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involvement of the parieto-occipital areas of the brain; and a frontal 
variant, in which patients have predominant executive dysfunction from 
frontal involvement [5].

How does one explain the differences in age of onset? How do does 
one account for the spectrum of clinical presentations given our current 
knowledge of the pathomechanisms of AD in the light of the misfolding 
and aggregation of specific proteins?

In our studies of AD, we believe that there are differences between 
young and old onset disease. In our research, we have found that most 
young-onset AD patients do not carry mutations associated with familial 
AD [6], an observation shared by others [7,8]. Less than 1% of our 
cohort with AD had a mutation in the Amyloid Precursor Protein gene 
(APP) or presenilin-1 or 2. Also, most late-onset AD patients do not 
carry mutations. They might carry the APOE-4 genotype, which seems 
to predispose to amyloidosis. If assumed that most familial AD is not 
due to genetic mutations, how does one then explain the development 
of AD through the life spectrum? How does one explain the sporadic 
burden of this disorder which, throughout the 21st century, has become 
a global public health problem? Furthermore, how does one account for 
differences in presentation in AD, and in particular young-onset AD, 

*Corresponding author: PK Panegyres, Neurodegenerative Disorders Research 
Pty Ltd, 4 Lawrence Avenue, West Perth, Australia, Tel: +61-8-9481-6293; Fax: 
+61-8-9481-6294; E-mail: research@ndr.org.au 

Received July 19, 2019; Accepted August 05, 2019; Published August 12, 2019

Citation: Panegyres PK (2019) Stochastic Considerations into the Origins of 
Sporadic Adult Onset Neurodegenerative Disorders. J Alzheimers Dis Parkinsonism 
9: 473. 

Copyright: © 2019 Panegyres PK, et al. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original 
author and source are credited.

Keywords: Stochasticity; Neurodegenerative disorders; Prion 
diseases; Protein interactions; Alzheimer’s disease; Adult onset 

Introduction 
Every day in my clinical work I ask the question: Why do young 

adults develop sporadic Alzheimer’s disease (AD), Parkinson’s disease 
(PD) and other neurodegenerative disorders? This work attempts to set 
out the reasons as to why this might happen in the absence of genetic 
mutations.

The pathology of AD, PD, Frontotemporal Dementia (FTD), Motor 
Neuron Disease (MND) and prion diseases share common properties 
including protein-protein interactions, cellular reactions involving 
microglia, inflammatory processes, prion-like propagation through 
a neuronal network, resulting in synaptic and neuronal loss. The 
misfolding and aggregation of specific proteins seems to be an early and 
obligatory event in all of these disorders of which the antecedents are 
unknown. Studies in prion diseases and AD implicate the conversion 
of disease specific proteins into aggregates of prion-like beta-sheets as 
a fundamental process. It appears that prion-like corrupted protein 
templates are a feature of these neurodegenerative disorders. Misfolding, 
aggregation, trafficking and pathogenicity of the involved proteins are 
fundamental mechanisms shared by the common neurodegenerative 
disorders, and are responsible for significant global burden of disease 
and costs [1,2]. It is therefore essential to understand this process.

AD may present at different ages. AD may be young onset- that is, 
begins before the age of 65 years- or old onset- starting after 65 [3,4]. 
Furthermore, AD can present in different ways. For example, there is 
the amnestic presentation, in which patients develop a difficulty with 
episodic memory, implying mesial temporal structure involvement, 
which in time spreads throughout the brain. Other presentations include 
a linguistic presentation in which speech is primarily affected and 
known as a logopenic variant of AD; posterior cortical atrophy, a variant 
in which patients develop visuospatial dysfunction on account of initial 
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in terms of a typical amnestic presentation, posterior cortical atrophy, 
linguistic presentations and frontal variants? How, in the modern era, 
does one account for these observations? Additionally, how does one 
explain these differences given our understanding of misfolding and 
aggregation of specific proteins in the absence of gene mutations? If the 
gene mutation hypothesis only accounts for the minority of AD, then 
what is the fundamental process driving the remainder of AD? These 
considerations not only apply to AD, but are relevant to prion diseases 
in their different syndromic presentations; and are also relevant to 
PD, MND and FTD. What is it that drives the fundamental processes 
converting a healthy brain into a dementing brain secondary to the 
processes of misfolding, aggregation, propagation through a neuronal 
network with synaptic and neuronal loss?

AD, PD, prion diseases, MND and FTD are sporadic in the 
majority, and not related to gene mutations [7,9-14]. Could it be that 
the fundamental process driving the origins of these neurodegenerative 
disorders is stochastic?—that is, fundamental variation in the sequence 
of key proteins or other proteomic changes: prion proteins in Creutzfeld 
Jakob Disease (CJD), tau and Aβ peptides in AD, α-synuclein in PD, 
a number of proteins in MND and FTD (C9orf72, Tau on PGRN), 
all leading to devastating consequences of inexorably progressive 
neurodegenerative diseases. It is speculated that random variation in 
protein sequences (or other proteomic divergence) of key proteins is 
a fundamental process. Stochastic events in brain protein synthesis 
may be physiological and essential and would be predicted in certain 
circumstances, such as storage and transmission of information [15]. 
Deviations in protein sequences are probably part of normal brain 
function which, in some individuals results in neurodegeneration. 
It is this concept that is being developed in this research; that is, the 
stochastic principles underlying synthesis of certain proteins in the 
brain, which ignite the neurodegenerative flame.

