
Stochastic Modulations of the Pace and Patterns of Ageing:
Impacts on Quasi-Stochastic Distributions of Multiple Geriatric
Pathologies

George M. Martin
Departments of Pathology and Genome Sciences, University of Washington; Molecular Biology
Institute, University of California at Los Angeles

Abstract
All phenotypes result from interactions between Nature, Nurture and Chance. The constitutional
genome is clearly the dominant factor in explaining the striking differences in the pace and
patterns of ageing among species. We are now in a position to reveal salient features underlying
these differential modulations, which are likely to be dominated by regulatory domains. By
contrast, I shall argue that stochastic events are the major players underlying the surprisingly large
intra-specific variations in lifespan and healthspan. I shall review well established as well as more
speculative categories of chance events – somatic mutations, protein synthesis error catastrophe
and variegations of gene expression (epigenetic drift), with special emphasis upon the latter. I
shall argue that stochastic drifts in variegated gene expression are the major contributors to intra-
specific differences in the pace and patterns of ageing within members of the same species. They
may be responsible for the quasi-stochastic distributions of major types of geriatric pathologies,
including the “big three” of Alzheimer's disease, atherosclerosis and, via the induction of
hyperplasis, cancer. They may be responsible for altered stoichiometries of heteromultimeric
mitochondrial complexes, potentially leading to such disorders as sarcopenia, nonischemic
cardiomyopathy and Parkinson's disease.
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1. The relative contributions of Nature, Nurture and Chance to inter-specific
differences in the pace and patterns of ageing

The dramatic differences in maximum lifespan potentials among species clearly points to a
dominant role for the constitutional genome. It is likely that the keys to understanding these
differences lies in the “dark matter” of the non-coding regions of DNA, those that determine
the regulation of gene expression; the proteins of closely related organisms with different
healthspans and lifespans are extremely similar and unlikely to be the principle determinants
of most phenotypic differences (King and Wilson, 1975). Given the spectacular advances in
genomics, there are now great opportunities for comparative gerontologic studies aimed at
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identifying relevant DNA domains that help explain differences in healthspans and lifespans
among closely related species. For a model of what can be done by comparative
gerontologists, see (Pollard, 2009; Pollard et al., 2006).

The best studied environmental intervention for the extension of lifespan is dietary
restriction, but these gains are modest in comparison with what evolution has achieved.
Moreover, it is now clear that, even for the case of dietary restriction, the background
genome is profoundly important (Liao et al., 2010). This is not to denigrate the role of
environmental factors in the modulations of both inter-specific and intra-specific variations
in the pace and patterns of ageing. For example, the role of environmental neurotoxins in the
pathogenesis of neurodegenerative disorders deserves much more study. The thesis of this
essay, however, is that stochastic events may be the major factors in the determination of
intra-specific variations in healthspan and lifespan. In other words, while Nature (the
constitutional genome) and Nurture (the environment) play important roles in determining
one's health, they may be trumped, in many instances, by Chance. This hypothesis is
summarized in Figures 1 and 2. The reader is also directed to early pioneering research on
this subject(Finch and Kirkwood, 2000) (Rea et al., 2005).

2. Somatic mutation, epimutation, protein synthesis error catastrophe and
epigenetic drift: categories of stochastic enhancements of biological
ageing and geriatric disease

Genomic instability, leading to chromosomal and point mutations, is increasingly accepted
as a major mechanism of biological ageing and most certainly is a key to the origins of the
many cancers whose rates of development appear to track with the lifespan potentials among
mammalian species (see, e.g., (Albert et al., 1994). Constitutional epimutations are also of
significance in the determination of healthspan and lifespan, but have only recently begun to
be explored. Leslie Orgel's protein synthesis error catastrophe invoked random
transcriptional or translational errors in the synthesis of proteins that were themselves
involved in the synthesis of proteins (Orgel, 1963). That theory has gone out of favor, but I
shall argue that it may have been given a premature death certificate. Epigenetic drift is a
relatively new idea and will be examined in somewhat more detail. In particular, it will be
argued that such drifts in gene expression may be responsible for what can be termed the
quasi-stochastic distributions of lesions in a wide range of geriatric pathologies, including
Alzheimer's disease, atherosclerosis, benign prostatic hyperplasia, benign and malignant
neoplasms, osteoarthritis, sarcopenia, non-ischemic myocardiopathy and Parkinson's
disease.

