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Some explanation of the images shown on the
thesis cover may be warranted in order to
describe the thought flow of this thesis. This is a
photograph of the mushroom cloud, which
resulted from the Tsar Bomb detonation (Figure
1). At 11:32 a.m. on October 30, 1961 over the
Arctic island Novaya Zemlya, the most powerful
atomic weapon throughout the course of human
civilization was detonated by the former USSR.
This hydrogen nuclear bomb had a three stage
fission-fusion-fission design and was estimated
to be capable of unleashing 50 megatons   of
explosive  yield.  The ensuing  mushroom  cloud

Figure 1. The Tsar Bomb

INTRODUCTION AND CURRENT CONTROVERSIES

Background to Cellular Turnover

The fact that you are able to see this text means that your V1 occipital neurons in your
cerebral cortex are registering the input from your eyes, which was conveyed via your
thalamic lateral geniculate nucleus. More sophisticated cortical processing allows you
to comprehend the black and white symbols on this page into meaningful thoughts and
ideas. All of these neurons need a continuous supply of oxygen, in fact over 20% of the
body’s utilization, in order to perform their key functions. The oxygen, bound to
hemoglobin within the red blood cells, is brought to the neurons in the brain via the
blood supply. This blood is pumped throughout the body via the heart, or more
specifically the left ventricle. The cells within the left ventricle that are responsible for
contracting and relaxing in the concerted synchronicity to propel the blood are the
cardiomyocytes. There are about twenty billion cerebral cortical neurons and roughly
ten billion cardiomyocytes within an adult human being. This thesis shall discuss these
vital cells’ lifespan in terms of turnover dynamics and their potential ability to
regenerate.

An urban myth surrounding the longevity of cells within a human being often produces
the period of seven years. It was actually rather surprising to find how little in general is
known about cellular turnover within the life of a human being. Some cells (such as red
blood, skin, liver, and intestinal cells) are known to be regenerated throughout life, but
in the bulk of the other tissues, this knowledge is largely unknown.

was roughly 60 km in height and 40 km in width. The actual blast could be seen and
felt all the way to Finland, direct blast damage occurred up to one thousand km away,
and the seismic shock from this explosion could be measured even after the third
passage around the earth. During the actual period of the fission-fusion stage, of only
39 nanoseconds, the power generated from the Tsar Bomb was approximately equal to
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Prometheus was the Titan, from Greek
mythology, who was infamous for stealing
fire from the Gods (Figure 2). In a sense
the Tsar Bomb and the entire progress of
the nuclear weapons arms race, were very
much worthy of being described as
Promethean events. Using the Promethean
traits such as boldness, creativity, and
intellectual prowess, the “fire” from the
atom was stolen for 39 nanoseconds by
human researchers in 1961. However, the
myth  of Prometheus  holds   another   tale

one percent of the Sun’s power production. This explosion marked the apex in the long
set of very high yield thermonuclear bomb tests during the period of 1955 to 1963. As
will be shown, explosions like this had a remarkable effect on our earth’s environment,
and we use this to our advantage in Papers I, II, and III.

Figure 2. Sculpture of Prometheus

in connection to the subject of this thesis. Within the context of regenerative medicine,
a central myth involves Prometheus, later on in his story. The Gods were not happy
with Prometheus for stealing the fire from them and giving it to the cold, dark world of
Man. Zeus decreed that for punishment of Prometheus’ actions, Prometheus would be
kept on a mountain where an eagle would swoop down and eat a portion of his liver
everyday. This torturous tale has become the essence of regenerative medicine, because
the liver is one organ that is capable of generating new cells, maintaining its size, and
holding the capacity to regenerate itself.

The idea that some organs can regenerate is very valuable, because hypothetically one
could predict that all organs do contain some capacity to regenerate. However, the
problem may be that this latent growth potential is either somehow locked or just
downgraded to a great degree. If one could identify a possible path to unlocking this
regenerative capacity, then one could in essence, re-grow and repair damaged organs.
The field of adult stem cells encompasses this hope of regeneration, by identifying and
characterizing certain stem cells within adult tissues. Stem cells are special because
they maintain the ability to self renew after a cellular division, and their daughter cells
have the ability to take on different lineages.

Damage to tissue within the heart and nervous system may not be irreversible and
permanent, as is commonly thought currently. Patients with damaged left ventricles
after heart attacks, could perhaps wait months for their cardiomyocytes to grow back,
replace the lost cells, and then restore full functioning of the heart. Spinal cord victims
may look at wheelchairs as temporary devices, much like we consider casts during the
mending of broken bones, in order to help them while their neurons are re-growing and
re-integrating over the ensuing months. Stroke patients, who lose the ability to speak
and use their limbs, may just be suffering temporary setbacks; in the same way we
consider lost time with the flu. I have shown the figure of Prometheus grasping for the
staff of Aesculapius in order to symbolize these ideas. Aesculapius, the son of Apollo
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The staff represents authority and the snake
symbolizes fertility and rebirth (Figure 3). Thus, the
staff of Aesculapius represents the healing arts and
in this context, represents the therapeutic great and
beneficial potential of regenerative medicine.

from Greek mythology, was the God of ancient Greek medicine and healing. Today his
symbol still represents western medicine in many coats of arms and official insignias.

