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Anyone who stops learning is old, whether at twenty or eighty. Anyone who keeps
learning stays young.

- Henry Ford






ABSTRACT

Many cells have a shorter life span than the organism itself and are continuously
being replaced. However, for many cell types in the human body it is still largely
unknown whether they turn over at all once development is complete. The work
presented in this thesis focuses on understanding the occurrence of cell renewal in
the human brain and how it may affect brain function. We further explore if the ability
of cell renewal may also be affected in the diseased brain. To investigate cell
turnover in the human brain we used a methodology developed in the Frisén
laboratory. The developed strategy takes the advantage of the integration of the '*C
(carbon-14) isotope, produced from the nuclear bomb tests during the Cold War, into
genomic DNA, to determine the age of cells in humans.

In Paper | we assessed the dynamics of oligodendrocyte generation and myelination
in the human brain. We found that the number of oligodendrocytes in the corpus
callosum is established in childhood and remains constant thereafter. We revealed
that myelin is continually exchanged, whereas white matter oligodendrocytes are
remarkably stable with an annual exchange of 1 in 300 oligodendrocytes. This
suggests that myelin modulation in humans may be carried out by mature
oligodendrocytes. Moreover, we also found different kinetics of oligodendrocyte
generation and turnover between gray and white matter, with a longer period of
oligodendrocyte generation and higher turnover rate throughout life in gray matter,
showing the possibility of de novo myelination in the sparsely myelinated cortex.
However, how generation kinetics of the oligodendrocyte population may change
under pathological conditions such as in the demyelination disease multiple sclerosis
has been unknown.

In Paper Il we investigated the oligodendrocyte generation dynamics in multiple
sclerosis patients. We observed no induced generation of oligodendrocytes in
normal appearing white matter, except in a subsets of multiple sclerosis patients with
a very aggressive progression of the disease. We also revealed that
oligodendrocytes in remyelination lesions were old in multiple sclerosis patients,
showing that existing and not new oligodendrocytes are regenerating myelin in
multiple sclerosis.

In Paper lll we examined the extent of postnatal olfactory bulb neurogenesis in
humans. We report that the olfactory bulb neurons are almost as old as the
individuals, establishing that there is very limited, if any, postnatal neurogenesis in
the human olfactory bulb.

Together the findings presented in this thesis highlight a conceptual and
fundamental difference in human brain plasticity compared to other mammals.
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1 INTRODUCTION

Many cells have a shorter life span than the organism itself. Moreover, the cells are
continuously being replaced, thus enabling tissue homeostasis, the maintenance of
the normal tissue function and morphology of the organism. One essential
mechanism of maintaining the function and form in developed tissue is the process
of cell turnover. This process is strictly regulated as it prevents tissues and organs
from atrophy or tumor development. Simply stated, cellular turnover is a process
where certain differentiated cells are eliminated regularly and exchanged typically
through division of adult stem cells and their progeny. A lot of research has provided
great insights into cell generation and cell turnover in humans, such as in the
hematopoietic system, the skin and intestine. However, for many cell types, it is still
largely unknown if new cells are generated and replaced once development is
complete.

How to measure the life span and turnover rate of certain cell types in the human
body is still an unresolved question among scientists. For many organs such as the
brain, it remains unknown how often particular cells are replaced in different tissue
types and how old different cell types can get. The answers are pivotal as the life
span of certain cell types is directly related to the degeneration of physiological
function, aging and disease, and subsequently to the potential for cellular
regeneration in that particular organ.

The brain combines remarkable stability that permits long-time storage of memories
with plasticity, which enables adaptation to new conditions and the constant
formation of new memories. During the last years one type of plasticity has gained
attention — the generation of new cells. Both neuronal and glial cell generation
contribute to neural plasticity and to some degree neural repair. Now, we know that
new neurons are continually added in the adult brain of all mammals studied.
Moreover, increasing evidence over the past few years has emerged that the
generation of the glial cells, the oligodendrocytes in the adult brain, is much more
widespread than neurogenesis and that they also may influence neural plasticity.
However, substantial differences between mammalian species have been
discovered regarding the extent of, as well as the mechanisms behind cell renewal in
neural plasticity. It is thus of great importance to study these processes in humans
as it is difficult to know how well the information from animal models could be
translated into the human situation. This thesis aims to increase our understanding
of cell generation in the human brain, and in particular the generation of
oligodendrocytes and their myelin and the role they may play in neuronal function
modulation.



2 CELL RENEWAL IN THE CENTRAL NERVOUS SYSTEM

21 HOW CAN WE IDENTIFY NEWLY GENERATED CELLS IN HUMANS?

Most of our knowledge regarding cell turnover and proliferation potential in the adult
human body comes from studies in nonhuman species and in particular rodents.
Many of these studies rely either on techniques involving the detection of molecular
markers of cell division or a labeling paradigm which allows for visualization of
newborn cells by incorporation of modified nucleotide into the DNA of dividing cells.
In the following two sections | will highlight some of the techniques commonly used
to study cell generation. Though these methods have been instrumental in revealing
cell generation in experimental animals, they bear several limitations when
investigating the life cycle of human cells and in particular those with a slow turnover
rate. In the last section (2.1.3), a different strategy is presented, not associated with
these kinds of limitations, which was used in Paper |, II, and III.

2.1.1 Proliferation markers

To assess cell generation, traditional methods often involve the detection of
molecular markers present in the different stages of the cell cycle when new cells
are generated. Commonly used markers for proliferations are: 1) Ki-67, which is
present throughout all active phases of the cell cycle (G1, S, G2 and M) (Scholzen
and Gerdes, 2000): 2) proliferating cell nuclear antigen (PCNA), a cofactor of DNA
polymerase that encircles the DNA and thus present in the stage of when DNA
synthesis (S-phase) takes place (Moldovan et al., 2007) and 3) phospho-histone H3
(PHH3), where histone-H3 gets phosphorylated during late G2 phase and mitosis
(M-phase) (Hans and Dimitrov, 2001) Analysis using these cell division or mitotic
markers is very useful in identifying the proliferative state of cell populations in the
tissue and when comparing cell proliferation in different tissue types and conditions.
Although it gives a good view of the numbers of cells with mitotic activity, it is also
limited, as it provides a static view at only one single time point and thereby cannot
provide any insight into the future fate of the labeled cell. Information whether the
progeny will mature and integrate into the tissue and, if so, to what extent, is not
conclusive. In addition, these cell proliferation markers are not able to give any
information on the past history of the cells and are thereby unable to determine when
the cells were born.



2.1.2 Prospective labeling paradigms — nucleotide analogues

Another strategy to examine the generation of new cells is by prospective labeling of
dividing cells and tracing the progeny. This prospective labeling paradigm involves
the administration of labeled nucleotides analogues, such as the historically used
radioactive °H - thymidine (Altman, 1962) the more commonly used 5-bromo-2’-
deoxyuridine (BrdU) (Gratzner, 1982) and similar halogenated uridines or the more
recent 5-ethynyl-2’-deoxyuridince (EdU) (Salic and Mitchison, 2008). These synthetic
thymidine analogues integrate stably into the DNA during the S-phase of the cell
cycle when new DNA is synthesized, thereby allowing the labeling of newborn cells
and their progeny. These labels can be visualized in the tissue section and in
combination with cell type-specific markers and thereby reveal the generation and
integration of mature cells in the tissue and organ.

These prospective labeling paradigms have been instrumental in revealing cell
generation in experimental animals — however, there are some limitations. For
example, cells undergoing DNA repair or going through cell death have been
reported to incorporate labeled nucleotides into the DNA and can therefore falsely
give the impression that the cells are newly generated (Taupin, 2007). Moreover, the
labeled nucleotides may interfere with the investigated process, as it can be toxic
when used in higher concentration or administered for longer time periods and can
result in the underestimation of cell generation (Ross et al.,, 2008; Young et al.,
2013). The ability of labeled nucleotides to stably integrate into the DNA makes them
potentially toxic, mutagenic and carcinogenic and consequently not applicable for
use in healthy humans. In unusual cases, labeled nucleotides have been
administered to cancer patient as a diagnostic tool or for radiosensitization and the
post-mortem tissues could be obtained for analysis of cell generation in the adult
human brain (Bhardwaj et al., 2006; Eriksson et al., 1998, Paper |). However, in
these studies many of the patients received the labeled nucleotide shortly before
death, making detection of cell types with low generation rate challenging.
Furthermore, one needs to be reminded that many of the cancer patients were also
treated with radiotherapy or chemotherapy, making it difficult to extrapolate the data
to healthy individuals.