3. Somatic mutation
A concise review of the early history of research on somatic mutation and ageing has been
published (Martin, 1996). Sir McFarlane Burnet summarized the evidence for the somatic
mutational theory of ageing in an influential monograph (Burnet, 1974). Our lab contributed
to the support of this theory via both clinical and experimental studies. A systematic
screening of known genetic mutations for senescent phenotypes revealed strong associations
with disorders characterized by genomic instability (Martin, 1978, 2005b). Particularly
striking was the Werner syndrome. Somatic cells from such patients were shown to have
very high rates of somatic mutations, particularly large deletions (Fukuchi et al., 1989). The
Werner syndrome was later shown to be caused by homozygous null mutations at a member
(WRN) of the RecQ family of helicases (Yu et al., 1996). Wil Bohr, the co-organizer of our
symposium, has published extensively on the biochemistry of this helicase, most recently
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having shown the independent role of deficiencies of this gene produce upon the frequencies
of base substitutions (Bacolla et al., 2011).

A series of important contributions has also been provided by the laboratory of Jan Vijg,
most recently summarized, in part, by the following quotation from a 2009 review: “Hence,
it is conceivable that DNA damage is at the very beginning in the chain of events leading to
ageing and eventually death. In organisms with renewable tissues, a plausible scenario is
that mutations/epimutations accumulate in stem cells over time thereby exhausting
regenerative capacity.”

4. The protein synthesis error catastrophe theory of ageing
In 1970, Orgel provided a correction to his 1963 paper, in which he pointed out that a
protein synthesis error catastrophe was not inevitable (Orgel, 1970). Subsequent assessments
arguing against the idea were published (Baird et al., 1975). These and other criticisms led
to the theory having been “pronounced dead” at a meeting of gerontologists (cited in (Martin
and Bressler, 2000). Much of the experimental evidence against the theory, however, has
come from cell culture studies and experiments with bacteria. In vivo studies have been
rarely attempted. One from our lab, while negative, did not disprove the theory (Rabinovitch
and Martin, 1982). We have argued elsewhere that a re-examination of this idea should be
considered, particularly from the point of view of transcriptional infidelity (Martin and
Bressler, 2000). It should also be apparent that these synthetic infidelities can lead to
somatic mutations.

5. Epigenetic drift
The first discussion of what is now known as epigenetic drift may have appeared in a 1984
paper implicating an epigenetic mechanism, via altered DNA methylation, in tumor
progression; the term “phenotypic drift” was employed (Kerbel et al., 1984). Epigenetic
drifts of gene expression for certain human loci were later well documented by Stephen
Baylin, Jean-Pierre Issa and colleagues (e.g., (Issa, 2003; Issa et al., 1994; Issa et al., 1996;
Kwabi-Addo et al., 2007; Post et al., 1999). This was followed by studies of ageing
monozygotic twins by Manel Esteller, Mario Fraga and their colleagues (Fraga et al., 2005;
Martin, 2005a). In 2009, I proposed (Martin, 2009) that epigenetic drift during ageing might
be regarded as an antagonistic pleiotropic mechanism of ageing (Williams, 1957). The basic
hypothesis was that evolution selected for random variations in gene expression long before
meiosis was invented as a means to produce adaptive variegation in gene expression among
cells, tissues and organisms and that the degree of such variegation might vary as a function
of the degree of uncertainty in the environments in which a species evolves. Consider, for
example, a population of organisms subjected to a powerful neurotoxin or hepatotoxin. A
genetic scheme of regulation that ensured that all of the susceptible neurons or hepatocytes
were “in lock step” with regards to their gene expressions would seem dangerous. A better
scheme might be an appropriate degree of “bet-hedging” or “epigenetic gambling” in gene
expression, thus ensuring that the right combination of polygenic expressions would be
available to ensure the survival of a critical number of cells and a critical number of
organisms in order to continue reproduction and the survival of the species. It was further
envisioned that, once such a process is activated, it can lead to an increasing degree of
epigenetic drift, causing multiple types of pathophysiology and contributing to intrinsic
biological ageing. This would be consistent with the classical evolutionary theory of ageing,
as the force of natural selection declines post-reproductively (Hamilton, 1966).
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6. The implications of epigenetic drift for geriatric pathologies
Since the founding of cellular pathology in the 19th century by Robert Remak and Rudolph
Virchow (Lagunoff, 2002), pathologists have looked for aberrations in individual cells as the
basis of many types of pathologies. Except for the case of neoplasms, it is not generally
recognized that, among families of genetically identical homologous cell types, only subsets
of these create the diagnostic lesions. While it is the case that individual pathologies have a
propensity to involve specific anatomic domains, there appear to be random involvements of
individual sister cells within those domains. One can therefore refer to this process as being
“quasi-stochastic”. Ageing humans (and other mammals) exhibit a large variety of diseases
that can be characterized as quasi-stochastic in their distributions. In this brief essay, I shall
review three of the most important of these, Alzheimer's disease, atherosclerosis, and
neoplasia, but will also briefly allude to other examples worthy of research in this context.