                  Figure 3. The Staff of Aesculapius

This adapted figure from Leonardo Da Vinci’s drawing of the Vitruvian Man shown
below, was originally made in roughly 1492 (Figure 4). This sublime figure was
quintessentially Renaissance, as it is the blend of art and science. There is a cosmic feel
to it as well, in some ways showing human anatomy as being as precise and elegantly
designed as deeper the workings of the universe. In accompanying text, Da Vinci
explains the precision and symmetry of his drawing proportions, e.g. arm-span length
to height, etc. I have highlighted the image’s brain and heart (in orange) in order to
emphasize what may be achieved if Prometheus could find a way to grasp the staff of
Aesculapius, and harness the latent regenerative potential within the human brain and
heart. When one considers the great leaps that anatomy has taken since 1492, from the
basics of understanding human gross anatomy all the way to modern imaging of deep
body structures with magnetic resonance imaging, it is no surprise that the fantastic
medical improvements also followed. In 2007, we are just beginning to unlock the
precise dynamics of cellular turnover in vital organs, such as the heart and brain. With
this knowledge, one can only imagine the great discoveries and benefits that lie ahead.

Figure 4. Vitruvian Man (adapted from Da Vinci)
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Longstanding dogmas exist within the fields of heart and brain research. From the cell
cycle figure below (Figure 5), one can see that dividing cells must go through S phase,
and during S phase one is able to see mitotic bodies through microscopy. A lot of
momentum, which powered the prevalent dogmas, was hinged on the notion that heart
and brain cells were never seen to have mitotic bodies. Although this may be true, this
does not prove that new cells are not made. It is like arguing that adult human beings
are not newly born, which is true. One does not see a pregnant woman giving birth to a
fully developed adult human being. The natural course of events is to give birth to a
small baby, which grows and develops, until it reaches maturity and at that time, one
could recognize this life form as an adult human being. The same logic may be evident
with adult born brain and heart cells. A distinct possibility is that newly born cells are
created in adulthood, which develop into their mature phenotypes over time. This
seems to be the case in certain brain regions and perhaps also in the heart. This is in
contrast to the old dogmas, which stated that the key cells in the heart and brain were
permanently locked in G0, or the postmitotic state, and were thus unable to turnover in
adulthood.

              Figure 5. The Phases of the Cell Cycle

Obviously, this regenerative concept, pertaining to the adult human brain and heart, is
nowhere near reality at this moment in 2007. These ideas are optimistic and futuristic,
but one must have a dream to work towards. The ideas of regenerative medicine hold
these dreams, and the basic understanding of the current state of affairs must be met in
order to see what is possible to dream about in the future. It is with this motivation that
the following research was carried out. An important first step is to understand
precisely if and how much turnover is occurring in adult human brain and heart cells.
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Cellular Turnover in the Human Brain

Our Brother, the Ape: Background to the Human Brain

I will start this section off with an historical anecdote, which asks a meaningful,
philosophical, yet highly pertinent question. What are the precise defining qualities that
make us human? The origins of man have has captivated our imaginations throughout
history. Fables and mythology has brought man to earth from a descent from the
heavens above. Pure chance would make us the product of endless stochastic
permutations of molecules from RNA to our present forms found today. Over the past
thousands of years, the conventional and largely accepted idea is that the difference lies
within the brain, somehow. Leonardo Da Vinci had localized the fluids within the
cerebral ventricles as holding special significance. It was Rene Descartes who thought
that the seat of the soul was situated in the pineal gland, one of the very few midline
brain structures.

Evolution provided the framework that we have evolved from primitive primates, and
that indeed, the monkey and the ape are our close cousins. Since the time period from
Lamarck’s early theories and definitely after the publication of Darwin’s “Origin of
Species” in 1859, great debate was being raged in Britain as to the possibility of
transmutation of species. The hotly contested question was the notion that the ape was
the origin of man. People were publishing anonymously, in fear of blasphemy laws,
economic, and personal persecution (Gross, 1993). Professor Richard Owen, the
Hunterian professor at the Royal Colleges of Surgeons in the UK, wrote a paper at the
peak of his career, which stressed the gap between man and ape in his classification of
mammals. He did so using three criteria, all of which dealt with brain structures. By
doing this, he wanted to show define a true qualitative difference between man and the
lesser beasts, and this defining quality had to do with the brain of man. The most
important difference was that only man had a hippocampus minor, although no
citations or anatomic support was provided. He then wrote, “ Thus (man) fulfils his
destiny as the supreme master of this earth and of the lower creation”. The original term
for this structure (and the one used today) is the calcar avis. This structure is the ridge
or longitudinal prominence in the posterior horn of the lateral ventricle, and is caused
by the calcarine fissure’s deep inward penetration. Calcar avis is Latin for “cock’s
spur”. The anatomical nomenclature was bizarre during the period from 1179 to 1829,
when hippocampus was mistakenly termed hippopotamus. Thomas Huxley, twenty
years Owen’s junior, was to have a famous encounter with Owen at the 1860 meeting
of the British Association for the Advancement of Science in Oxford. Highlights of the
exchange were Owens’s desire to “know was it through his grandfather or his
grandmother that he claimed descent from a monkey?” and Huxley’s strong retort that
“he was not ashamed to have a monkey for his ancestor; but he would be ashamed to be
connected with a man who used great gifts to obscure the truth.” Huxley was later able
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to verify that chimpanzees do indeed possess a hippocampus minor. Richard Owen
tried very hard to find a physical attribute that defined our “humanness”, and chose to
stake his bets on the calcar avis. He was not the first to try to find this quality. In the
second century BC, Herophilus the anatomist from Alexandria, tried to attribute man’s
intelligence to the complexity of the cerebellum (Gross, 1993). This defining feature of
our humanness, if one exists at all, appears to be elusive.