2.1.3 Retrospective birth dating using **C

Carbon-14, (*C) is the only radioactive isotope and the least abundant of the three
naturally occurring carbon isotopes (*“C, *C, *C, 99%, 1% and 1 part per trillion of
all carbon, respectively). *C is naturally generated by interaction of cosmic ray with
nitrogen in the atmosphere. The generated *C further reacts with oxygen and forms
“CO, in the atmosphere. Historically, the atmospheric level of *C has been very low
and constant (Figure 1A) until the Cold War (1955-1963) (Levin and Kromer, 2004;



Nydal and Lovseth, 1965). The extensive above ground nuclear bomb tests during
this period dramatically increased the '*C levels in the atmosphere, reaching its peak
in 1964 (Figure 1C). As a result of the Partial Test Ban Treaty that was signed in
1963, the levels have progressively decreased since then. This decline is not due to
the radioactive decay (as '*C half-life is 5730 years) of *C, but mainly attributed to
diffusion from the atmosphere into the oceans and the biotope. The *CO, in the
atmosphere enters the biotope through photosynthesis and is subsequently
transferred into humans through the food chain. Consequently, the content of ™C in
biomaterial could be reflected in the atmospheric concentration at the time of
synthesis. Measurements of C in tree rings further confirmed this fast transfer of
'“C from the atmosphere to living organisms (Figure 1B,C).
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Figure 1. (A) The atmospheric C concentration has for been low and stable for several decades until 1955
when it dramatically increase due to the nuclear bomb tests during the cold war. (B, C) Measurements from tree
rings confirm the fast ¢ transfer from the atmosphere into the biotope. (C) Magnification of the increase in (A).
Spalding et al., 2005. Reprinted with permission from publisher.
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DNA is a very stable biomolecule and the carbon in genomic DNA is principally
exchanged only during cell division. Carbon contribution from DNA methylation and
post-mitotic nucleotide exchange in cells, such as DNA repair, is minimal and below
detection limit (Bergmann et al., 2012; Ernst et al., 2014; Spalding et al., 2005). This
was shown even in stroke cases when DNA repair is increased and carbon influence
from these sources is largely negligible (Huttner et al., 2014). The 'C levels
integrated into genomic DNA mirror the levels in the atmosphere at any given time
and can thus serve as a date mark for when cells are born. Taking advantage of this,
we have developed a strategy to retrospectively date certain cells in the human brain
(Paper 1, 1l and Ill) by measuring the genomic DNA '“C levels from human post
mortem tissue. This strategy is further referred to as the ™C birth dating technique.

2.1.3.1 Establishing the birth of cells

To establish the age of a cell population, the proportion of *C in genomic DNA is
measured with highly sensitive Accelerator Mass Spectrometry (AMS). The
sensitivity of the AMS methodology has been further developed by Salehpour and
colleagues (Salehpour et al., 2008; Salehpour et al., 2013) and it now allows the
measurement of biological samples in the range of micrograms of carbon. However,



it will not be possible to reach a single cell resolution due to that ™C still is a very
rare isotope, with an average of 1 "C atom in the DNA of approximately every 15"
cell in the human body.

Once the 'C concentration has been measured, the resulted value is reported as
A'C over time and compared to the atmospheric "“C concentration (Figure 2). The
observed negative atmospheric "C level during certain periods (Figure 1) is due to
A'C being a relative measurement unit normalized to a standard and corrected for
decay and isotope fractionation.
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Figure 2. Schematic picture depicting the strategy of establishing the birth date of cells.
The curve shows the atmospheric "C concentration over time. The hypothetical data points (circles) are placed
correspondingly to the date of birth on the individual (vertical lines) and the "C concentration in genomic DNA.
For an individual born after the nuclear bomb tests (1955-63), the date of birth of the cell population can be
directly inferred from the x-axis, whereas this is not the case for an individual born before the onset of the
increase in atmospheric .

The data point of the measured '*C concentration of the cell population (circle) is
placed on the date of birth of the subject. For subjects born after the nuclear bomb
test (1955-63), the average birth date of the cell population can be directly inferred
by the intersection with the atmospheric "C levels and then read off in the x-axis
(year). Whereas for subjects born before the increase in '*C it is not possible to infer
the time of birth of the cell population as there may be two intersections of the
atmospheric '*C curve and consequently two potential birth dates (Figure 2).
However, the measured values from these subjects give a good indication of any
turnover level (incorporation of later generated '“C), as large deviation from the
atmospheric C curve indicates high turnover and values on the curve indicate no
turnover.



The detection sensitivity of cellular turnover evidently depends on the number of
individuals analyzed but more specifically on when the individual was born in
comparison to when the new cells were generated. For a person born just before the
vast increase of the atmospheric concentration of *C, the highest relative difference
in "C is achieved between the time of birth and the period of the nuclear bomb test
and the decrease just thereafter. This provides the highest sensitivity for detecting
cell generation that may have occurred postnatally (during the childhood period). For
an individual born around 20 years before the nuclear bomb test, the period of the
highly elevated levels will instead overlap with the time period when the individual
reaches adolescence and early adulthood and therefore can provide the highest
sensitivity for detection of cellular turnover during this period of life. In contrast, the
analysis of a cell population from an individual born after the nuclear bomb test, will
give the highest sensitivity for the latest generated cells. Hence, analysis of several
individuals of different ages and of different birth dates in relation to the nuclear
bomb test will provide the highest total sensitivity of cell turnover detection and
provide information on when a cell population is generated in time. It will also enable
the detection of relatively small addition of new cells (Bergmann et al., 2009;
Spalding et al., 2013, Paper |, II).

To be able to assess any generation dynamics of a cell population, such as turnover
rates, mathematical modeling is required. With mathematical modeling, the cell birth
and death rate of cell populations can be calculated, determined by the different *C
levels in the cell population. Cell turnover modeling consists of testing different
scenarios to find the rates that can best reproduce the measured "C levels (Ernst et
al., 2014; Spalding et al., 2008; Spalding et al., 2013, Paper |, Il, lll). Our method of
'C birth dating and subsequent mathematical modeling has become a powerful tool
in examining cellular turnover in the healthy and pathological human brain (Paper |,
I, 111). This is mainly due to the advantage of the technique in detecting cell turnover
retrospectively without exposing the individual to any chemicals or compounds, as
well as, providing cumulative information about the total amount of cellular turnover
that may have occurred over the entire lifespan of the individual.



2.2 WHITE MATTER RENEWAL

2.2.1 Myelin: Not just brain glue — 300 years of myelin history

Around half of the human brain is composed of white matter which makes up a
disproportionally larger proportion of the prefrontal cortex than with nonhuman
primates (Schoenemann et al., 2005). White matter refers to the brain region
underlying the gray matter cortex and consists of tightly packed nerve fibers coated
with the lipid-rich electrical insulation called myelin, giving rise to the white
appearance. As the nervous system grew more complex, the development of the
lipid-rich wrap around the axons of neurons was a fundamental step in overcoming
the pressure of expanding the size of the nervous system in order to get faster
conduction velocities, thereby enabling the emergence of more complex behavior
(Salzer and Zalc, 2016). In addition to facilitating the fast conduction of nerve
impulses, myelinating cells provide also metabolic and trophic support of the axonal
integrity (Nave, 2010).

In the beginning of the 18" century, the first scientist to observe and describe
myelinated fiber was most likely Antonie van Leeuwenhoek, who describes his
findings in a letter to the London Royal Society, Philosophical Transactions of the
Royal Society (Schierbeek, 1953). Another century passed before Christian
Ehrenberg (1833) described myelinated nerve cells as cylindrical tubes surrounded
with medulla, white matter (Boullerne, 2016). Five years later, Robert Remark
distinguished the surrounding medulla from the main part of the nerve cell but not as
it is known today as the “axon” and “myelin” (Boullerne, 2016).