Support for this concept comes from the studies of Qiang et al. 
where an investigation of amyloid fibrils studied in vitro suggested that 
variations in the Aβ fibril structure may correlate with AD phenotype, 
similar to the observations in prion diseases [16]. These authors use 
solid state nuclear magnetic resonance measurements on Aβ40 and 
Aβ42 fibrils prepared by seeded growth from extracts of AD brain 
cortex. These authors compared two atypical AD subtypes, the rapidly 
progressive form, the posterior cortical atrophy variant and the typical 
prolonged duration amnestic form. They observed that a single Aβ40 
fibril structure was mostly found in samples from typical AD and 
posterior cortical atrophy, whereas Aβ40 fibrils from rapid AD had 
a significant proportion of additional structures [16]. The finding 
suggested that there is structural heterogeneity for all subjects with two 
prevalent structures, signifying the existence of a specific predominant 
Aβ40 fibril in typical and posterior cortical atrophy AD, with additional 
structures in rapid AD suggesting that there are qualitative differences 
in Aβ40 and Aβ42 aggregates in the brain tissues of patients with AD. It 
is posited that these structural differences are determined by the amino 
acid sequence and other protein structural abnormalities in these fibrils, 
which is the origin of these stochastic mechanisms. For AD, where 
there is interaction between two proteins Aβ, the fundamental protein 
of the neuritic plaque versus microtubule associated protein tau, which 
in its phosphorylated form makes up the neurofibrillary tangles. There 
is debate on the role of these two proteins in the pathophysiology of 
AD. Tau aggregation in AD correlates better with memory and spread 
suggesting that neuritic plaques may be bystanders, perhaps even 
protective, as some studies suggest, and the driving process may be tau 
or some other factor operational on tau- that is, the fundamental defect 
is in tau amino acid sequences, determined by stochastic events, which 

drives AD [17,18]. The implication is that some protein sequences are 
more aggressive than others is supported by the studies of Qiang et 
al. leading to rapidly progressive Alzheimer syndromes [16]. It is also 
suggested that this sequence variation may initially occur in different 
neuroanatomical regions of the brain, such as in the parieto-occipital 
areas, in posterior cortical atrophy versus the typical amnestic version 
from mesial temporal involvement, raising the suggestion that frontal 
variants and linguistic variants of AD are driven by stochastic events 
in space, time and sequence, which eventually result in a progressive 
dementing disease as a result of protein spread. Such stochastic 
considerations also power other neurodegenerative conditions. 

This research aims to develop this concept of the importance of 
stochastic operations in the genesis of neurodegenerative diseases.

Stochastic Effects
It has been postulated that after injury stochastic changes take place 

and lead to damage and reconstruction which can, in turn, induce 
cellular changes. That is, certain microenvironmental influences like pH 
affect the sequences of the key proteins in neurodegeneration, leading 
to certain primary structures that favour misfolding and resistance 
to proteosome function [19]. During normal cell metabolism, each 
cell undergoes a large number of biochemical reactions that require 
a diversity of biological molecules. Under the constraints of space, 
resources and the need for metabolic conservation, cells optimise 
resources because of low stock and high flux. As a result, although 
the types of molecules might be large and diverse, only a few copies of 
each molecule are involved. In addition, the biochemical reactions that 
occur at the scale of a single cell are probably influenced by stochastic 
effects, so that they cannot be predicted because of high intrinsic noise. 
Furthermore, cell metabolism is affected by dynamic physiological 
activities such as fluctuations in metabolism, transcription factors, 
hormones and other variables. This further increases the extent of 
uncertainty in biochemical reactions (extrinsic noise). Stochastic 
fluctuations in the physiological microenvironment in cells also 
directly influence cellular functions, resulting in cellular diversity 
within the same tissue or organ. The stochastic effects of metabolic 
regulatory networks and associated biochemical reactions probably 
promote population diversity. This allows large cell populations to cope 
with stress in the external environment and thus confers evolutionary 
advantages. A single transgenesis event is unlikely to produce the same 
protein products because of the stochasticity of protein expression 
and the combination of expression products. In turn, stochasticity of 
gene expression affects biochemical processes. The copious number of 
proteins fluctuates randomly, producing perturbation and downstream 
biochemical reactions. Therefore, even cells carrying exactly the same 
genes or cloned in the same environment may present with phenotypic 
diversity [20]. Stochastic effects are observed in the DNA replication 
process, which involves the use of restriction enzymes to correct 
mismatch [21,22].