The human brain weighs roughly 1400 g and is about 2% of our total body weight
(Parent, 1996). The brain can be described in four general subdivisions: the cerebral
hemispheres, the brainstem, the diencephalon, and the cerebellum. The paired cerebral
hemispheres consist of the neocortex, which is the highly convoluted surface of the
brain, and underlying zone of white matter, and a set of deeply located collection of
neurons, known as the basal ganglia. Each cerebral hemisphere is divided into four
lobes, which are the frontal, parietal, temporal, and occipital lobes (Figure 6). The
frontal lobe is the largest of the lobes, consisting of almost one third of the hemispheric
surface area. The cerebral cortex, or neocortex, has an area of roughly 2200 cm2. Its
thickness ranges from 1.5 mm to 4.5 mm in various regions (Parent, 1996). This highly
organized structure contains six distinguishable layers of cells. There are approximately
3 X 1014 morphologically different connections between neurons in the cerebral cortex.
This massive number corresponds to more than the number of milliseconds which have
elapsed over the past 10, 000 years (Parent, 1996). The cognitive functions that allow
us to think, to appraise and appreciate our environment, and the faculties that provide
us with the keys to imagination, ingenuity, and creativity all take form within our
cerebral cortex. Various functions are attributed to each lobe, although most of the
neocortex is still very much uncharted territory. Most of the visual processing occurs
within the occipital lobe, motor and executive functions within the frontal lobe, the
parietal lobe is responsible for much of our tactile sensation processing, and auditory
processing occurs within the temporal lobes.

Figure 6. The Human Neocortex

Frontal Cortex

Parietal Cortex

Temporal Cortex

Occipital Cortex
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Cellular Turnover in the Human Heart

The Beat Goes On: Heart Background

It has been estimated that the entire length of the human circulatory system is over
100,000 km long, which translates into almost twice the distance around the Earth. The
circulatory system is a closed pressure system. Pressures ranging from arterial pressures
in the aorta of 120 mmHg and higher all the way to negative pressure within the brain’s
venous sinuses are found within these vessel walls. The primary function of this
complex series of elegantly engineered pipes is to provide precious oxygen to tissues
and to carry away waste products, such as carbon dioxide, from tissues during the
never-ending processes of cellular metabolism that occurs during life.

The source of this system is, of course, the heart. The heart performs its pumping
ability, based on its design of four chambers. Anatomically, the left and right side of the
heart each has two chambers, called a ventricle and atrium (Figure 7). The right side is
primarily pumping oxygen-sparse blood to the lungs for oxygen replenishment, while
the left side then pumps this oxygen rich blood to the rest of the body. The ventricular
chamber is responsible for the pumping ability, which provides the essential pressure to
the entire system.

Within, the heart one can find many different cell types, such as endothelial cells,
smooth muscle cells, fibroblasts, macrophages, and cardiomyocytes. It has been
estimated that roughly 20% of all cells within the ventricle are cardiomyocytes (Rubart
and Field, 2006). It is precisely these cells that are able to continuously contract and
relax over each systole and diastole within a heart beat, which in turns creates the
pressure within the ventricular chamber that can then propel the blood throughout the
body’s circulatory system (Figure 7).

    Figure 7. The Human Heart

CYTOARCHEOLOGY: Understanding Cellular Turnover in the Human Brain and Heart

25

Cellular Turnover in the Human Heart

The Beat Goes On: Heart Background

It has been estimated that the entire length of the human circulatory system is over
100,000 km long, which translates into almost twice the distance around the Earth. The
circulatory system is a closed pressure system. Pressures ranging from arterial pressures
in the aorta of 120 mmHg and higher all the way to negative pressure within the brain’s
venous sinuses are found within these vessel walls. The primary function of this
complex series of elegantly engineered pipes is to provide precious oxygen to tissues
and to carry away waste products, such as carbon dioxide, from tissues during the
never-ending processes of cellular metabolism that occurs during life.

The source of this system is, of course, the heart. The heart performs its pumping
ability, based on its design of four chambers. Anatomically, the left and right side of the
heart each has two chambers, called a ventricle and atrium (Figure 7). The right side is
primarily pumping oxygen-sparse blood to the lungs for oxygen replenishment, while
the left side then pumps this oxygen rich blood to the rest of the body. The ventricular
chamber is responsible for the pumping ability, which provides the essential pressure to
the entire system.

Within, the heart one can find many different cell types, such as endothelial cells,
smooth muscle cells, fibroblasts, macrophages, and cardiomyocytes. It has been
estimated that roughly 20% of all cells within the ventricle are cardiomyocytes (Rubart
and Field, 2006). It is precisely these cells that are able to continuously contract and
relax over each systole and diastole within a heart beat, which in turns creates the
pressure within the ventricular chamber that can then propel the blood throughout the
body’s circulatory system (Figure 7).

    Figure 7. The Human Heart



CYTOARCHEOLOGY: Understanding Cellular Turnover in the Human Brain and Heart

26

The fate of these particular cells within our hearts has become a very central part of my
thesis. There is a very large controversy within the research field, of whether or not
these cells have the ability to be newly created in an adult heart. The prevalent dogma
has stated that these cells are only able to be newly generated up to early periods within
postnatal development, and that afterwards they can grow in size but not in number.
The counter-point, which arose from studies over the past two decades, argues that the
adult heart has the capacity to newly generate these important cells throughout the
course of a lifetime.

If the old dogma is correct, then this would argue that a given cardiomyocyte in a one
hundred year old person would have to beat 3.7 billion times over the course of its
lifetime (Anversa et al., 2006). In light of the fact that cardiovascular disease is the
number one leading cause of death in the US for over the past eighty years and that it is
the underlying or contributing cause for 58% of US deaths (Rosamond et al., 2006), the
ability to make new cardiomyocytes becomes extremely important from a therapeutic
perspective. During heart attacks and time spans of decreased oxygenated blood flow,
cardiomyocytes in the left ventricle die. If one could replenish these dead or dying
cells, then restoration of heart function could be achieved.  This is the underlying
motivation to the basic science question of cardiomyocyte turnover.
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was mediaeval, and its formation coincided with its initial appearance in France
(Bowman, 1990) (Damon et al., 1989).