7. Alzheimer's disease
Like so many neurodegenerative diseases of ageing, Alzheimer's disease targets particular
neuroanatomical domains. In this case, they are primarily structures within the medial
temporal cortex, particularly the hippocampus and entorhinal cortex (see, e.g., (Kerchner et
al., 2010; Stranahan and Mattson, 2010). As can be seen in every textbook of
neuropathology, the diagnostic neuritic plaques and neruofibrillary tangles, however, do not
involve every neuron within those structures. Many regions within those domains can be
spared of these diagnostic pathologies. Similar observations can be made for the vascular
depositions of beta amyloid (see, e.g., (Love et al., 2009). Structures like the cerebellar
cortex may also be impacted by the disease, usually late in its course. Our lab, for example,
has noted apparently random distributions of diffuse deposits of beta amyloid in the
cerebellar cortex (Figures 4 B and C) (Hu et al., 2000). More recent immunocytochemical
studies have documented apparently random distributions of altered expressions of cell cycle
markers with the cerebellar dentate nuclei (Chen et al., 2010a). Taken together, these various
observations suggest the possibility that epigenetic drifts of gene products of relevance to
the pathogenesis of Alzheimer's disease underlie the quasi-stochastic distributions of the
lesions. Those relevant gene products are likely to include the several secretases and
associated proteins that determine how APP is processed (Lichtenthaler et al., 2011;
Thathiah and De Strooper, 2011) and enzymes that degrade beta amyloid (Chen et al.,
2010b). We remain ignorant, however, of the relevant gene products whose actions are
likely to precede those responsible for the differential metabolism of APP. APP metabolism
may be a reaction to a variety of different types of injury. As such, a more heuristic
nomenclature may be Dementias of the Alzheimer Type (DAT) (Martin, 2005b).

8. Atherosclerosis
Multifocal atheromas or atheromatous plaques are the canonical lesions of atherosclerosis.
These raised, lipid-rich, fibrotic and discrete lesions are found in middle sized and large
arteries. They have been shown to steadily increase in numbers as functions of age in all
population groups so far evaluated, although with different kinetics (Eggen and Solberg,
1968). Their impacts upon geriatric mortality are particularly profound within the coronary
arteries (leading to myocardial infarctions), the cerebral arteries (leading to strokes) and the
aorta (leading to ruptured aneurysms). As for the case of the neuritic plaques of DAT, there
are regional propensities even within one anatomical domain. For example, there are more
atheromas in the abdominal aorta than in the thoracic aorta (Eggen and Solberg, 1968).
Hemodyamic stress is thought to increase the likelihood that an atheroma will develop at a
particular site (Pyle and Young, 2010), but the distribution within the aorta otherwise
appears to be random. The late Earl P. Benditt took literally the nomenclature of atheroma
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(“oma” means “tumor”) and sought evidence that these were indeed benign tumors, arising
from either a somatic mutation or a viral transformational event. Evidence that they had a
monoclonal origin came from the findings that, in females who were heterozygous for a
polymorphism at the X-linked G6PD locus, the individual atheromas were either type A or
B (Benditt and Benditt, 1973). A monoclonal outcome for the proliferation of normal diploid
somatic cells, however, could be the consequence of a process of clonal attenuation and
selection rather than mutation (Martin et al., 1974). Progressive age-related drifts in gene
expression remains an alternative hypothesis for the stochastic distributions of the lesions, at
least for one or more steps in what is clearly a complex set of pathogenetic mechanisms,
certainly including inflammatory and proliferative components (Woollard and Geissmann,
2010). An epigenetic process has recently been suggested for atherogenesis in the context of
late effects of ionizing radiation (Baverstock and Karotki, 2011).