The stochasticity of biochemical reactions likely becomes more 
pronounced with aging. In the middle stage of the cell cycle the 
restorative synthesis and allocation of molecules increases. Variation 
between adjacent cells is also enhanced. The increased stochasticity of 
DNA replication aggravates DNA injury and mutation- the incidence of 
spontaneous mutation is greater than expected. Pathological problems 
such as mitochondrial DNA diseases and other lesions such as tumours 
can arise from such mutations. The stochasticity of biochemical 
reactions may cause cells to become non-viable despite a young and 
energetic body. During aging, physiological and pathological changes 
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can accumulate, thereby complicating stochastic change and protein 
expression. For example, diabetes in middle age and elderly individuals 
probably intensifies non-enzymatic glycosylation occurring in the 
human body. Thus, functional decline in proteins facilitates aging. 

Randomness in amino acid sequences occurs by stochastic 
processes and natural selection will eliminate unsuitable sequences 
[23]. How does microevolution coordinate the macroevolution and 
how does natural selection play a role in this process? Stochastic aspects 
of biochemical reactions create the possibility of changes in cellular 
elements; by contrast, mechanical and biochemical loads provide 
the direction for such changes. Biochemical reactions have intrinsic 
randomness in the reproduction of molecules. Natural selection not 
only eliminates unsuitable traits, but also guides the formation of new 
and favourable characteristics. 

Stochasticity and biochemical reactions

Protein molecules can be modified by intracellular 
microenvironments, such as oxidation of cellular amino acid pools. The 
changes in biochemical environments also enhance the stochasticity of 
biochemical reactions and reduce the accuracy of mRNA translation 
resulting in mistranslation of the genetic code. The proteins can 
be selectively damaged, degraded or metabolised. Then, in newly 
synthesised proteins, the site of one amino acid could be occupied by 
another- substitution of Leu by Ser- which might lead to an adaptive 
change in the structure and function of proteins [24].

In mammals and birds there is GC bias which can be interpreted 
as a GC-bias mismatch repairing trend- that is, using G or C as the 
same template- in the mismatch repair process. Randomness causes 
uncertainty in the development and repair at a single cell level because 
microenvironments for cellular biochemical reactions cannot be the 
same. This is possible because a closely coordinated development and 
repair mechanism is established in the chaotic interaction between 
biomolecules. Changes in the macroenvironment can cause rapid 
alterations in the physiological factors of the internal environment 
(biochemical load). Such changes may further affect development, 
growth or repair which transforms the form, structure and function of 
tissues and organs; as a result, this process drives the adaptive evolution 
of species [25-33].

Furthermore, stochasticity can be influenced by random 
biochemical reactions with interaction among biochemical reactions 
and molecules.

Currently, evolutionary mechanisms such as transformation and 
diversification remain poorly understood [34]. A relationship between 
the forces of macroevolutionary and microevolutionary processes 
needs to be understood. The link between natural selection and change 
in biological adaptation is important, particularly the mechanism by 
which new structures and organs are formed.

Evidence has shown a significant role of natural selection at the 
molecular evolutionary levels. Molecular mutations are manifested 
as either favourable mutations or unfavourable mutations under 
different environmental conditions. During the critical stages of species 
formation, DNA molecules are under positive selection pressure, 
resulting in sharp increase in the replacement rate of basic groups and 
corresponding genomic adjustment. Thus, organisms generate a series 
of microevolutions to affect macroevolution [35]. 

The protein product encoded by one gene often regulates that of 
other genes; the time delay and other variables controlling transcript 

initiation and translation has been studied. Simulation of the processes 
of gene expression shows that proteins are produced from an activated 
promoter in short bursts of variable numbers of proteins that occur at 
random time intervals. As a result, there can be significant differences 
in the time between successive events in regulatory cascades across 
a cell population. In addition, the random pattern of expression of 
competitive effectors can produce probabilistic outcomes in switching 
mechanisms that select between alternate regulatory paths. The result 
can be a partitioning of the cell population into different phenotypes 
as the cells follow different paths. There are numerous examples of 
phenotypic variations in isogenic populations of both prokaryotic 
and eukaryotic cells that may be the result of these stochastic gene 
expression mechanisms [36].