  Figure 8. The Shroud of Turin

The general approach to radiocarbon dating involves making some key assumptions,
which are important to discuss. Namely, one must assume that the global atmospheric
radiocarbon levels have been constant over time, and that the exchange with the
biosphere must also be constant. Prior to 1950, the atmospheric levels of radiocarbons
have not been perfectly stable, as fluctuations with climate change, atmospheric density
changes, and solar flare occurrence all played roles to create deviations in levels.
Another assumption is that once an organism dies or is taken out of the carbon
exchange process (like clay used for pottery), one must also assume that there is not
carbon exchange occurring, and that the only process occurring is that of radioactive
decay. The problem of age onset, which has to do with the notion that the age of death
and cessation of carbon exchange are not always contemporary events, can play a role
in misinterpretation. The “old wood” problem highlights this idea. A given tree may
have been 500 years old before it was chopped down three thousand years ago. If the
inner core of that tree (the oldest part) was used in a tool handle, and this artefact was
found in modern times, then radiocarbon dating would age it at 3500 years old.
However, the tool artefact is only 3000 years old, even though the wood may be 3500
years old. Another consideration involves the time-width of a sample. Grasses for
example would be grown within a single growing season, and thus have a narrow time-
width of formation. In contrast, entire human bones have dynamic carbon exchange
over a lifetime, so the time width would be rather wide (Bowman, 1990).

Establishing accurate atmospheric radiocarbon levels is very important in determining
the amount of radiocarbon variation over the years. The field of dendrochronology, the
study of tree rings for dating information, was instrumental in achieving this. Much of
the data in a set ranging from the 1960’s back 8000 years was based on data obtained
from the bristlecone pine (Pinus aristata). This tree grows at higher elevations, above
3000 m, in the White Mountains of California. A given tree can live for over 4000
years, and grows by adding a ring every year. Some good news for those of you with
“tree hugging” sensibilities is that living trees were not felled to obtain data; instead
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cross sectional samples were obtained by boring into standing trees. These data sets
showed that the radiocarbon rates have not been completely stable over the past
thousands of years. Since the production of radiocarbon depends on charged particles
(the cosmic rays), the strength of the earth’s magnetic fields will definitely affect
radiocarbon formation. The stronger the field is, the greater the deflection of particles,
and the less production of radiocarbon occurs. Geomagnetic pole reversals would also
have caused changes in radiocarbon production. Also the strength of solar flares are
known to have an eleven year cyclical pattern, which will also have a direct effect on
radiocarbon levels. Valiant efforts have been attempted to add precision to the
atmospheric radiocarbon data sets, by the careful study of single malt whiskies and
vintage wines (Bowman, 1990). This strategy is elegant, since the malt and grapes were
all grown within the same year of harvest and then aged in a single batch. Even more
elegant is the fact that radiocarbon analysis only requires a very small sample of these
fine drinks, leaving the rest to probably be enjoyed by the diligent and thirsty scientific
teams.

Global warming cycles and their direct effects on polar glaciation would also have
marked effects on radiocarbon levels. With the present day’s very real and widespread
concern of global warming and the effects of greenhouse gases, the Suess effect
provides a dire warning of this phenomenon. The Suess effect (not to be confused with
Dr. Seuss, the author of such fine works as The Cat in the Hat, Green Eggs and Ham,
and the classic One Fish Two Fish Red Fish Blue Fish) is the decline in atmospheric
radiocarbon, compared to predicted values, since the start of the Industrial Revolution.
It has been strongly suggested that the decline is due to the burning of coal and
hydrocarbon derived substances (e.g. petroleum). The combustion of these fuels release
hydrocarbon into the atmosphere, but this pollution will be radiocarbon depleted. After
sitting underground or under the desert for many tens of thousands of years, enough
time would have passed to allow for most of the radiocarbon to have already
radioactively decayed before being released back into the atmosphere. Thus, their entry
back into the atmosphere will dilute existing radiocarbon levels. The Suess effect was
the first major man-made activity shown to affect radiocarbon levels in the atmosphere.
The second major activity, which was responsible for the opportunity to study cellular
turnover, was the advent of the atomic era. This will be discussed within the next
section.

Libby’s own words, from his 1960 Nobel Prize address, summarize the conventional
radiocarbon dating technique most eloquently. “The dating technique itself is one
which requires care, but which can be carried out by adequately trained personnel who
are sufficiently serious-minded about it. It is something like the discipline of surgery –
cleanliness, care, seriousness, and practice. With these things it is possible to obtain
radiocarbon dates which are consistent and which may indeed help roll back the pages
of history and reveal to mankind something more about his ancestors, and in this way
perhaps about his future.” (Libby, 1960) The idea of “future” was remarkably
predictive, because almost fifty years after his words, we are attempting to use his basic
principles in order to find potential therapeutic measures to improve our way of life, in
the future too.
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The Era of Atomic Weapons

The discussion of Libby’s classical method for determining dates served as an
introduction in thinking about a good method to obtain dating information. It must be
clearly stressed that this technique will never allow for the resolution to obtain
meaningful information to answer questions about cellular turnover over the course of a
human lifetime. Remember, the half-life of radiocarbon is 5568 years, and this is much
better suited to date ancient relics or in labelling experiments on biochemical reactions.