Almost 150 years after the first observation, the term myelin was first coined by
Rudolf Virchow. Rudolf Virchow thought that since myelin at the time was considered
to be within the nerve fiber, he likened the medullary substance to the marrow of
bones and thus named it “myelin”, which is derived from the Greek “myelos”, marrow
(Virchow, 1863). Rudolf Virchow also observed other cells than neurons within the
connective tissue, the “nervenkitt” (nerve glue), ie. neuroglia, but due to the
limitation of the staining methods they remained obscured. At that time it was
assumed that myelin was secreted by neurons, however, decades later Pio del Rio-
Hortega, with his improved histological staining, proposed that myelin may be
generated by oligodendrocytes (lglesias-Rozas and Garrosa, 2012) and this was
further reinforced by Wilder Penfield (Penfield, 1924). The role of oligodendrocytes in
myelin formation was supported by the observations of their abundance in the white
matter tract, their morphology at the time of myelination and their close proximity to
myelin sheaths. However, is was not until the development of the electron
microscopy, with the seminal work by Betty Ben Geren and later by Mary and
Richard Bunge, which established that myelin was not axon derived but a continuous
plasma membrane extension of Schwann cells (glial cells in the peripheral nervous
system) (Geren, 1954) and oligodendrocytes (glial cells in the central nervous



system, CNS) (Bunge et al., 1962). Together these studies revealed that neurons
and their axons are not the source of generating and secreting myelin, which had
long been assumed. What had previously been seen as just mere gluey substance
part of the neuron and a static insulator, our knowledge of myelin has now improved
dramatically, revealing that oligodendrocytes and myelin are much more dynamic
than previously thought. In the following section, a short overview will be presented
of the emerging field of oligodendrocytes and myelin and how it may influence the
adult nervous system.

2.2.2 Does myelin function affect signal conduction?

In the CNS, myelination refers to the process of ensheathment of the axons by the
specialized plasma membrane of oligodendrocytes that in a spiral wrapping fashion
form compact myelin segments called internodes. Internodal segments are
alternated with nodes of Ranvier, which are unmyelinated axonal plasma membrane
segments accumulated with voltage-dependent sodium channels that enable
saltatory action potential propagation (conduction of nerve impulses) (Tasaki, 1939).
The wrapping of the multilayered myelin membrane insulates the internodal regions,
which reduces membrane capacitance and increases membrane resistance, thus
facilitating the fast saltatory propagation of action potentials (Hartline and Colman,
2007). However, can changes in this myelin structure affect the conduction velocity?

Figure 3. Myelin structure and domains along myelinated axons in the CNS. Adapted from (Fields, 2010).
Reprinted with permission from publisher.



How myelin affects the conduction speed depends on the thickness of the myelin
sheath in relation to the axon diameter as well as on the internodal length. For
example, it has been shown in frogs and mice that increase in individual internode
(myelin sheath) length can increase conduction velocity (Huxley and Stampeli, 1949;
Wu et al., 2012). Furthermore, computational models have indicated that even subtle
changes in the myelin sheath thickness, relative to the axon diameter, can have
profound effects on conduction velocity (Smith and Koles, 1970). This potential of
affecting conduction speed suggests that changing these parameters could alter
neuronal circuit function.

Most myelinated axons have developed sheaths with a length and thickness close to
the calculated optimum for maximal conduction velocity after development. However,
there may be neurons in certain areas that not only need to conduct as fast as
possible, but also need to synchronize conduction speed, such as to help couple
activity of different neurons with different axonal length to discharge synchronously.
Thus, a way to enable this would be by affecting myelin thickness and/or internodal
length. The integration of auditory input from both ears is a well-described example
showing that conduction time can affect function (Seidl, 2014). Simply described, in
avians, auditory information is transferred from the ears to neurons in the cochlear
nucleus (an area involved in sound processing) on both sides of the brainstem. This
in turn further extends axons that divide into two branches, one projecting branch to
the ipsilateral region of detector neurons and another much longer branch projection
to equivalent neurons on the contralateral side. In order to accurately process the
sound information, the signals from both ears to the detector neurons need to arrive
simultaneously after signal propagation along the long and the short projection
axons from neurons of the cochlear nucleus. To achieve this, anatomical analysis
has shown that the longer axon projection has both an enlarged axon diameter and
an increased myelin sheath length and thickness (Seidl, 2014; Seidl et al., 2010).
Moreover, it has also been observed that the length of internodal segments changes
over the lifespan (Young et al., 2013) and depending on the regional location, it can
also differ along a single axon (Tomassy et al., 2014). This illustrates the potential
capacity of the nervous system to alter the conduction velocity and thus affect the
circuit function by fine-tuning myelination.

2.2.3 Myelination of the brain

Myelination in humans is a protracted process which occurs relatively late in
development compared with other primates (Miller et al., 2012; Sakai et al., 2011). It
is mainly a postnatal process that continues well into adulthood and even into the
fourth decade of human life (Lebel et al., 2012; Yakovlev and Lecours, 1967). From
histological and neuroimaging studies myelination process has been observed to
proceed in a defined spatial and temporal pattern, with most of the spinal cord being



myelinated during early childhood (age 2) and progressing from proximal to distal
regions in the brain, with prefrontal and association regions being myelinated last.
Generally, less complex brain regions dedicated to basic neurological and
homeostatic functions are myelinated earlier than more complex regions associated
with high-level cognitive and executive functions. Thus, a region such as the
brainstem is myelinated prior to basal ganglia as well as to the cortical association
fiber tracts (Brody et al., 1987; Deoni et al., 2011; Lebel et al., 2012; Yakovlev and
Lecours, 1967). Moreover, observations show that the axons with larger diameter
seem to be myelinated before those with a smaller one (Hildebrand et al., 1993).
Similarly, regions myelinated earlier become on average more heavily myelinated
than regions that are myelinated later (Glasser and Essen, 2011). What is the
significance of this prolonged myelination process? If the myelin function is merely a
question of insulation, should this process not already be completed during
childhood? Could this prolonged myelination observed in humans be related to
learning and cognition? If so, how is myelin reshaped during brain maturation and in
response to environmental stimuli?

2.2.4 Experience affects white matter

2.2.4.1 Experience-induced white matter changes during development

Due to prolonged myelination in humans and the overlap with the periods of brain
development of certain behaviors and cognitive function, it had been speculated that
myelination plays a role in modulating network activity and behavioral performance
and that external stimuli (experience) may regulate this process (Fields, 2008).
Indeed, several studies have proposed that white matter structure can be influenced
by environmental experience. Children that suffered severe neglect during childhood
display a reduction in the corpus callosum area (major white matter tract) (Mehta et
al., 2009; Teicher et al., 2004). In social isolation studies, rhesus monkeys presented
a reduction in corpus callosum size, an effect that lasted at least six months after
social rehousing. Moreover, monkeys socially isolated during the juvenile period
displayed cognitive deficits in learning tasks (Sanchez et al., 1998). Likewise, social
depravation for 2 weeks in developing mice during the critical period (immediately
after weaning, postnatal day 21, P21) resulted in a dramatic reduction of myelination
in the prefrontal cortex (Makinodan et al., 2012). Alterations in oligodendrocyte
morphology, such as fewer and thinner myelin sheaths were observed. The effects
on myelination did not improved or recover even after reintroduction of the affected
mice to a social environment (Makinodan et al., 2012). Similar changes were also
observed in the prefrontal cortex in socially isolated adult mice. However, no-long-
lasting effects on myelination were observed and social reintroduction was sufficient
to normalize the observed effects (Liu et al., 2012). In a sensory deprivation study in
developing mice, the unilateral trimming of the whiskers after birth revealed a
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decrease in myelination in the barrel cortex (whisker somatosensory cortex) (Barrera
et al.,, 2013). Remarkably enough, the critical period took place much later in this
region, which is consistent with the observation that active myelination in this cortical
region occurs later (between P45 and P60) and unlike social isolation during the
critical period in juvenile mice, the myelination in barrel cortex was able to recover
after the whiskers were allowed to grow again (Barrera et al., 2013). Together these
observations suggest that the effects on myelin development caused by experience
may vary between different brain regions. Interestingly, in these rodent studies, it is
primarily the myelination that is affected and reduced, since the number of
oligodendrocytes is normal and unaffected.