Elowitz et al. examined clonal populations of cells to explain why 
phenotypic variation is found [20]. Such heterogeneity can be essential for 
many biological processes and is conjectured to arise from stochasticity, 
or noise in gene expression. These authors constructed strains of E. coli 
that enabled detection of noise and discrimination between the two 
mechanisms by which it is generated. Both stochasticity inherent in the 
biochemical process of gene expression “intrinsic noise” and fluctuations 
in other cellular components “extrinsic noise” contribute substantially 
to overall variation- that is, there are two processes, the stochasticity 
within the biochemical process itself and other variations in the cellular 
microenvironment (ie, the biophysics, which might influence this 
variation in stochasticity and outcome). Transcription rate, regulatory 
dynamics and genetic factors control the amplitude of noise. These 
authors helped establish a quantitative foundation for modelling noise 
in genetic networks and reveal how low intracellular copy numbers of 
molecules can fundamentally limit the precision of gene regulation. 
Martin developed the concept that stochasticity modulates patterns of 
ageing and is influenced by the constitutional genome, both processes 
driving the pace and patterns of ageing [37]. Stochastic processes are 
probably major players in large intra-specific variations in life-span and 
health-span. Chance events result in somatic mutations and protein 
synthesis errors which might cause a neurodegenerative condition, 
other variations in gene expression and epigenetic effects may allow 
other stochastic effects on aging. Kosik et al. highlighted the importance 
of mRNAs in post-transcriptional gene regulation and are abundant in 
the central nervous system [38]. These mRNAs might be relevant to 
neuronal plasticity and probably contribute to stochastic mechanisms 
underlying neurodegeneration. There are highly conserved pathways of 
mRNA biogenesis, closely linked to the transcription and translation 
of mRNAs; there are 500 known human mRNA sequences, of which 
21 nucleotides bind to multiple mRNA targets, and are important in 
the regulation of gene expression and add another layer of stochastic 
influence. Rahman et al. developed a stochastic model to compute in 
vivo protein turnover rate using isotope labelling and high-throughput 
liquid mass spectrometry, and demonstrated a stochastic process with 
Gaussian and an Ornstein-Uhlenbeck covariance matrix [39]. As 
people age their protein synthesis rate is less. If certain mutations are 
depleted, the lifespan of the organism is increased. mRNA translation 
is energetically demanding, utilising 50% of the total energy in the 
cell. A reduction of protein synthesis probably is the bioenergetic 
basis underlying the cells inability to deal with stochastic production 
of renegade proteins and contributing to variations in ageing and 
neurodegeneration [40]. In 2002, Dean suggested that recombination 
and the effect of stochastic protein synthesis is controlled by complex 
feedback mechanisms between genes and the larger biological 
environments leading to uncertainty of outcomes [41].
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Stochasticity and Genes
Elowitz et al. studied stochastic gene expression in single cells and 

found that clonal populations of cells have phenotypic variability; such 
heterogeneity may be essential for biological processes and arises from 
stochastic or noise changes in gene expression [20]. The authors looked 
at two strains of E. coli and found that there was intrinsic and extrinsic 
noise and that these led to variation in the control of the amplitude 
of the noise, to transcription rate to regulatory dynamics, and further 
genetic factors. This resulted in a quantitative foundation for modelling 
noise in genetic networks and low intracellular copies of molecules can 
limit the precision of gene regulation [20]. Rodriguez et al. showed that 
DNA sequence evolution through nucleotide substitution is a stationary 
Markov process. Four models with 6 independent promoters were 
studied and showed that nucleotide substitution rates and variations in 
protein sequence might be based on stochastic models [42].

McAdams & Arkin addressed the question that gene activity is 
controlled by molecular signals and determine when and how genes are 
transcribed [35]. In genetically controlled pathways, protein production 
of one gene regulates the expression of other genes. There are time delays 
from the first promoter by increased concentration that affect the next 
promoter and the protein accumulates. Proteins are produced from an 
activated promoter in short bursts of variable numbers at random time 
intervals. Large differences occur in the time between successive events 
in regulatory cascades across a cell population. Such random patterns 
of expression of competitive events have a probabilistic outcome in 
switching mechanisms that selects between alternative regulatory 
pathways. This might give rise to alternative cellular populations with 
different phenotypes following different pathways, which results in 
phenotypic variation in isogenic populations and points to stochastic 
gene expression mechanisms [35].

The emergence of the human brain is one of the evolution’s most 
compelling mysteries. With its singular importance and astounding 
complexity, understanding the forces that gave rise to it is a major 
undertaking. Recently, the identification and publication of the complete 
genomic sequence of humans, mice, chimpanzees and macaques has 
allowed considerations of the genetic substrates of natural selection. 
It was suggested that these molecular events are both at a genetic and 
protein sequence level [43].

Somatic mutations as determined by Single Nucleotide Variants 
(SNVs) occur in the central nervous system especially in embryogenesis 
but continue, although less so, into adulthood [44]. About 1500 SNVs 
might be found in neurons from the human neocortex  [45]. These 
SNVs are determined stochastically and, if in the appropriate genes-
proteins set necessary for neurodegeneration, might lead to disease. It 
is now possible to detect the emergence of mutations in single brain 
cells during development [46]. Whole-exome sequencing of post-
mortem hippocampal neurons discovered SNVs in AD brains that 
increased with age; interestingly, about one-fifth of these SNVs in AD 
originated in genes implicated in the hyperphosphorylation of tau- the 
molecular basis of neurofibrillary tangles and one of the stamps of AD 
[47]. We submit that somatic neuronal mutagenesis in certain genes 
in vulnerable adults is a contributing factor to the genesis of sporadic 
neurodegenerative disorders.