9. Neoplasia
The age-specific incidences of a wide variety of benign and malignant neoplasms increase as
functions of age. Particularly robust evidence that cancers are strongly coupled to the
biology of ageing comes from comparative gerontological studies showing kinetics that are
proportional to lifespan (see, e.g., (Albert et al. 1994). Malignant neoplasms are
characterized by large numbers of somatic mutations
(http://www.sanger.ac.uk/genetics/CGP/cosmic/). As Larry Loeb has pointed out, key events
in the pathogenesis appear to be mutations at loci that result in a great acceleration of the
flux of somatic mutations – i.e., the emergence of mutator strains (Loeb, 2010; Loeb et al.,
1974). Epimutations, including constitutional epimutations (Hitchins, 2010) also play
important roles in the pathogenesis of cancer. Many neutral mutations have been recently
documented in the non-cancerous tissues surrounding a neoplasm (Salk et al., 2009). I
suggest that there is an even earlier stage in the somatic evolution of neoplasia, one that may
in fact be the very first step in the pathogenesis of the common carcinomas of ageing. This
first step may be related to epigenetic drifts in the gene expressions of loci that determine
whether or not a cell exits the G0 stage of the cell cycle. The loss of proliferative
homeostasis is a canonical phenotype of ageing mammalian tissues (Martin, 1979, 2007).
This results in both atrophy and hyperplasia, often seen side by side. Physiological
homeostasis presumably regulates the cell cycle behavior of various subsets of stem cells.
The genesis of senescent atrophies and hyperplasias can be presumed to be related to
aberrant stem cell behavior, perhaps driven by epigenetic drifts of relevant control loci. Such
a scenario can explain the quasi-stochastic distributions of neoplasms. This is a testable
hypothesis in that one would predict enhanced degrees of variegated gene expressions
within a “field” of tissue surrounding the emerging or emerged neoplasm. A good example
of a wide range of molecular markers that have been shown to be altered in hyperplasias
associated with ongogenesis is given in a review of endometrial hyperplasias (Steinbakk et
al., 2011). Many of these markers could be utilized for the determination of the degrees of
variegation of gene expressions in normal tissues and tissues that juxtapose a range of
neoplasms. Such neighboring tissues, according to the hypothesis of epigenetic drift, are
predicted to exhibit enhanced variegation associated with markers of hyperplasia. Suitable
methods would include quantitative immunofluorescent analysis of proteins or in-situ
hybridizations and quantitative PCR for the quantitation of RNA species for single cell; the
latter has been successfully used to demonstrate enhanced cell to cell variations of many
RNA species among isolated myocardial cells from old mice (Bahar et al., 2006).

Martin Page 5

Mech Ageing Dev. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.sanger.ac.uk/genetics/CGP/cosmic/


10. A few other geriatric pathologies that may be driven by epigenetic drifts
of gene expression

The arguments above could readily be used for the case of benign prostatic hyperplasia
(BPH), a disorder of proliferative homeostasis that involves both glandular and stromal
tissue. Both types of lesions are quasi-stochastic in their distributions within the prostate.
There are a number of pathogenetic factors, including inflammatory factors and hormonal
growth factors, plus their inhibitors, their receptors and downstream signal transduction
pathways (Rick et al., 2011). There are therefore many opportunities for mischief related to
increasing degrees of variegated gene expression. Another extremely common geriatric
disorder with quasi-stochasic distributions of its lesions is osteoarthritis, the pathology of
which is characterized by atrophy of joint cartilage, but hyperplasia of nearby osteoblasts,
resulting in variable sizes and distributions of Heberden's nodes (Irlenbusch and Dominick,
2006).

One can imagine that the maintenance of mitochondrial homeostasis is particularly
vulnerable to epigenetic drifts in gene expression, as various electron transport complexes
are heteromultimers consisting of both nuclear and mitochondrial gene products, thus
perhaps posing special difficulties for assembly for proper stoichiometries. In order to
assemble a properly functioning cytochrome oxidase complex, for example, a mitochondrial
organelle needs to put together three sub-units coded by the mitochondrial genome with
thirteen sub-units coded by the nuclear genome (Tsukihara et al., 1996). It is conceivable
that at least three quite different and important geriatric disorders are driven by such a
molecular mitochondrial dyshomeostasis. There has long been evidence that Parkinson's
disease is driven by aberrant mitochondrial function (for a recent review, see (Swerdlow,
2011). Only a particular domain of the substantia nigra is impacted by this disease and only
sub-sets of neurons are involved, thus qualifying as being quasi-stochastic in the distribution
of its lesions. It takes many years of ageing to finally reach a phenotypic threshold. Probably
the best evidence of a multifocal involvement of skeletal muscle atrophy and mitochondrial
aberrations in age-associated sarcopenia comes from studies in mice (Wanagat et al., 2001).
It is a leading theory for the pathogenesis of human sarcopenia (reviewed by (Parise and De
Lisio, 2010). Human nonischemic cardiomyopathy is less well studied from the point of
view of mitochondrial dysfunction, but there are publications consistent with an important
role for such dysfunction in its pathogenesis (see, e.g., (Quigley et al., 2000). In my opinion,
given demographic projections for substantial increases in the proportion of older people in
the developed and developing societies, coupled with improved interventions for ischemic
heart disease, nonischemic congestive heart failure of the elderly will become among the
major causes for hospital admissions. An important mouse model of this disorder has been
described in ageing cohorts of mice; these studies strongly implicate mitochondrial
dysfunction in the pathogenesis (Dai et al., 2009; Schriner et al., 2005). While mutations in
mitochondria occur in all of the conditions described above, it is quite possible that, as for
the case suggested for cancer, they are secondary to epigenetic drifts in gene expression,
perhaps driven both by reactive oxygen species and by compensatory mitochondrial DNA
replication.

