly
affecting their susceptibility to disease and its prognosis. GWAIS approaches are
currently under constant refinement to allow for expanded genome-wide investiga-
tions of gene-environment interactions. However, contrary to common belief, the
real challenge lies in the tracking and reporting of exposure data that does not suffer
from the effects of recall bias and inaccurate reporting.

The apparent solution is large-scale prospective longitudinal studies where the
researchers collect exposure data in a timely and accurate manner (Fig. 2.3). Indeed,
various studies of this nature have been initiated such as the UK Biobank study
which is collecting general exposure data and genomic sequences of approximately
50,000 participants (Sudlow et al. 2015). A similar study is found in the USA under
the name “All of Us,” an NIH-funded program collecting massive amounts of

2 The Gene-Environment Nexus: A Holistic Approach to Neurodegenerative Diseases 11



genomic, environmental, and health data from a million participants (Lyles et al.
2018). These studies are achieving what previous studies couldn’t in terms of the
sheer amounts of data being collected as well as the diversity of their participants and
sample size. Furthermore, they are heavily backed with the most recent advances in
analysis tools in the field of bioinformatics (Bradley et al. 2018).

It is inevitable, however, that these studies will be affected by some of the hurdles
that affected their predecessors like selection and survival bias or attrition or
different confounding variables. This is complemented by the ongoing research
and enhancement in the quality of animal studies as a means of evaluating and
validating the associations revealed by these studies. Furthermore, a multitude of
other factors needs to be considered including duration and age at exposure (C. Lin
et al. 2015). The data to be collected from these large-scale studies as well as other
cohorts of both human and animal studies are bound to provide valuable insights
with regard to the role of gene-environment interactions in neurodegenerative
diseases.
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