Gene expression is a mechanism by which proteins are synthesised 
using amino acids. Stochastic processes have been emphasised in that 
they might influence the time it takes for the protein to be assembled 
[48]. These authors found that binding times vary and that protein 
synthesis fluctuates, so does the need for protein translation. Stochastic 

processes affecting protein synthesis are governed by complex feedback 
mechanisms between genes and other molecular influences leading to 
variation in amino acid sequence and function [49].

mRNA translation and protein synthesis is a major component for 
transformation of the genetic code into cellular activity. This complicated, 
multi-step process is divided into three phases: initiation, elongation and 
termination. Initiation is a step at which the ribosome is recruited to 
the mRNA and is regarded as the major rate limiting step in translation, 
while elongation consists of elongation of a polypeptide chain; both steps 
are frequent targets for regulation, which is defined as a change in the 
rate of translation of an mRNA per unit time (Figure 1). In normal brain, 
translation is a key mechanism for regulation of memory and synaptic 
plasticity consolidation. That is, the offline processing of required 
information. These regulatory processes may differ between different 
brain structures or neuronal populations. Moreover, dysregulation 
of translation leads to pathological brain function such as memory 
impairment. Both normal and abnormal function of the translation 
machinery is believed to lead to translation up-regulation or down-
regulation of a subset of mRNAs. However, the identification of newly 
synthesised proteins and the determination of rates of protein synthesis, 
with degradation taking place in different neuronal types and cellular 
compartments at different time points in the brain, demand new 
proteomic methods and system biological approaches [50].

Newly synthesised chains of amino acids transform themselves into 
perfectly folded proteins which depend on the intrinsic properties of 
the amino acid sequence and on multiple contributing influences from 
the crowded cellular milieu and are modified by post-translational 
modifications which must be governed by stochastic principles 
(Figures 1 and 2). Folding and unfolding are crucial ways of regulating 
biological activity and targeting proteins to different cellular locations. 
Aggregation of misfolded proteins that escape the cellular quality 
control mechanisms is a feature of the neurodegenerative disorders 
under consideration. Many newly synthesised proteins are translocated 
into the endoplasmic reticulum where they fold into three dimensional 
structures with the help of a series of molecular chaperones and folding 
catalysts. Correctly folded proteins are then transported to the Golgi 
complex and then delivered to the extracellular environment. However, 
incorrectly folded proteins are detected by quality control mechanism 
and sent along another pathway (the unfolded protein response), in 
which they are ubiquitinated and then degraded in the cytoplasm by 
the proteasomes [51]. Failure to fold correctly, or to remain correctly 
folded, gives rise to malfunction in living systems and disease. Proteins 
with a high propensity to misfold often escape protective mechanisms 
and form intractable aggregates with themselves, more commonly in the 
extracellular space. The proteins affected in AD, PD and Prion diseases 
accumulate in the brain. The ability to form amyloid fibrils seems to 
be generic; the propensity to do so varies markedly between different 
amino acid sequences. The relative aggregation rates for a wide range 
of peptides and proteins correlates with physiochemical features of the 
molecules such as charge, secondary structure and hydrophobicity [51]. 

The endoplasmic reticulum is an extensive tubular-reticular 
network which deals with proteins that are misfolded or aggregated. 
Normal folding and post-translational modifications are essential 
for normal cellular functions. If the proteins and peptides are folded, 
then the unfolded protein response is a mechanism in which cells can 
handle abnormal proteins. This unfolded protein response is essential 
to handle the cell’s responses to environmental factors such as injury, 
immunity and inflammation, and if misfolded proteins are not properly 
managed, it might lead to disease and cell death [52].
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If the unfolded protein response is ineffective it might result in 
neurodegenerative disorders. There is evidence that overactivity of 
protein kinase RNA-like ER kinase (PERK, encoded by EIF2AK3) 
directly contributes to pathological processes that are critical in the 
reduction of neuronal proteins involved in learning and memory [53].

The unfolded protein response might involve a number of different 
mechanisms including the inositol requiring enzyme 1A, the PKR-like 
ER kinase dependent phosphorylation, and the ATF6A which enable 
the removal of misfolded proteins from the endoplasmic reticulum 
[52]. Molecular chaperones seem to be important in this process: 

chaperone triggering factors seem to prevent peptides and proteins 
from misfolding as they emerge from the endoplasmic reticulum by 
influencing the hydrophobic residues and to protect them from the 
cell’s polar interior stopping their misfolding and potential for disease- 
chaperone function therefore is also important in the unfolded protein 
response and the mechanisms of neurodegeneration and stochasticity 
(Figure 3).

Heat shock proteins and, in particular, heat shock protein 70 
(Hsp70 – a molecular chaperone) are up-regulated by different 
pathological mechanisms and defend the proteome. Hsp70 stabilizes 

Figure 1: Potential sites for stochastic errors leading to sporadic neurodegenerative disorders.

Figure 2: Posttranslational modifications, stochasticity and neurodegenerative disorders.
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lipid membranes and helps endocytosis, prevents apoptosis, enhances 
cellular survival and facilitates interaction with the immune system 
[54]. These membrane and lipid associated functions of Hsp70, if 
disrupted in pathological states like AD and other neurodegenerative 
disorders, might prevent autophagy/lysomal dysfunction leading to 
neuronal death from the aggregation of toxic proteins.