2.2.4.2 Does experience affect white matter in the adult?

Through recent advancement human neuroimaging studies have further revealed
the impact of experience on white matter microstructure, such as, children who were
poor readers displayed lower fractional anisotropy (a measurement of water
diffusivity in diffusion tensor imaging, which correlates with myelination, axon fiber
density and axonal diameter, FA) implicating reduced myelination in the cerebral
white matter compared to good readers. However, after 100 hours of intensive
remedial reading instruction, increased FA in the region was observed, suggesting
that increased use of the brain area involved in reading correlated with an increase
in white matter structure organization (likely myelination) (Keller and Just, 2009).
Comparable observations have been seen in studies examining the effect of new
motor skill learning, such as long-term piano practicing during childhood and
adolescence (Bengtsson et al., 2005). The mammalian CNS myelin continues to be
sensitive to experience-influenced structural change even after development. This
was seen in adult individuals, who after 6 weeks of intensive juggle learning and
training showed increases in FA of white matter regions important for visuomotor
control (Scholz et al., 2009). Similar observations of region-specific increases in
white matter were also seen in adult subjects after 11 hours meditation practice over
a one-month period (Tang et al., 2010). In a rodent study, where adult rats learning a
complex reaching skill resulted in FA increase in white matter tract subjacent to the
contralateral motor cortex involved in the task but not in the untrained ipsilateral
hemisphere. Both the FA and myelin staining (myelin basic protein, MBP) intensity
correlated with the learning performance of the animals (Sampaio-Baptista et al.,
2013). Rats trained in a spatial learning task also showed similar white matter
changes (Blumenfeld-Katzir et al., 2011). Taken together, this suggests that white
matter myelin modulation continues well after development has finished but also that
experience and neuronal activity may regulate this process.

Consistent with the findings in development and adults, environmental stimuli elicit
neuronal activity changes, which in turn may stimulate myelination. Gibson and
colleagues tested this idea in vivo by increasing neuronal activity generated by
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optogenetic stimulation in the premotor cortex (Gibson et al., 2014). This resulted in
increased generation of new mature oligodendrocytes, increased MBP (a myelin
sheath protein) protein expression and thickening of myelin sheath within the active
circuit, as well as functional improvement of motor function in the mice (increased
swing speed of the forelimb) (Gibson et al., 2014). Though neuronal activity in
premotor circuit resulted in increased generation of new oligodendrocytes and
thickness of myelin sheaths, it is, however, not obvious if the observed myelin
modulation is due to the contribution from newly formed oligodendrocytes generating
new myelin sheath or if it could be a result of preexisting oligodendrocytes triggered
by increased axonal activity and subsequently generate additional myelin wraps to
generate the increased myelin thickness observed. As one mechanism does not
exclude the other, it would be interesting to see future studies addressing this issue,
by for example strategies that enable visualization and separation of preexisting
myelin sheath with newly added myelin sheath and myelin from a newly generated
oligodendrocyte.

2.2.5 Oligodendrocytes in the adult brain

The oligodendrocytes (specialized glial cell) in the CNS are mostly generated during
early postnatal life from oligodendrocyte progenitor cells (OPCs) that have migrated
and colonized the gray and white matter (Kessaris et al., 2006). Most of the OPCs
divide and differentiate to form mature myelinating oligodendrocytes, however a
small proportion of OPCs (2—9% of total cells in the brain) remain proliferative and
widely distributed within the adult mammalian brain (Dawson et al., 2003). These
OPCs also seem to be present in the adult human brain (Chang et al., 2000). The
impact of experience on myelination in the adult brain may potentially result from
these OPCs. In the adult rodent brain, the numbers of OPCs remains relatively
constant and several genetic lineage-tracing studies in mice have revealed that the
OPCs divide, thus continuously giving rise to new myelinating oligodendrocytes
throughout adulthood (Dimou et al., 2008; Kang et al., 2010; Rivers et al., 2008; Zhu
et al., 2011). In an additional study by Young and colleagues, they showed that in
the adult rodent brain there is a continuous generation of oligodendrocytes and
formations of myelin sheaths (Young et al., 2013). They observed that around 30%
of all mature oligodendrocytes in the corpus callosum and ~6.5% of all mature
oligodendrocytes in the optic nerve (fully myelinated white matter tract) were newly
formed and there was an age related decrease of internode length, suggesting that
active myelination occurs in the fully developed CNS and that the generation of
oligodendrocytes contributes to myelin remodeling (Young et al., 2013). However, so
far it has remained unknown how this process appears in the human brain.
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2.2.6 Remyelination — regenerative capacity of the adult brain

Demyelination, one of the hallmarks of the disease multiple sclerosis (MS), is the
pathological process in which the myelin sheaths are lost or destroyed, leaving
axons denuded. This type of demyelination is also commonly mentioned as primary
demyelination, which should be distinguished from the term secondary
demyelination or Wallerian degeneration, a process where myelin loss and
degeneration occur as a consequence of primary axonal loss (Franklin and
Goldman, 2015). Remarkably, adult CNS demyelination is often followed by a
spontaneous regenerative process, namely remyelination, which is the restoration of
myelin sheaths to demyelinated axons and the subsequent saltatory conduction is
regained (Smith et al., 1979) leading to partial recovery of functional deficit (Duncan
et al.,, 2009; Jeffery and Blakemore, 1997; Liebetanz and Merkler, 2006).
Surprisingly, this process occurs with relatively high efficiency in animal models
following experimental demyelination but also in humans with multiple sclerosis. The
main reason for this notable endogenous repair capacity is thought to be due to the
presence of the OPC population and their ability to proliferate and generate new
oligodendrocytes and myelin. Animals that were locally irradiated prior to
demyelination further suggested that remyelination required cell proliferation as they
observed that remyelination was inhibited in these animals (Blakemore and
Patterson, 1978). Nonetheless, the origin of the cells contributing to remyelination at
the time remained inconclusive. Remyelination tissue has been observed to closely
resemble normal physiologically myelinated tissue, with one exception — that the
regenerated myelin sheaths are in general thinner and shorter than the initial myelin
sheaths (Blakemore, 1974; Bunge et al., 1961). However, a more recent study has
challenged this view, suggesting that after a much longer recovery time (6 months),
newly remyelinated fibers have comparable myelin sheath length and thickness to
axons myelinated developmentally (Powers et al., 2013). Interestingly, extensive
remyelination has been observed to occur in some lesions in early stages of MS, but
also to some extent at different stages of MS (Patrikios et al., 2006) Indeed, some of
the neurological improvements seen during the remission may be due to this
process. Although remyelination observed in MS can be quite extensive lesion-wise
and geographically, its failure becomes progressively apparent as the disease
develops (Patani et al., 2007; Patrikios et al., 2006).

Recent fate-mapping studies in experimental demyelinating models in rodents
further support the view of OPCs generating new oligodendrocytes and myelin,
underlying the remyelination process (Tripathi et al., 2010; Zawadzka et al., 2010).
While contribution from existing mature oligodendrocytes appears not to be
significant (Crang et al., 1998; Crawford et al., 2016; Keirstead and Blakemore,
1997). Moreover, a current study showed that the sustained activation of the
extracellular signal-regulated kinase 1 and 2 (ERK1/2) in preexisting mature
oligodendrocytes enables them to reinitiate myelination and contribute to the
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remyelination process (Jeffries et al., 2016), showing that mature oligodendrocytes
have the capacity of affecting myelin plasticity and repair. However, whether new
oligodendrocytes also are involved in the demyelinating disease MS in humans in a
similar fashion as in the rodents, or if existing mature oligodendrocytes are a
potential contributor, it is currently not known and represent the focus of Paper Il.