In light of this statement, it is by sheer coincidence that the method which finally does
allow one to answer questions of cellular turnover also closely involves the very same
radiocarbon atom. However, instead of making use of the radioactive decay properties,
its mere presence as a tracer marker is the important factor. In a way, this marker could
have been any number of elements, but as shall be explained below, the marker is
indeed radiocarbon. Whereas conventional radiocarbon dating used decay in order to
obtain date information, it will be proposed that the sheer amount of radiocarbon within
a given sample will be the decisive factor that provides the date information, in the
strategy proposed below. The amounts of radiocarbon will still be detected by AMS
facilities, but the way in which the data will be interpreted will be very different. The
key difference is that in the newly proposed method, radiocarbon is not found in the
environment by the steady production of radiocarbon by cosmic radiation up high in the
atmosphere. Instead, the radiocarbon is created by man’s ability to harness the energy
of the atom for the sake of warfare and destruction.

The story begins on a rainy morning in London in September of 1933. A man is across
the street from the British Museum, and is waiting for the light to change. As it turns
green, and he steps off the curb, an idea appears in his mind that would change the
ways of the world and shape much of the geopolitical events of the mid to latter
twentieth century. This man’s name was Leo Szilard, and his idea was the possibility of
a nuclear chain reaction (Rhodes, 1986). His idea at that spilt second, was what “ if one
could find an element which is split by neutrons and which emit two neutrons when it
absorbs one neutron, such an element, if assembled in sufficiently large mass, could
sustain a nuclear chain reaction” (Rhodes, 1986).  The story of the progress towards
unleashing the energy from the bonds of an atomic nucleus is long and definitely
fascinating. The story builds on the early works of Marie and Pierre Curie who
discovered the phenomenon of radioactivity. Key discoveries by Ernest Rutherford on
the nuclear structure and by James Chadwick on the discovery of the neutron were
fundamental building blocks. Irene and Frederic Joliot-Curie conceptualized artificial
transmutation of radioactivity. During a Christmas ski retreat in Kungälv, in western
Sweden, Lise Meitner and Otto Frisch were able to correctly apply the mathematics
from Albert Einstein’s famous equation from his theory of relativity (E = mc2) to
explain the energy transfer in the fission of uranium. Niels Bohr also played a key role,
after his elegant descriptions of atomic structure. Enrico Fermi first demonstrated
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controlled and sustained nuclear fission in a doubles squash court beneath the stands of
a sports field at the University of Chicago on December 2, 1942. Szilard’s idea of
nuclear chain reaction was realized (Rhodes, 1986).

Robert Oppenheimer led the Manhattan Project, which was the US initiative to bring
together high-level physicists in order to design and create an atomic bomb. The
research laboratory was located at a secret site at Los Alamos, New Mexico which was
originally a boy’s boarding school on top of a mesa (Rhodes, 1986). After a period of
extremely focused work, the first atomic bomb was ready to be tested. These
researchers were not merely physicists; they profoundly grasped the potential future
consequences of their actions in research. Oppenheimer eloquently expresses is
philosophical reconciliation of his current work by a poignant quotation form the Indian
epic masterpiece poem, the Bhagavad-Gita,

“In battle, in forest, at the precipice in the mountains,
On the dark green sea, in the midst of javelins and arrows,
In sleep, in confusion, in the depths of shame,
The good deeds of a man has done before defend him.”

Just before dawn at 05:29:45 on July 16, 1945, the Trinity Atomic bomb was
successfully tested near Alamogordo bombing range, which was ominously known
from the Spanish times as the Jornada del Meurto, the Journey of Death (Rhodes,
1986). (Incidentally, an interesting side note is that sixty years less a day after that the
Trinity test, Manuscript I was published. ) Recollections from Oppenheimer at the time
of the test were most interesting. After seeing the bomb test, he finds this quotation
from the Bhagavad-Gita most fitting, “ Now I have become Death, the destroyer of
worlds”. He also thought of Alfred Nobel, who with his discovery of dynamite, had the
hope that dynamite would put an end to wars. He also brought up the legend of
Prometheus, and expressed his feelings of guilt in helping find man’s new power and
the recognition for its use to evil means (Rhodes, 1986). The human race had
effectively entered the atomic age.

Shortly following these tests, in August of 1945, the Japanese cities of Hiroshima and
Nagasaki were attacked with atomic bombs. These were the first atomic bombs that
were based on nuclear fission. This physical process released intense amounts of
energy based on the concept of the splitting of a single large and unstable atomic nuclei
into two smaller nuclei. The early atomic bombs were based on fission reactions of
plutonium or uranium. These released large amounts of fission isotopes into the
atmosphere, such as strontium-90, caesium-137, and iodine-131.

Many Los Alamos scientists wanted to call for international control of atomic energy at
the end of World War Two. Despite these concerns, military progress accelerated. Igor
Kurchatov was in command of the Soviet research efforts, and it was in August 1949
when the USSR detonated its first fission bomb. Espionage was very prevalent at this
time, and the arms race, between the USSR and US, was fully engaged.
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The notion of thermonuclear weapons entered the arena by now as well. This profound
idea took root one afternoon in 1941, when Fermi had suggested to Edward Teller that
one could make a “superbomb” by releasing the energy from hydrogen fusion instead
of that of atomic fission (Rhodes, 1995). In this bomb design, the process of nuclear
fission was used as the ignition for the fusion portion of the bomb. This next generation
of weapons, was able to unleash far greater energy through the process of nuclear
fusion. The first fusion bomb was tested in 1952 by the US. This test occurred at the
Marshall Islands Atoll, located in Micronesia within the western Pacific Ocean. The US
also created the Teller-Ulam hydrogen bomb which could unleash devastation
magnitudes greater than the early fission bombs. Not far behind, was the USSR. Their
first fusion bomb was tested in 1953, and the lead physicist was Andrei Sakharov.
Subsequent escalation in design and testing of thermonuclear weapons occurred over
the next years, until the culmination with the USSR’s Tsar bomb in 1961. As described
in the introduction section, this was the most destructive and powerful thermonuclear
weapon ever tested. It has been stated that its final tested version was only half of the
possibly generated yield at that time. Politically, the USSR and US were fully engaged
in the Cold War. In 1962, the Cuban missile crisis event occurred and it has been stated
that the world was on the exceedingly dangerous brink of an all out nuclear war.