It is important to stress that molecular chaperones help to stop 
misfolding and to restore proteins to their normal shape. Identification 
of abnormal proteins by the ubiquitin proteasome system also involves 
chaperones. A conformational effect of chaperones makes polypeptides 
and proteins less soluble and unable to be incorporated into the 
degradation aggresome system leading to disease. Chaperones also 
disturb signalling pathways that stimulate apoptosis [55-60].

There are many protein variants generated from a limited number 
of genes. There are several million proteins in the human body 
generated from about 15,000 genes. How do these proteins arise? The 
protein variants make up the proteoform- which arise from single genes 
and represent a unique combination of amino acid sequences with 
variations. This proteoform variation arises from several mechanisms: 
alternative splicing, endogenous proteolytic processing and post-
translational modifications to generate the proteoform. There are a 
number of possible proteoforms from a single coding gene and only 
one or a few sequence variations that correlate with disease. Proteins 
are versatile macromolecules with a wide range of functions including 
catalysis, regulation, communication, mechanical support and 
movement of transport. The generation of proteoform diversity has 
major biological significance and represents a significant amplification 
of biological information from gene to proteoform. 

It is postulated the stochastic processes are operative in proteoform 
generation. Our research seeks to analyse the nature of this stochastic 
variation in protein sequence variation. Genetically, identical cells 
exposed to the same environmental conditions show variation in 
molecular content. This variability is linked to stochasticity in gene 
expression, which is generally viewed as having detrimental effects on 

cell function and implications for disease. Stochasticity can, however, 
be advantageous providing flexibility for cells to adapt in fluctuating 
environments or respond to sudden stress, such that a mechanism 
which populates heterogeneity can be established during cellular 
differentiation and development [61].

In gene expression, there are a small number of molecules involved 
such as DNA, mRNA and regulatory proteins; gene expression is 
a stochastic phenomenon. In eukaryotic cells the stochastic effects 
primarily originate in the regulation of gene activity. Transcription can be 
initiated by a single transcription factor binding to a specific regulatory 
site in the target gene. Stochasticity of transcription factor binding and 
dissociation are then amplified by transcription and translation since 
target gene activation results in a burst of mRNA molecules and each 
mRNA copy provides a template for translating numerous protein 
molecules. Mathematical models have been developed for stochastic 
processing and this includes ordinary differential equations with 
a stochastic component of mRNA and protein levels in a single cell, 
which yield a system of first order partial differential equations for two-
dimensional probability density functions [62]. Protein production 
involves a series of stochastic chemical steps. One consequence of this 
is that the copy number of any given protein varies substantially from 
one cell to another, even within isogenic populations. Experiments have 
measured this variation for thousands of different proteins revealing 
a linear relationship between variants and mean level expression for 
much of the proteome. This relationship is thought to arise from the 
random production and degradation of mRNAs, but several lines of 
evidence suggest that infrequent gene activation events also bear 
responsibility [63]. Many cellular components and molecules are 
present in low numbers in a cell and that random births and deaths of 
individual molecules can cause “noise”. Biochemical events, however, 
do not necessarily occur in single steps of individual molecules. Some 
processes are greatly randomised when synthesis or degradation occurs 
in large bursts of many molecules during a short time interval. Each 
birth or death of a macromolecule could involve several small steps 
creating a memory between individual events. A generalised theory for 

Figure 3: The role of molecular chaperones in neurodegenerative disorders and stochastic effects.
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stochastic gene expression has been proposed, following the variants in 
protein abundance in terms of the randomness of the individual gene 
expression events. It has been shown that common types of molecular 
mechanisms can produce gestation and senescence periods that induce 
noise without requiring higher abundance, shorter lifetimes or any 
concentration dependent control loops [64]. Methodologically, single 
cell experiments cannot distinguish qualitatively different stochastic 
principles, although this in turn makes such methods better suited 
for identifying which component introduced fluctuations- probably 
dynamic measurements with single molecule resolution are required. 
Experimental techniques have followed gene expression in single cells 
over time and reveal stochastic bursts of both mRNA and protein 
synthesis in many different types of organisms. Stochasticity has 
been shown to be exploited by bacteria and viruses to decide between 
different behaviours. In fluctuating environments, cells that respond 
stochastically can out-compete those that sense environmental 
changes, and stochasticity may even have contributed to chromosomal 
gene order [65]. It is proposed that neurons and other cells in the 
brain utilise these stochastic principles to generate cellular order in 
preparation for stress. However, stochasticity is important for cellular 
survival and occasionally the protein sequence, which is randomly 
produced and has sequence variation, leads to disease by favouring 
misfolding and aggregation. More recently human proteins have been 
mapped across the cell. The location of around 12,000 proteins among 
13 sub-cell localisations have identified where the biomolecules reside. 
In the examination of 22 human cell lines, antibody-based fluorescence 
microscopy identified that many proteins locate in multiple places 
around the cell from mitochondria to other entities from cellular 
junctions, vesicles, nuclear membranes, microtubules and a newer 
organelle known as the aggresome, where a cell’s misfolded proteins are 
collected for processing before degradation [66]. It is postulated that 
the stochastically generated abnormal proteins become misfolded and 
are resistant to the aggresome. This resistance coupled with biophysical 
and other variables, including over-production, leads to disease.