11. Perspectives and Conclusions
Figures 1 and 2 provide concise summaries of the author's general views on the relative
impacts of Nature, Nature and Chance on the pace and patterns of ageing as they occur
among a group of species or among a group of individuals within a species. Medical science
and practice is of course mainly devoted to the latter. Almost all clinicians and pathologists
who see old patients would agree that no two patients age in exactly the same way, including
identical twins. Most would likely assume, however, that the differences they see between
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twins are likely attributable to variations in environmental factors (Fraga et al., 2005). We
have suggested, however, that while such perturbations are undoubtedly important, perhaps
chance factors are even more important (Martin, 2005a, 2009). These chance factors include
somatic mutations and epimutations and, more controversially, stochastic variegations in
gene expression that undergo wider and wider excursions during ageing, eventually setting
the stage for a diverse set of geriatric disorders, including major causes of death and
disability. While highly speculative, these are testable hypotheses, particularly given
advances in single cell analysis such as qPCR and semi-quantitative immunocytochemistry.
Finally, I have suggested that our community should consider re-examining the corpse of yet
another stochastic theory of ageing–Leslie Orgel's protein synthesis catastrophe theory.
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Highlights

• The constitutional genome (Nature) dominates over the environment (Nurture)
and Chance (stochastic events) in the determination of the striking differences in
healthspans and lifespans observed among different species. The key changes
are likely to involve loci that regulate gene expression.

• Stochastic events (Chance events) are thought to be more important than Nature
or Nurture in the determination of the differences in healthspans and lifespans
observed among members of the same species

• Somatic mutations are well documented as one type of stochastic event that
makes a difference in the pace and patterns of ageing among individuals within
a species

• Errors in the synthesis of proteins that are themselves utilized for the synthesis
of other proteins is another potentially important type of chance event. This
mechanism (the Orgel hypothesis) has been widely thought not to be a
significant contributor to ageing, but the author suggests that additional research
in this area is warranted

• The author proposes that the most significant contributors to the differences in
the pace and patterns of ageing among individuals within a species are random
fluctuations in gene expression (epigenetic drifts). Different degrees of such
fluctuations are thought to have evolved to reflect different ecologies during
speciation. Ecologies characterized by particularly uncertain environmental
fluctuations are thought to have selected for greater initial degrees of epigenetic
drift as adaptive gene actions.

• During ageing, variegations in gene expression are thought to become more
extreme, leading to pathophysiological features of senescence.

• The increasing degrees of epigenetic drifts during ageing are thought to be the
initial pathogenetic events in the genesis of many different geriatric pathologies
characterized by quasi-stochastic distributions of lesions.

• Geriatric disorders having quasi-stochastic distributions of lesions and thought
to be initiated by epigenetic drifts include Alzheimer's disease, atherosclerosis,
cancer, benign prostatic hyperplasia, and osteoarthritis.

• Appropriate stoichiometries of mitochondrial heteromultimeric complexes may
be particularly susceptible to epigenetic drift and could explain at least three
additional important geriatric disorders – sarcopenia, nonischemic
cardiomyopathy and Parkinson's disease.
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Figure1.
A Venn diagram illustrating the relative contributions of Nature (the constitutional genome),
Nurture (the environment) and Chance (stochastic events) in the determination of
healthspans and lifespans as they impact upon differences among species exhibiting
contrasting healthspans and lifespans. The dominant contributor is Nature.

Martin Page 12

Mech Ageing Dev. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
A Venn diagram illustrating the relative contributions of Nature (the constitutional genome),
Nurture (the environment) and Chance (stochastic events) in the determination of
healthspans and lifespans as they impact upon differences among individual members of a
species exhibiting contrasting healthspans and lifespans. The author proposes that the
dominant contributor is Chance.
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