The process of nuclear fusion is essentially the physical fusion of two smaller nuclei,
i.e. two hydrogen atoms into one larger nucleus, i.e. helium. This is the very same
process which powers stars, and our Sun in particular. Instead of the release of fission
isotopes into the atmosphere with fission reactions, there is a far greater neutron yield
from these fusion reactions. Instead of the high energy neutron source originating from
cosmic rays, as in the pre-atomic bomb era, the high-energy neutrons are directly
released from the process of atomic fusion. These neutrons react to form radiocarbon,
using the same equation that formed radiocarbon in the conventional radiocarbon
section. The very important difference in this case, is that the high-energy neutrons are
formed by man-made thermonuclear weapons tests, and not the cosmic radiation from
the stars:

  14N + neutron �=====�  14C +  1H

The released radioactive elements are injected into the upper stratosphere after a
thermonuclear explosion. They then transfer back downwards into the troposphere, the
atmospheric layer between the earth’s surface and stratosphere above. It is true that
radiocarbon is still able to decay due to its inherent radioactivity, but it must be stressed
that this decay will be negligible at best within the time period of one hundred or so
years. Radiocarbon is being used as a tracer compound within the environment, and not
as a radioactive decay phenomenon, in our dating strategy.

The steady state equilibrium of radiocarbon between the atmosphere and the oceans,
coupled with the slow decline due to the Suess effect, all combined to drastically
change the atmospheric radiocarbon levels beginning at the start of the atomic era on
earth. This increase is shown and described in Manuscript I. This dramatic geopolitical
and geophysical event changed the world in many diverse ways. In particular, this
following paper (Libby et al., 1964)  laid down the basic foundations for the technique
we have created in order to investigate cellular turnover, which is explained in

CYTOARCHEOLOGY: Understanding Cellular Turnover in the Human Brain and Heart

45

The notion of thermonuclear weapons entered the arena by now as well. This profound
idea took root one afternoon in 1941, when Fermi had suggested to Edward Teller that
one could make a “superbomb” by releasing the energy from hydrogen fusion instead
of that of atomic fission (Rhodes, 1995). In this bomb design, the process of nuclear
fission was used as the ignition for the fusion portion of the bomb. This next generation
of weapons, was able to unleash far greater energy through the process of nuclear
fusion. The first fusion bomb was tested in 1952 by the US. This test occurred at the
Marshall Islands Atoll, located in Micronesia within the western Pacific Ocean. The US
also created the Teller-Ulam hydrogen bomb which could unleash devastation
magnitudes greater than the early fission bombs. Not far behind, was the USSR. Their
first fusion bomb was tested in 1953, and the lead physicist was Andrei Sakharov.
Subsequent escalation in design and testing of thermonuclear weapons occurred over
the next years, until the culmination with the USSR’s Tsar bomb in 1961. As described
in the introduction section, this was the most destructive and powerful thermonuclear
weapon ever tested. It has been stated that its final tested version was only half of the
possibly generated yield at that time. Politically, the USSR and US were fully engaged
in the Cold War. In 1962, the Cuban missile crisis event occurred and it has been stated
that the world was on the exceedingly dangerous brink of an all out nuclear war.

The process of nuclear fusion is essentially the physical fusion of two smaller nuclei,
i.e. two hydrogen atoms into one larger nucleus, i.e. helium. This is the very same
process which powers stars, and our Sun in particular. Instead of the release of fission
isotopes into the atmosphere with fission reactions, there is a far greater neutron yield
from these fusion reactions. Instead of the high energy neutron source originating from
cosmic rays, as in the pre-atomic bomb era, the high-energy neutrons are directly
released from the process of atomic fusion. These neutrons react to form radiocarbon,
using the same equation that formed radiocarbon in the conventional radiocarbon
section. The very important difference in this case, is that the high-energy neutrons are
formed by man-made thermonuclear weapons tests, and not the cosmic radiation from
the stars:

  14N + neutron �=====�  14C +  1H

The released radioactive elements are injected into the upper stratosphere after a
thermonuclear explosion. They then transfer back downwards into the troposphere, the
atmospheric layer between the earth’s surface and stratosphere above. It is true that
radiocarbon is still able to decay due to its inherent radioactivity, but it must be stressed
that this decay will be negligible at best within the time period of one hundred or so
years. Radiocarbon is being used as a tracer compound within the environment, and not
as a radioactive decay phenomenon, in our dating strategy.

The steady state equilibrium of radiocarbon between the atmosphere and the oceans,
coupled with the slow decline due to the Suess effect, all combined to drastically
change the atmospheric radiocarbon levels beginning at the start of the atomic era on
earth. This increase is shown and described in Manuscript I. This dramatic geopolitical
and geophysical event changed the world in many diverse ways. In particular, this
following paper (Libby et al., 1964)  laid down the basic foundations for the technique
we have created in order to investigate cellular turnover, which is explained in



CYTOARCHEOLOGY: Understanding Cellular Turnover in the Human Brain and Heart

46

Manuscript I. The building blocks were set by the assertion that the sudden elevation of
radiocarbon in the Northern Hemisphere almost doubled the 1890 reference value. This
occurred as a direct result of thermonuclear bomb testing, and since this radiocarbon
has not had time to equilibrate with the environment, this can be used as a tracer in
living things, such as human beings (Libby et al., 1964). These concepts will be further
explained after a few paragraphs.