2.3 GRAY MATTER RENEWAL

2.3.1 Adult neurogenesis in humans

Contrary to the long-standing dogma that neurons cannot be generated in the adult
brain, we now know that neurons are continuously generated in the adult
mammalian brain. However, adult neurogenesis appears to occur only in discrete
regions of the brain, namely in the olfactory bulb and the hippocampus (Frisén,
2016; Ming and Song, 2011). Most studies on the distribution and extent of adult
neurogenesis have been performed in the adult rodent brain. It has been much
harder to determine this in humans, as the traditional method employed is not
appropriate for human use (see section 2.1), and consequently much less is known
how adult neurogenesis occurs in the human brain.

Human adult neurogenesis has been investigated in several studies by quantifying
cells with neuroblast (immature neuron) markers and studying morphology in human
postmortem brain and in combination with the presence of any proliferating cells. A
limited number of proliferating cells and a few migrating neuroblasts were identified
in the human subventricular zone and rostral migratory stream (the path that ends in
the olfactory bulb) (Sanai et al., 2011; Sanai et al., 2004; Wang et al., 2011).
However, another study reported a much higher number of proliferating cells (Curtis
et al., 2007). An intrinsic limitation of the neuroblast analysis in these studies is that
the fate of these cells could not be concluded, that is if they become mature neurons
and integrate long-term in the olfactory bulb. To overcome this limitation and
elucidate the extent of adult olfactory bulb neurogenesis in humans we employed the
'“C-dating strategy to examine this as described in Paper lIL.
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3 PRESENT INVESTIGATION

3.1 AIMS

The overall aim of this thesis is to investigate and elucidate the occurrence of cell
renewal in the human brain.

The specific aims of the different studies are as follows:
Paper |

To assess whether there is any oligodendrocyte renewal in the human brain and to
what extent this process occurs.

Paper I

To investigate how the generation dynamics of oligodendrocytes might be affected
under pathological conditions such as in the demyelination disease multiple
sclerosis.

Paper Il

To examine the extent and the potential role of postnatal neurogenesis in the human
olfactory bulb.
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3.2 PAPERI

3.2.1 Summary of results

As described in section 2.2 of the thesis, myelination can be modified by mature
oligodendrocytes generating new myelin and/or by exchanging oligodendrocytes and
their myelin sheaths. Recent observations in animal studies support that continuous
generation and exchange of oligodendrocytes contribute to myelin remodeling in the
adult brain (Gibson et al., 2014; Young et al., 2013), though, it is less clear to what
degree mature oligodendrocytes can modulate their myelination as well as to what
extent this appears in the human brain. Therefore, in Paper | we addressed the
question of how the dynamics of oligodendrocyte generation and myelination occurs
in the human brain using our laboratory developed "C-dating strategy (Spalding et
al., 2005).

Using quantitative stereology we found that the number of mature oligodendrocytes,
identified by the combined expression of SOX10 (sex determining region Y- box 10)
and NOGO-A (neurite outgrowth inhibitor-isoform A) in corpus callosum started to
reach a plateau at ~5 years of age (88% of the final number) and after the age of 9,
(98.5% of the final number of oligodendrocytes were reached). Although there was a
slight but not significant trend of decrease with age, the oligodendrocyte numbers
stayed largely constant throughout life. Further analysis of the myelin volume was
performed in those individuals whose number of oligodendrocytes had been
quantified. We discovered an initial steep increase in myelin volume during
childhood, (at 5 years of age, 86% of the final volume was reached) which continued
into adolescence, reaching its peak at the age of 17. A slow gradual decline followed
during aging, similar to the observations of the total volume of the corpus callosum
established by imaging (Lebel et al., 2012). Interestingly, after the age of 5, when the
oligodendrocyte numbers started to plateau, we did not observe any correlation
between the number of oligodendrocytes and the myelin volume. Thus, after the
initial expansion phase, the major determinant of the myelin volume in humans does
not appear to be the number of oligodendrocytes.

If there is a continuous generation of oligodendrocytes in human white matter as
suggested from rodent studies (Young et al., 2013), a considerable part of human
white matter cells would be newly generated and will be detectable by our carbon
dating strategy. In order to explore this, we carbon-dated corpus callosum and
frontal white matter cells. The C concentration in the genomic DNA of the white
matter cells corresponded to atmospheric *C levels a few years after birth in those
individuals born after the atmospheric *C increase, indicating cell turnover, albeit
little or limited. Measurements from individuals born before the onset of the increase,
showed "C concentrations lower than at any time after 1955 (the nuclear bomb test
increase), demonstrating that a substantial proportion of the cells in the white matter
are very old and have not been replaced for decades. In contrast, when we
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measured the levels of "C in biochemically-purified myelin, we found that in all
measured individuals the ™C levels in myelin corresponded to the atmospheric *C
levels around the time of death of the individuals. This demonstrates that human
myelin is contemporary and it is continually exchanged. This is consistent with
studies in rodents revealing that myelin proteins are relatively stable and long-lived
proteins (compared to nuclear pore complex proteins and histone proteins) (Savas et
al., 2012; Toyama et al., 2013), although they are replaced within months.

Although a majority of the cells in white matter tracts are oligodendrocytes, it is
significant to specifically isolate and birth date oligodendrocytes, since turnover
dynamics likely may differ in diverse cell populations. Hence, we developed a
strategy to specifically isolate oligodendrocyte nuclei by flow cytometry (fluorescence
activated cell sorting, FACS). We isolated mature oligodendrocyte nuclei by the
combined antibody labeling against SOX10, a general oligodendrocyte lineage
marker (Stolt et al., 2002), and APC (adenomatous polyposis coli, monoclonal
antibody CC1), a marker of mature myelinating oligodendrocytes (Bhat et al., 1996).

Further assessment by quantitative reverse transcription polymerase chain reaction
(gRT-PCR) demonstrated high enrichment of three different mature myelinating
oligodendrocyte markers and SOX10 in the SOX10+/APC+ fraction. Moreover, this
fraction was almost devoid of markers for astrocytes, oligodendrocyte progenitors,
microglia, endothelial cells and hematopoietic cells. Next, we measured the *C
concentration in oligodendrocyte genomic DNA from corpus callosum. We found that
in individuals born before the onset of the nuclear bomb test (1955), the
concentration was higher than the pre-bomb atmospheric levels, showing that
oligodendrocytes had been generated after the onset of the increase in '“C.
However, in 9 out of 10 individuals, the '*C levels were lower than at any time after
the increase, revealing that a considerable proportion of the oligodendrocyte must
have been generated before the nuclear bomb tests (1955) and thus has existed for
more than 50 years.

In contrast to our observation of little turnover of oligodendrocytes, extensive studies
in mouse white matter have revealed a rather high generation of oligodendrocytes
(Rivers et al., 2008; Young et al., 2013; Zhu et al., 2011). Hence, we performed
additional analysis of the oligodendrocyte lineage cells by proliferation marker Ki-67
expression in human post mortem corpus callosum and thymidine analogue IdU in
human post mortem gray and white matter tissue from frontal and occipital cortex.
We detected very low numbers of proliferating oligodendrocyte progenitor cells (Ki-
67+/SOX10+/NOGO-A-) after the perinatal period (age of 4) and rare generation of
oligodendrocytes after one treatment of |dU administration (only 1 IdU-labeled
mature oligodendrocyte in > 10 000 analyzed mature oligodendrocytes in each
patient). This result confirmed the limited generation of oligodendrocytes after the
early childhood period in humans in contrast to rodents.
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With mathematical modeling "C data from individuals born before and after the
nuclear bomb tests, we could provide an integrated view on cell turnover. Moreover,
this enables the reproduction of the ™C concentration a cell population would have
provided it followed any certain pattern of cell generation and death. By testing
different scenarios, we found that after an expansion phase (perinatally), the *C
data was best explained by no substantial change in oligodendrocyte numbers after
5 years of age, providing an independent validation of the time course for the
formation of the final number of oligodendrocytes in humans. Next, when computing
which annual turnover rate would best fit all subjects together, we obtained the best
fit with a model of constant turnover of 0.32% per year. Based on this model we
could not find any correlation between turnover rate and age, which would motivate
additional testing of different age dependent models. Oligodendrocytes could
potentially be generated by direct differentiation of oligodendrocyte progenitor cells,
without cell division (Hughes et al., 2013). We thus considered this possibility, but we
found that this could increase the annual turnover rate maximally from 0.32% to
0.33%, due to the numbers of oligodendrocyte progenitor cells and their rather stable
number in corpus callosum throughout life.