Discussion
Prion diseases occur by misfolding of prion proteins, which 

spread by a seeding process where one misfolded aggregate can seed 
the misfolding in other normally folded molecules by a mechanism 
known as seeded polymerisation [67]. The seeded amplification results 
in increased levels of the misfolded protein and spread to adjacent 
brain regions. In addition, extracts from these brains can transmit 
prion protein to new individuals experimentally, iatrogenicly or by 
natural routes. The realisation that seeded polymerisation is a similar 
process not only for infectious prion disease, but some in the non-
infectious neurological diseases has led to the prion-like effects of 
neurodegenerative disorders [68]. Recently, it has been shown that AD 
amyloid proteins may spread from surgical instruments, where it was 
observed that children having neurosurgical procedures developed 
cerebral amyloid angiopathy decades later [69]. Prion diseases are 
slowly progressive fatal brain diseases in which vacuoles develop in the 
grey matter with prominent gliosis involving microglia and deposition 
of aggregated protease-resistant PrPSC or PrPRES isoforms derived from 
host-encoded normal prion protein [PrPC or PrPSEN]. These diseases 
occur spontaneously in humans and ruminants and can be transmitted. 
Within a given animal species, multiple strains of prion infectivity 
have been identified based primarily on different patterns of regional 
brain pathology as the clinical end point. The molecular explanation 
for the maintenance of diverse strain phenotypes with only one type of 
PrP protein sequence is not certain. However, the secondary structure 
of the PrPRES aggregates is known to differ among certain strains and 

such structures appear to be maintained during template replication of 
proteins using a single primary PrP protein sequence [70].

Most studies of prion strains have focused on strain-specific 
differences in the regional patterns of prion-induced vacuolar 
neuropathology and/or PrPSC deposition, but some observers have 
described strain differences in association with PrPSC in particular brain 
cell types. For example, sheep infected naturally or experimentally with 
sheep or mouse scrapie were found to have strain-specific patterns of 
PrPSC accumulation within neurons or glia. In hamster experiments, 
accumulation of PrPSC in neuronal soma at the clinical end point 
varied among 8 scrapie strains and appeared to correlate with shorter 
incubation periods. In other studies using mice, morphological patterns 
of PrPSC deposition were shown to differ among different scrapie strains; 
for example, ME7 was primarily neuronal, and 79A was both neuronal 
and astroglial. Although certain patterns of cell association were clear 
in these experiments, the extensive spread and deposition of PrPSC at 
the clinical end point might obscure the initial specificity of PrPSC for 
certain brain structures or cells [67].

The Microtubule Associated Protein Tau (MAPT) belongs to a 
family of homologous proteins, including MAP2 and MAP4, with three 
or four basic microtubule binding domains in their carboxy terminal 
regions. The amino terminus may also interact with microtubules, 
but precise functional interactions are not well understood. The three 
members of the MAPT/MAP2/MAP4 family expressed as multiple 
splice variants, some of which contain different numbers of microtubule 
binding domains. MAPT and MAP2 are expressed mainly in neurons 
where they show a characteristic subcellular compartmentalisation, 
with MAP2 being somatodendritic, MAPT predominantly present in 
the axon and MAP4 a major non-neuronal microtubule-associated 
protein. MAPT is what is referred to as a intrinsically disordered protein 
which can adopt dynamic conformations. Intrinsically disordered 
proteins account for a substantial proportion of the proteome and many 
of them are promiscuous binders that undergo a partial transition from 
an ordered state in which they interact stably with various partners and 
frequently function as molecular hubs in protein interaction networks 
[71-76]. 

Primary and posttranslational modifications of MAPT can 
compromise its physiological role in microtubule assembly and in 
mediating other cellular functions [76-79]. Such considerations might 
contribute to the aggregate formation in central neurons that are 
pathognomonic for AD and other “tauopathies” and could create MAPT 
species with toxic properties [80]. The regulation of MAPT expression 
and epigenetic contributions remain to be explored and alternative 
splicing patterns depend on species, tissue and condition [81,82]. The 
dynamic internal and external interactions of MAPT are influenced 
by primary sequence variation, post-translational modifications and 
polarised charge distribution that determine its site-specific properties 
responsible for physiological function and neuropathogenic effects 
[71,76,81-84]. Mechanistic studies will unravel the complexity inherent 
in tau aggregation leading to AD and the tauopathies. 