There was a dramatic increase of 14C in tropospheric levels from the mid 1950’s until
the majority of nuclear tests came to their end at the time of the Partial Test Ban Treaty
on August 5, 1963. From the time of the Trinity Test until the end of 1953, more than
fifty nuclear explosions were detonated. Prime Minister Jawaharlal Nehru, the leader of
India, was the first global statesman to voice his concern at the hazards of nuclear
weapons in 1954, and proposed for the elimination of all nuclear tests. The Partial Test
Ban Treaty was signed by the major nuclear weapon states, with the exclusion of
France and China, in 1963, with the main aim of banning nuclear tests in the
atmosphere, underwater, and in space. Underground testing of weapons was still
permitted. As can be seen from the atmospheric radiocarbon curve in Manuscript I, it
was this Partial Test Ban Treaty that was responsible for the decline in radiocarbon
levels. China and France detonated small fission atomic bombs in the interval between
1967 and 1968, which did not affect global atmospheric radiocarbon levels
significantly. In 1968, the Non-Proliferation Treaty was signed and the key objectives
were for the non-proliferation and disarmament of nuclear weapons, with the allowance
for the peaceful use of nuclear technology. Non-nuclear weapon states were also
prohibited from processing, manufacturing, and acquiring nuclear weapons. On
September 10, 1996, the Comprehensive Nuclear-Test-Ban-Treaty was signed by 71
countries, including the five official nuclear weapon states. This was later adopted by
the United Nations General Assembly on September 24, 1996. The cornerstone of this
treaty was the non-proliferation of nuclear weapons and the pursuit for eventual nuclear
disarmament. These geopolitical dynamics were instrumental in shaping the
atmospheric radiocarbon curve, as we know it (Figure 9).

Figure 9. Atmospheric radiocarbon levels over the last 4000 years
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The majority of the high energy thermonuclear tests were done in the Arctic regions
during the period before 1963. However, extensive upper atmospheric mixing was the
cause of the global distribution of radiocarbon. This study provides data from the
Canary Islands, Ethiopia, Senegal, and northern Scandinavian to illustrate the point
(Nydal and Lovseth, 1965). By 1967, the tropospheric levels of radiocarbon were
nearly uniform, as determined by data from northern and southern hemisphere.

On April 26, 1986 in the Ukraine within the former Soviet Union, the catastrophic
disaster at Chernobyl occurred. A steam explosion resulting in fire, quickly cascaded
into a series of explosions and eventually a nuclear meltdown within Unit 4 at the
Chernobyl nuclear power plant. Radioactive gases and particles were released into the
environment for more than a week. The radioactivity was mainly in the form of fission
products, such as iodine-131, caesium-134, caesium-137, and xenon-33 along with
many other radioactive isotopes. It is obvious to note that this was an extremely
hazardous and dangerous event affecting millions of people over a widespread
geographic area. It should be stressed that the nuclear fallout was mainly in the form of
particulate and gaseous fission by-products, not high-energy neutrons. Therefore this
radioactivity leakage did not affect atmospheric radiocarbon levels to a significant
degree, especially in comparison to the massive thermonuclear weapons during the
height of the Cold War.

Now that the shape of the atmospheric radiocarbon curve is explained (baseline levels
before the Industrial revolution, the Suess effect, thermonuclear weapon tests, Partial
Test Ban treaty in 1963, and gradual decline), the interaction of radiocarbon with the
biosphere can be explained. The radiocarbon in the atmosphere is able to react with
oxygen, to form 14CO2, which behaves almost identically to normal carbon dioxide gas.
This gas enters the biosphere via photosynthesis. The following experimental evidence
proves that this theory actually occurred. Samples from oats and barley, sampled from
Trondheim in northern Norway, showed that there was indeed, elevated levels of
radiocarbon within these cereals grown after 1955, as compared to the pre-atomic era
cereals. Furthermore, tests from cow’s milk from a local Trondheim dairy were also
elevated in a similar manner, since the cow’s diet mainly consists of grass. This shows
the direct manner in which the radiocarbon enters the biosphere through photosynthesis
(Nydal and Lovseth, 1965).

The radiocarbon study of Dutch land snails (Helix pomatia) was also very important in
establishing the fact that the atmospheric radiocarbon did indeed enter the biosphere.
The flesh of the snail, which eats plants and other animals, was found to have a
remarkable increase of 14C levels between 1953 and 1957. However, the shell did not
seem to show the same pattern, largely die to the fact that the carbonate within the shell
does not freely exchange with the atmosphere. The owner of the snail farm claimed that
some snails should have been older than ten years old, and it would be reasonable to
conclude that their shells were formed before the bomb testing occurred (De Vries,
1958).
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English foods (milk, beef, potatoes, cheese, and fish) had radiocarbon measurements
from 1967 to 1969, and there was good radiocarbon agreement within these terrestrial
foods. Fish had much lower levels, since the deep marine habitats where they normally
reside, had much less atmospheric mixing than terrestrial environments. The
radiocarbon distribution within various tissues of a woman who died in 1969 in
Glasgow, demonstrated marked increase in radiocarbon levels (Harkness, 1972). This
evidence further shows that the radiocarbon enters the food chain and the body of
humans. It should also be noted that even residing near an industrial region might have
very slight alterations in radiocarbon levels. Therefore effects of diet and local
residence should be considered, but they will practically have little effect on measured
values.