Regional differences in the oligodendrocyte population have recently been reported
in the adult rodent brain (Dimou et al., 2008; Vigano et al., 2013). To examine if
these differences may exist also in humans, we carbon dated genomic DNA from
oligodendrocyte (SOX10+/APC+) nuclei isolated from prefrontal and frontal gray
matter cortex. Interestingly, we found that subjects born before the onset of the
atmospheric *C increase had higher concentration and individuals born after the
increase had lower "C concentration in gray matter oligodendrocytes compared to
white matter oligodendrocytes in the same subjects. This implies that indeed there
might be a regional difference in the oligodendrocyte population as oligodendrocytes
showed higher cell turnover in gray matter as compared to white matter
oligodendrocytes. From the initial comparison of *C data between gray matter and
white matter oligodendrocytes, it was already apparent that the gray matter
oligodendrocyte population followed a different turnover dynamic. Mathematical
modeling estimated that the gray matter oligodendrocytes have a more prolonged
expansion phase in the cortex and expected it to continue until the fourth decade of
life, with a subsequent annual turnover rate of 2.5%. Indeed, our observations
showed that there is different oligodendrocyte turnover dynamics in white and gray
matter.

In conclusion, our data provides evidence that human white matter oligodendrocytes
are remarkably stable with limited turnover as compared to previous studies in
mammals, whereas myelin is exchanged at a high rate. This implies that the limited
turnover cannot underlie the white matter plasticity observed in humans in response
to external stimuli. In contrast, myelin remodeling in humans may be carried out by
mature oligodendrocytes. Our study opens up the possibility that myelination in white
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matter is modulated in a conceptually different way in humans compared to the well-
studied rodents. However, we also found a difference in oligodendrocyte generation
and turnover kinetics in human gray matter, with a longer period of oligodendrocyte
generation and higher turnover rate throughout life. This provides the possibility of de
novo myelination in the sparsely myelinated cortex, suggesting that humans may
utilize a different mechanism of myelination to modulate neural function and plasticity
in different parts of the adult brain.

3.2.2 Discussion and future perspective

3.2.2.1 Humans — are we the same as mice?

The process of oligodendrocyte generation in rodents has been studied quite
extensively, establishing a high degree of newborn oligodendrocytes and new myelin
in the adult rodent white matter. Consistently with the observations in rodents, we
found that human myelin is constantly renewed. However, our observation of 0.32%
annual turnover of oligodendrocytes (after the age of five) in human white matter is
at least 100-fold lower compared to adult mice (36.5%—182%/year, in the optic nerve
and corpus callosum respectively, see Paper | for calculations). Although,
oligodendrocyte generation in human gray matter showed a higher degree of
turnover, gray matter oligodendrogenesis in rodents has not been as well studied,
which makes any comparison between species difficult. An explanation of the
differences observed could be due to the differences in the extent of myelination in
white matter tracts. In white matter tracts not all axons are myelinated, but variability
may occur in the number of myelinated axons between white matter tracts and within
the same ftract. In rodents the white matter tract, corpus callosum is largely
unmyelinated, with around 30% of the axons being myelinated (Sturrock, 1980). A
more recent study confirms this observation (Wang et al., 2008). In addition, they
also reported that the degree of myelination (in corpus callosum) increases with
brain size, further confirming that non-human primates have a much higher degree
of myelination (~70-97%) than rodents (Lamantia and Rakic, 1990; Wang et al.,
2008). Moreover, the human corpus callosum is shown to be almost fully myelinated
(Aboitiz et al., 1992). However, the optic tract, an almost fully myelinated white
matter region in rodents, still shows a dramatically higher turnover rate compared to
humans, which suggests that human myelination may use a different mechanism to
modulate myelin in white matter.
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3.2.2.2 Dynamic myelination

In individuals practicing a new skill such as juggling (Scholz et al., 2009), after 6
weeks of intensive training, they showed a ~ 5% increase in FA (imaging parameter
which correlates with myelin volume) in the engaged white matter region, reflecting
that myelination is very dynamic and may be adapted by learning. Recently, the
generation of new oligodendrocytes in the adult mouse brain has also been
demonstrated to be a requirement in learning new tasks (McKenzie et al., 2014),
proposing that myelination is modulated by new myelin from newly generated
oligodendrocytes. With our low observed generation rate in humans, the exchange
of oligodendrocytes cannot really account for the dynamic changes seen in white
matter volume, in for example, learning and training paradigms. Moreover, our
observations showed that after 5 years of age, there was no correlation between the
number of oligodendrocytes and the myelin volume, nor is there any correlation
between oligodendrocyte turnover rate and myelin volume in human white matter.
Taken together, this implies that neither the oligodendrocyte numbers nor the
replacement rate is a major determinant of myelin volume in human white matter.
Instead, myelination may be regulated by modulating the thickness of the myelin
sheets of mature oligodendrocytes in humans. It would be of great interest to further
examine myelin sheath thickness and axon diameter during development, adulthood
and aging in humans, as it could shed further light on how these parameters may
modulate and optimize the function of neuronal circuitry.

3.2.2.3 Mechanisms of myelin plasticity

Have humans and rodents developed different mechanisms for myelin remodeling?
In contrast to rodents, our data have established that in humans the generation of
new myelin by new oligodendrocytes does not play a major role in myelin
remodeling. While it has been shown that generation of oligodendrocytes contributes
to myelin remodeling in rodents, it does not omit the possibility that mature
oligodendrocytes in rodents are able to modulate their myelin. In mice where
oligodendrocytes were genetically ablated of the phosphatase and tensin homolog
(PTEN), it resulted in increased thickness of the myelin sheaths (Goebbels et al.,
2010; Snaidero et al., 2014). Another recent study showed similar observation after
a sustained activation of ERK1/2 in oligodendrocytes (Jeffries et al., 2016). This
implicates that mature rodent oligodendrocytes have the capacity of modulating
myelin sheath thickness. This could represent a more efficient way of modulating
myelination, as the replacement of oligodendrocytes would inevitably result in a
transitory demyelination of axons, which could likely impair function transiently.
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3.2.2.4 Oligodendrocyte diversity?

Another growing question is oligodendrocyte lineage heterogeneity. Does this exist
in humans? And in particular, is there heterogeneity among the myelinating
oligodendrocytes in adult humans? Almost a century ago, Pio Del Rio-Hortega first
observed and classified four types of oligodendrocytes based on morphology and
their target axons (Iglesias-Rozas and Garrosa, 2012). More recently, region
heterogeneity has been observed, with oligodendrocytes in mouse cerebral cortex
making shorter internodes than their counterparts in other brain regions, such as
corpus callosum and brain stem (Chong et al., 2012). Potential differences in
electrical properties of oligodendrocytes have also been suggested (Bakiri et al.,
2011). A transcriptional study in rodents by Marques and colleagues has further
highlighted that such heterogeneity exists among oligodendrocytes in the adult CNS
(Marques et al., 2016). The next challenge would be to investigate the heterogeneity
in humans and how this diversity may influence myelination and the subsequent
effect on neuronal function. Moreover, if such heterogeneity is evident, could the
various oligodendrocytes be differently involved and affected in myelin diseases
such as multiple sclerosis? The understanding of the heterogeneity of these cells will
be crucial for a better knowledge of the pathology process in different myelin
disorders and lead to the development of better target-effective therapies.

3.3 PAPERII

3.3.1 Summary of results

The hallmark of multiple sclerosis (MS) consists of loss of oligodendrocytes and
myelin, as well as the axons, leading to conduction deficits and a variety of
neurological symptoms. In early stages of MS, regeneration of myelin (remyelination)
has been observed (Patrikios et al., 2006). In rodents it has been revealed that
progenitor cells generate new myelinating oligodendrocytes contributing to the
remyelination process (Tripathi et al., 2010; Zawadzka et al., 2010) and existing
mature oligodendrocytes appear not to influence this process (Crawford et al., 2016).
From our study described in Paper |, we found that adaptive myelin changes in
humans may be carried out mainly by mature oligodendrocytes modulating their
myelin, in contrast to rodents where it seems to be regulated mainly by
oligodendrocyte exchange. Since there is a large difference observed in the
dynamics of oligodendrocyte generation and myelination between rodents and
humans (Paper 1), how well does the different experimental animal models of MS
reflect the human disease and cellular response to it? Thus, how this process is
mediated in multiple sclerosis remains to be elucidated.