AD can occur as a result of genetic mutation or, more commonly, 
occurs as a sporadic event. Young-onset disease is probably a result of 
a stochastic change in the Aβ or microtubule-associated tau protein 
leading to misfolding and aggregation. Either is possible in that APP 
mutations can result in AD; tau follows, so, alternatively, tau can 
aggregate and might affect the function of Aβ leading to pathogenic 
fibrils [18]. Young-onset and late-onset AD might begin in specific 
regions of the brain and the studies of Qiang et al. support that 
there might be species of Aβ molecules that determines the disease 
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aggressiveness and site-specific origin such as posterior cortical atrophy 
[5,16]. This concept is similar to that of the Prion diseases.

It is also speculated that in disorders like PD, the second most 
common sporadic neurodegenerative disorder, α-synuclein, a peptide 
that can also undergo oligomerization and fibrillar formation, can start at 
particular parts in the brain; e.g., substantia nigra, leading to traditional 
PD or in the cerebral cortex leading to dementia with Lewy body 
disease, both of which are part of a spectrum. Similar considerations 
might explain why some patients present with unilateral or lower limb 
disease. This approach probably accounts for the deposition of tau in 
other tauopathies such as FTD, including Progressive Supranuclear 
Palsy (PSP). That is, the anatomical site for the stochastically impaired 
protein leading to misfolding and, in a certain microenvironmental 
milieu, neurodegeneration. Similarly, in FTD another entity related to 
tau, TDP-43 or C9orf72, the initial molecular step might occur, say in 
the right temporal lobe in FTD, leading to the right temporal variant, 
in primary progressive aphasia within the left temporal lobe linguistic 
variants such as primary progressive non-fluent aphasia or semantic 
dementia; it can also affect the frontal lobes leading to the behavioural 
variant of FTD [85-88].

In conclusion, stochasticity is fundamental to the development of 
sporadic neurodegenerative disorders. An abnormal peptide sequence 
or other molecular variation, results in abnormal folding in a particular 
part of the brain (that is, anatomical specificity) as a result of the 
peptides’ biophysical features and intracellular milieu. The peptide 
folds in a certain way and, due to microenvironmental influences, and 
the biophysical properties of the misfolded protein, creates nuclear 
effects such that the misfolding peptide causes overproduction of the 
aberrant sequence with its unique physicochemical characteristics, 
that then sets a chain reaction generating aggregation of the aberrant 
misfolded protein, which bypasses the cell’s normal mechanisms, such 
as the proteasome/aggresome system. The aggregated misfolded protein 
is excreted into the extracellular environment, taken up by surrounding 
cells, resulting in the progression of neurodegeneration. This process 

may be stimulated by head injury, stress, APOE and infection including 
Herpes virus or, as recently discovered, the bacteria Porphyromonas 
gingivalis, one of the principle causes of chronic periodontitis [89-91]. 
There may be contribution from long noncoding RNAs (IncRNAs) in 
this process [92].

This process can be summarised in a matrix equation (Figure 4). In 
the case of young-onset AD and other early-onset neurodegenerative 
disorders, that are not genetic, the nature of the sequence change 
and misfolding in certain microenvironmental and biophysical 
circumstances, lack of normal degradation and overproduction leads 
to an aggressive neurodegenerative disease. In the old onset group, 
with time the cellular mechanisms such as aggresomal and chaperone 
functions become less capable, leading to the neurodegenerative 
process. 

Our conclusions are supported by discoveries that age and 
neurodegeneration increase mutations in single human neurons [93-
95]. The work of Gonitel et al. supports the notion that mutations can 
occur in terminally differentiated neurons and DNA polymorphism 
may be produced in adult neurons [96]. Furthermore, there is evidence 
that genome instability may occur in AD, along with DNA repair 
deficiency that might result in disease [97]. Support from this concept 
comes from the work of Lee et al. where it was shown that somatic APP 
gene combination occurs in AD where neurons from individual patients 
with sporadic AD showed increased genomic cDNAs, with cells having 
thousands of genomic cDNA variants [98]. These cDNAs lack introns 
and range from full length cDNA sequences, brain specific RNA splice 
variants and small forms that contain intron-exon junctions, deletions, 
exertions and single nucleotide variations. These authors used in situ 
hybridisation to show that these cDNAs in single neurons were not 
present in non-neuronal cells or cells from individuals without AD. 
Retroinsertion of RNA, transcription, breaks in DNA and reverse-
transcriptase activity were proposed as mechanisms for the origins of 
genomic cDNA variants [98].

Our considerations of the importance of stochastic processes 

Figure 4: Matrix equation of factors involved in stochastic processes in neurodegenerative disorders.
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in gene and protein expression in the brain support the concept that 
stochastic principles are probably important in neuronal functions in 
general [99]. Our findings hint at the importance of these processes 
in brain evolution [100-109]. Our conclusions are supported by recent 
findings that age and neurodegeneration increase mutations in single 
human neurons [93].

Conclusion
The considerations presented in this paper suggest avenues 

for further research and the possibilities of new treatments for 
neurodegenerative disorders. Experimental studies in the future, using 
measurements in single cells, will help to answer some of the questions 
raised in this work.
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