Since radiocarbon is incorporated easily into tissue and it has a very long half-life, this
radioactive isotope does merit some serious health concerns. Even though radiocarbon
is weak beta emitter, its drastic rise into the atmosphere in the late 1950s and early
1960s prompted many studies to be taken. Most of the studies cited above were
motivated by concerns over radioactivity related health hazards. The impetus to better
study radiation effects on humans was due to the fear that elevated atmospheric
radiocarbon levels would cause detrimental harm to people via increases in genetic
mutations. A study assessed possible human health effects from the radiation burden.
One calculation finds that given a 3% birth rate and 2.5 billion person global
population, 1500 to 7500 offspring would be born with altered genetic material due to
chromosomal breakage (Stenhouse and Baxter, 1977). They do conclude that the risk is
significant indeed and cannot be dismissed. But with a keen eye on reality, they finally
conclude that relative to the world population and given the fact that the dose is
incurred over three or four generations, it is likely that these effects will go unnoticed.

Now, that it becomes apparent that radiocarbon can enter humans through food
ingestion, it is very important to understand how it is able to move within the various
compartments of the body. Studies have confirmed that collagen is metabolically inert,
and very little turnover occurs. This was shown using radiocarbon dating of collagen.
In one study, there was a definite incorporation of radiocarbon into the brain proteins
and lipids, allowing these substances to reach similar amounts as the liver, heart, and
red blood cells. However, the radiocarbon measurement from the nucleic acid in the
brain was much lower, although brain protein seemed to pick up the radiocarbon label
very rapidly. Red blood cells and plasma reflected atmospheric radiocarbon levels at
the time of maximal photosynthesis, within the spring preceding the harvest (Libby et
al., 1964). This very interesting paper shows that radiocarbon is quickly incorporated
into the brain in certain molecules, yet nucleic acid, i.e. DNA, did not incorporate it to a
high degree. This really demonstrated that certain molecules had different turnover
dynamics. Another rodent paper also confirmed these important results.

Rats exposed to gaseous 14CO2 were found to have steady state level of 14C
incorporation within the brain tissue quickly within 60 minutes. This isotope was also
able to permeate the blood brain barrier, and was found to label only the proteins to a
significant degree. Lipids and nucleic acids were hardly labelled at all (Siesjo and
Thompson, 1964). In 1983, a study determined the growth of human gallstones by
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making use of radiocarbon and the atomic bomb spike. They found that a particular
large gallstone had the average growth rate of 1.5 millimetres per year (Druffel and
Mok, 1983). A very intriguing study used the similar strategy to determine the age of
senile and neurofibrillary plaques in Alzheimer’s disease, by using the argument that
the carbon atoms within the plaque would not undergo significant turnover (Lovell et
al., 2002).

Manuscript I precisely describes our strategy of retrospective dating of human cells in
detail. Briefly, the key idea is that the carbon within DNA is essentially stable, meaning
that there is minimal carbon turnover occurring at all. The carbon atoms within the base
pairs of DNA were assembled during the synthesis phase of the last cellular division,
which created that particular cell. So, if one could determine the age of a cell
population’s DNA sample, then one would know the time of formation of the cells
within that particular given population. By comparing this year of formation with the
individual’s year of birth, one could deduce if and or how much cellular turnover was
indeed occurring. Practically, this is performed by carefully extracting cellular DNA, in
order to avoid protein or any other form of contamination, from a given cell population.
This DNA sample is then dissolved in pure water and sent for radiocarbon
determination at an AMS facility. This radiocarbon value is then compared to a graph
with the atmospheric radiocarbon values on one axis and time in years on the other
axis. By seeing where the sample’s radiocarbon data fits on the atmospheric curve, one
can directly determine the date of formation for that sample. One can also increase the
sophistication of the scientific question. Instead of merely asking the simpler question,
of “How old is this particular piece of grey matter from the cerebral cortex of an
individual?”, one can perform cell sorting by use of a flowcytometer and ask, “How old
are the neurons in particular, within this piece of brain tissue?”. Below is a figure
(Figure 10), which shows the general thought process behind the strategy. The next
sections will closely discuss possible forms of carbon turnover in DNA, resolution
issues, and also technical considerations in choosing the best manner in obtaining and
interpreting the radiocarbon results.

Figure 10. Strategy for retrospective dating of human cells
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Figure 10 starts with the image of a mushroom cloud from a thermonuclear explosion.
Radiocarbon is produced from the explosion, and the graph below shows the
atmospheric radiocarbon increase during the Cold War. Via photosynthesis,
radiocarbon enters plants. Radiocarbon can also enter animals through plant ingestion.
The knife and fork symbolizes the radiocarbon entry into humans, through our
ingestion of plants and or animals. The double helix signifies DNA. By isolating pure
cellular DNA from human samples, we know that the DNA was formed at the time
when the cell was made. We can determine the time when the DNA was synthesized by
performing radiocarbon analysis on the sample, and comparing this data to the
radiocarbon atmospheric curve versus time graph.

With no further appreciable radiocarbon elevations, levels should drop down to pre-
bomb levels by 2025. Radiocarbon levels should then be exchanging with the oceans
and become diluted because of the Suess effect (Stenhouse and Baxter, 1977). The
fascinating stories of the twentieth century, from the diverse fields of nuclear physics,
atmospheric science, and geopolitics have all created this opportunity to perform
retrospective radiocarbon dating in humans at the current time. There is some
consolation in the fact that the devastation resulting from the invention and testing of
thermonuclear weapons, both from a political as well as an environmental perspective,
has been able to create a fortuitous window of scientific opportunity as a by-product.
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