In Paper Il, we investigate the cell generation dynamics in multiple sclerosis. To
address this, we used our established '*C-dating strategy (Spalding et al., 2005),
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which takes the advantage of the nuclear bomb test generated-'*C in the
atmosphere and assessed the age of mature oligodendrocytes in multiple sclerosis
patients.

Using our previously established strategy of isolating mature oligodendrocyte nuclei
from human postmortem tissue by FACS (Paper 1), we successfully isolated and
carbon dated mature oligodendrocyte nuclei from normal appearing white matter
postmortem tissue of multiple sclerosis patients. When comparing the '*C
concentration in multiple sclerosis patients with healthy subjects born before the
nuclear bomb test, there was no significant difference in the *C levels, revealing that
the disease does not seem to affect the generation rate of oligodendrocytes.
Interestingly, in some multiple sclerosis patients born after the atmospheric '“C
increase, mathematical modeling showed a highly elevated generation rate after
disease onset compared to healthy individuals.

We further examined if this observation may be related to aging, since the ability of
oligodendrocyte generation and remyelination decreased with age in animal models
of multiple sclerosis (Shields et al., 1999; Sim et al., 2002). However, no correlation
was observed between age at disease onset and the generation rate of
oligodendrocytes in the multiple sclerosis patients.

Moreover, with our **C dating technique we would be able to detect if older multiple
sclerosis patients born before the atmospheric *C increase would have had an
increased oligodendrocyte generation rate the first decade after their disease onset.
As the early disease period overlaps with the highly elevated atmospheric ™C levels,
it would be readily detectable even after a long time due to the cumulative property
of C. However, this was not observed in our patients. Instead, we found an inverse
correlation between the time from disease onset to the patient's death and the
oligodendrocyte generation rate in the multiple sclerosis patients. The MS patients
with an increased oligodendrocyte generation rate had a common factor of a rapid
progression to death and likely a very aggressive disease. Thus, the patients with
the most aggressive disease died at a young age and it is probably why this effect
was detected in the latest born individuals. While all MS patients with an increased
oligodendrocyte generation rate had a rapid disease progression, we also observed
other patients with a similar rapid disease progression without exhibiting an elevated
level of oligodendrocyte generation, reflecting that multiple sclerosis or the response
to the disease and its progress is quite heterogeneous.

We next assessed the age of mature oligodendrocytes from remyelination lesions in
white matter of MS patients. If oligodendrocyte generation contributes to
remyelination as has been observed in rodents, this would suggest an increased
oligodendrocyte generation during the disease period in remyelination lesion in MS
patients born before the nuclear bomb tests and subsequently yield an elevated '*C
value. Remarkably, we found that the ™C levels in oligodendrocyte nuclei from
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remyelination lesions in patients born before the rapid increase of atmospheric *C
concentration were not higher, but in contrast lower, than white matter from healthy
subjects and normal appearing white matter of MS patients. This suggests that
during the disease period the generation of new oligodendrocytes has been reduced
and the existing oligodendrocytes were mainly generated before the onset of the
disease. To test this possibility, we modeled a scenario to see how the absence of
oligodendrocyte generation would affect the '*C concentration after the disease
onset. The modeling calculation closely resembled the measured ™C concentration
in mature oligodendrocytes from remyelination lesion, supporting the concept of
inefficient oligodendrocyte generation in MS white matter lesion.

We further examined if oligodendrocyte progenitor cells could have directly
differentiated to oligodendrocytes without proliferation (Hughes et al., 2013), as this
would lead to an underestimation of oligodendrocyte generation and give the
impression that the oligodendrocytes are old even though they would be newly
differentiated. However, we found that oligodendrocyte progenitor cells in normal
appearing white matter were younger than the mature oligodendrocytes in
remyelination lesion. Subsequently, if the progenitor would differentiate directly to
mature oligodendrocytes, the oligodendrocytes would still appear significantly
younger than what we observed. Moreover, the number of oligodendrocytes
progenitor cells is around 20-fold less than the mature oligodendrocytes in adult
white matter (Paper |) and to be able to reconstitute the amount of mature
oligodendrocytes it would require more than four cell divisions of the progenitor cells.
We tested this scenario with mathematical modeling and found that even with very
conservative estimates, the calculated values would be detected as substantially
different from the measured '*C concentration in mature oligodendrocytes from
remyelination lesion. Therefore, we could exclude this possibility.

In summary, we found that in normal appearing white matter the oligodendrocyte
dynamics seem not to be affected in MS, except for a subset of patients with an
aggressive disease where an increased oligodendrocyte generation was observed.
Our data demonstrate that human white matter has an intrinsic potential to largely
increase oligodendrocyte generation, but it fails with increasing durations of the
disease and in MS lesions. Furthermore, we revealed that oligodendrocyte
generation is mainly absent in remyelinated lesions, establishing that remyelination
in MS patients is carried out by old spared oligodendrocytes.

3.3.2 Discussion and future perspective

3.3.2.1 Newly formed oligodendrocytes contributing to remyelination?

The CC-1 (anti-APC, monoclonal clone, CC1) antibody was recently revealed not to
bind APC, but found to bind Quaking-7 (QKI-7), a RNA-binding protein, highly
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expressed in mature myelinating oligodendrocytes. However, in the study by
Marques and colleagues, QKI-7 was also expressed in relatively high level in the
population defined as pre-myelinating oligodendrocytes (NFOL1 and NFOL2) in their
single cell mouse transcription expression analysis data set (Marques et al., 2016)
(http:/Nlinnarssonlab.org/oligodendrocytes/). Moreover, there was a preliminary
observation of a fraction of the pre-myelinating oligodendrocytes (ITPR2+ cells)
being labeled with the CC-1 antibody in the adult mouse brain (S. Marques, personal
communication, 2017). They also observed an increase in number of this population
when learning a new skill (learn to run in a complex wheel) in line with a previous
mouse study (McKenzie et al., 2014), which showed that the early response in
learning a skill involved newly formed oligodendrocytes. One could therefore
speculate on the possibility of these newly formed, pre-myelinating oligodendrocytes
contributing to remyelination as an early response in MS.

Thus, we cannot exclude that our sorted SOX10+/CC-1+ fraction, that we carbon
dated may include pre-myelinating oligodendrocytes. However, our '*C data from
remyelination lesions showed that the SOX10+/CC1+ oligodendrocytes were very
old, simply confirming that if there are pre-myelinating oligodendrocytes contributing
to the remyelination, they are indeed very old, being generated postnatally and
having survived for at least 3-4 decades. Furthermore, in mouse white matter the
ITPR2+ pre-myelinating oligodendrocyte population constitutes around ~15% of the
oligodendrocyte lineage cells (SOX10+): does this population exist in humans? If so,
how large is this population in the human brain? Is there a similar regional diversity
as observed in the mouse? In fact, there is currently no established marker for this
population in humans and additional characterization of these pre-myelinating
oligodendrocytes in humans is needed before we can further investigate the
potential role of this population in the remyelination process in multiple sclerosis
patients.

3.3.2.2 Remyelination by existing oligodendrocytes

In MS, myelin sheaths are being attacked by the immune system (Ransohoff et al.,
2015). The autoimmune reaction in MS can be directed against a wide variety of
epitopes in different MS patients and several of the autoantigens are epitopes mainly
associated with the myelin sheaths, while others are related to the cell body of
oligodendrocytes or expressed by non-oligodendrocytes (Fraussen et al., 2014). In
early MS lesions, Romanelli and colleagues observed a loss of myelin, which would
also indicate a loss of oligodendrocytes (Romanelli et al., 2016). However,
quantification analysis revealed that the number of mature oligodendrocytes
remained unchanged compared to normal appearing white matter (Romanelli et al.,
2016). This implied a selective destruction of the myelin sheaths by myelin
autoantibodies and, as long as the oligodendrocyte cell bodies were left intact, the
oligodendrocytes can potentially regenerate their myelin sheaths and remyelination
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may occur. Moreover, a remyelination study in rodents observed that newly
remyelinated fibers produced by new oligodendrocytes can achieve myelin sheath
length and thickness similar to developmentally myelinated axons (Powers et al.,
2013). Their observations suggested that the long-lasting abnormally thin myelin
observed in pathological lesions, such as in MS remyelination lesions, unlikely is the
result of incomplete myelin remyelination (from newly generated oligodendrocytes).
Instead, it may be due to myelin re-modulation from preexisting oligodendrocytes
(Powers et al., 2013). Together, these suggestions are in line with our findings that
spared oligodendrocytes can contribute to remyelination in MS.

It should be noted that our findings are in contrast with the current view on the
remyelination process, which is mainly inferred from rodent studies, where
remyelination is primarily being carried out by the generation of new
oligodendrocytes. Our findings highlight that humans may use a different mechanism
in myelin repair than what have been observed in animal studies. Furthermore, our
data suggest that immediate therapies inhibiting the destruction of oligodendrocytes
and identification of molecular regulator affecting myelin of existing oligodendrocyte
may be crucial for remyelination and subsequently functional recovery.

3.4 PAPERIII

3.4.1 Summary of results

Olfactory bulb neurogenesis has been studied extensively in rodents, with large
numbers of neuroblasts migrating every day from the subventricular zone to the
olfactory bulb (Ming and Song, 2011) and approximately 40% of the newly generated
neurons integrate into the olfactory bulb circuitry and survive long-term (Winner et
al., 2011). This process appears not to be restricted to rodents, but has been shown
to occur also in adult non-human primates (Kornack and Rakic, 2001) . However, the
extent and potential role of postnatal olfactory bulb neurogenesis in humans have
been questioned, as there have been contradicting results from recent human
studies (Curtis et al., 2007; Sanai et al., 2011; Sanai et al., 2004). In Paper lll, we set
out to investigate the occurrence of adult neurogenesis in the olfactory bulb by *C
birth dating.

To understand if there is any postnatal generation in the olfactory bulb we first
carbon-dated adult human olfactory bulb cells. The *C levels in genomic DNA of
human postmortem olfactory bulb from all individuals indicated significant cell
turnover in the human olfactory bulb. However, the human olfactory bulb consists of
almost equal numbers of neurons and non-neuronal cells, and therefore it is not
possible to discriminate if the observed cell turnover occurs in all cells or if it may be
restricted to one of these populations.
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To specifically determine the age and turnover of neurons and non-neuronal cells,
we used the antibody against NeuN (neuronal nuclei) to isolate neuronal nuclei by
FACS. Even if the neuronal marker NeuN is a well-established marker for most
neuronal subtypes, it does not label the mitral and certain glomerular layer neurons
in the rodent olfactory bulb (Mullen et al., 1992). Moreover, in histological analysis of
human olfactory bulb, we also found that a subset of neurons were NeuN-. In order
not to exclude any neuronal subtypes, we found that HuD antibody specifically
labeled all post-mitotic neurons, thus allowing the isolation of neuronal nuclei from
the human olfactory bulb. However, histological analysis revealed that in addition to
neurons, the HuD antibody also labels a subset of non-neuronal cells. The non-
neuronal cells labeled by the HuD antibody had oligodendrocyte lineage
characteristics and they were further confirmed to co-express SOX10 and CNPase
(2',3’-cyclic nucleotide 3’-phosphodiesterase). We subsequently isolated neuronal
nuclei (HuD+/SOX10-) and non-neuronal nuclei (HuD- and or NeuN-) by flow
cytometry and measured the '*C concentration in genomic DNA in these
populations.

The 'C data together with mathematical modeling revealed that the non-neuronal
population has an annual turnover rate of 2.0%-3.4%. Since this represents an
average for all non-neuronal cells, it is likely that the turnover dynamics may vary
between specific non-neuronal cell types. This was also observed when modeling
the data. The global model fit for the non-neuronal cells was not optimal and
indicated that turnover rates may change with aging or that the population is
heterogeneous, with cells having different turnover rates. One may speculate if the
HuD-/SOX10+ oligodendrocytes potentially could have a higher turnover rate than
what has been observed in other regions of human white and gray matter (0.3% and
2.5%, respectively). However, in this study the HuD-/SOX10+ population was not
separated from the other HuD/SOX10- non-neuronal cells. Moreover SOX10+ is a
general oligodendrocyte lineage marker and it may also include oligodendrocyte
progenitor cells as shown in Paper |I. A more plausible explanation to the
considerable turnover in the non-neuronal populations could come from microglia
turnover, where it has been described to have an annual turnover rate of 28% in
human cortex (Reu et al., unpublished data).

In contrast, we found that the genomic DNA ™C concentrations of neurons
corresponded to atmospheric levels at the time around the birth of the individual,
indicating either the absence or an extremely low level of postnatal olfactory bulb
neurogenesis. We could not exclude a limited constant turnover of neurons with an
annual turnover rate of 0.008%. This would be as if less than 1% of all neurons
would be replaced after a lifetime of 100 years.

In sum, we report that human olfactory bulb neurons are almost as old as the
individuals, establishing that there is very limited, if any, postnatal neurogenesis in
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the human olfactory bulb. This highlights a fundamental difference in the plasticity of
the human brain compared to other mammals and it reminds us that we need to be
cautious whether studies in rodents could be correctly generalized to the human
brain function and disease.

3.4.2 Discussion and future perspective

Psychiatric and addiction disorders have been suggested to decrease olfactory bulb
neurogenesis (Hansson et al., 2010; Negoias et al., 2010; Winner et al., 2011). In
our data set some of the individuals were diagnosed with some of these conditions
(Paper Ill). However, in all individuals observed, the *C concentration in olfactory
bulb neurons corresponded to the time around birth and no apparent correlation
were found between olfactory bulb neurogenesis and these conditions. Moreover, in
several neurodegenerative diseases, a common and early symptom is anosmia,
which has been implied to be associated with reduced adult olfactory bulb
neurogenesis (Hoglinger et al., 2004; Winner et al., 2011), but our findings show that
this seems unlikely.

In rodents it has been estimated that around 50% of the olfactory bulb neurons are
replaced annually (Imayoshi et al., 2008) and if we would compare our finding with
rodents, the extent of human postnatal olfactory bulb neurogenesis is order of
magnitudes lower. This difference may probably reflect a functional brain difference,
as from rodent studies it has been suggested that adult born neurons contribute to
odorant discrimination and olfactory learning and memory formation (Lazarini and
Lledo, 2011; Magavi et al., 2005). However, the lack of equivalent adult generation
of olfactory bulb neurons in humans could suggest that these functions may be
differently mediated in humans or just the simple fact that maybe humans are not as
olfaction-dependent as the rodents.
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4 CONCLUDING REMARKS

In this thesis | have presented how renewal of cells in the brain may affect brain
plasticity and in particular white matter plasticity.

Furthermore this thesis has shed light on the importance of human studies, as our
results have revealed large differences in neuronal cell and oligodendrocyte
generation between humans and rodents. Although we cannot undermine the
significance of animal studies, as it is essential in advancing our understanding of
the function of oligodendrocytes, myelin and neurons in the adult brain, it is however,
crucial to consider species differences. These differences are especially relevant
when the role of cell turnover in diseases is investigated, as animals and in particular
rodent models may not always translate the human situation well.

As illustrated by the works presented in this thesis | hope | have made it apparent
that oligodendrocytes play a larger role than only just being a support cell and a
static insulator of axons. Indeed they have an emerging role in modulating neural
plasticity and the complex function of the brain. Rodent studies have suggested that
adaptive myelin modulation is mainly executed by the generation of new
oligodendrocytes. However, our findings have challenged this prevailing view. Our
results have highlighted the possibility and role of existing mature oligodendrocytes
in modulating their myelin and identifying another mechanism of adaptive modulation
of myelin that may occur in the human brain in contrast to what has been observed
in rodents. Moreover this further emphasizes that myelin is starting to become
considered a highly dynamic and active element of the central nervous system, with
an increasing role as a key player in neural circuitry modulation and in adult myelin
plasticity.
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