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BY VARUN UPADHYAY

A

Rifenerative medicine is one of the
ost recent and emerging branch-
es of medicine centered around replacing
diseased or damaged tissue via innovative
technological and biological techniques. A
promising pathway in regenerative medi-
cine focuses on harnessing the limitless po-
tential of human stem cells—cells capable of
transforming into any of the body’s various
cell types, from cardiac muscle cells to neu-
ral cells. By understanding the fundamental
mechanisms of stem cell versatility, devel-
oping cellular therapies to treat currently
incurable diseases is on the horizon. Spe-
cifically in the realm of neuroscience, the
potential of stem cells for treating patients
with neurodegenerative disorders such as
Alzheimer’s has led to novel research in
the field. By uncovering and understanding
the intrinsic mechanisms of how stem cells
function, it may soon be possible for one to
artificially stimulate the creation of neurons
and rebuild the human brain.

HOW DO STEM CELLS WORK?

Stem cells are unspecialized cells with
the power to differentiate, or transform,
into over 200 different specialized cell types
as required by the body. Based on their
differentiation capabilities, stem cells are
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Figure 1: The diagram above illustrates the pathway for the pluripotent stem cells housed in
the blastocyst (the ball of cells that forms after an egg becomes fertilized) to transform into the

ectoderm, mesoderm, or endoderm.

classified as either totipotent, pluripotent,
multipotent, or unipotent. Pluripotent stem
cells are given the most attention with their
unique potential to transform into almost
any cell type by serving as the foundational
unit for the three primary germ layers that
form during human development: the ecto-
derm (which gives rise to the nervous sys-
tem and epidermis), the endoderm (which
forms the gut and many of the internal or-

gans), and the mesoderm (which becomes
the muscles cells and connective tissue of
the body).!

Although deriving stem cells initially
required the use of an embryo, the break-
through advancements made by Shinya Ya-
manaka in 2006 have allowed for the repro-
gramming of adult somatic cells back into
their undifferentiated, pluripotent state. By
taking an adult cell and culturing it with
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yamanaka factors—“reprogramming”
factors—the cell becomes an induced plu-
ripotent stem cell (iPSC), and may be
re-differentiated into a specific cell type.
Specifically, these yamanaka factors include
the Oct3/4, Sox2, Klf4, c-Myc proteins,
and the overexpression of these factors in a
mouse or human somatic cell may induce
its reversion to a pluripotent state.?

Research demonstrates that the tar-
geted differentiation of stem cells is made
possible by artificially mimicking the em-
bryonic environment to induce a particular
transformation. In one study, for exam-
ple, neural stem cells were generated from
mouse pluripotent stem cells. Expressing
neuroectoderm-specific protein factors and
signaling molecules, such as Sox1 and Six3,
in pluripotent stem cells facilitated their
differentiation into neural stem cells, thus
creating the possibility of forming new neu-
rons.* This technology involving directed
differentiation has a myriad of implications
for the development of future regenerative
medicinal treatments, specifically for pa-
tients with neurodegenerative diseases. By
streamlining neurogenesis — the process
of creating new neurons from neural stem
cells — one may effectively replace the
damaged or diseased neural cells involved
with various neurodegenerative disorders,
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Figure 3: The diagram above illustrates the pathway that may be followed during the differ-
entiation of a neural stem cell into either neuronal or glial cells, based on the signaling that is

provided.

such as Alzheimer’s disease (AD). However,
much more remains to be discovered with
respect to the various complex molecular
mechanisms that govern neurogenesis be-
fore therapeutic treatments may be made
available for patients.

WHAT EXACTLY IS NEUROGENESIS?

Neurogenesis is the incredible process
by which new neurons are formed from the
differentiation of neural stem cells (NSCs).
It is important to note, however, that NSCs
may follow two distinct differentiation
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Figure 2: The various regions of the brain. Neurogenesis primarily occurs in the subgranular
zone of the hippocampus and the outside walls of the lateral ventricles (known as the lateral

subventricular zones).”
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pathways which dictate what type of cell
differentiation will occur. Through neu-
rogenesis, neurons (the main functional
unit of communication across the brain)
may be produced, and through gliogene-
sis, astrocytes (cells which provide synap-
tic support and hold nerve cells in place)
and oligodendrocytes (cells which allow
for the rapid conduction of nerve impuls-
es across the brain’s neural network) may
be made.* While most important during
embryonic development, neurogenesis is a
process that continues throughout adult-
hood and is postulated to maintain healthy
brain function and aid in the regulation of
mood, memory, and learning.” The process
occurs primarily in the lateral subventric-
ular zone (the largest neurogenic zone in
the brain where neuroblasts, or premature
neurons, are made) and the subgranular
zone of the hippocampus (the region in-
volved with learning and memory). In or-
der to artificially stimulate this process and
promote neuronal building, it is necessary
to learn the fundamentals of the robust
nature of adult neurogenesis. By exploring
the neurobiology of how the body creates
new neural cells, there exists a significant
potential for the development of cellular
treatments for neurodegenerative diseases
such as Alzheimer’s, Parkinson’s, or Hun-
tington’s Disease, all of which may be due
in part to a fault in the neurogenic process.®

HOW DOES NEUROGENESIS WORK?
While the full scope of the complex

neurobiological processes involved in
neurogenesis are still being studied, much
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Figure 4: The diagram above illustrates the immense complexity of a typical neuron. The abil-
ity for stem cells to differentiate into such an involved structure is a powerful phenomenon.

headway has been made in understanding
the integral proteins and molecules associ-
ated with the development of neural cells.

One such class of proteins found to
be crucial to neurogenesis regulation is
the Cyclin D family of proteins. Cyclin D
proteins are regulatory proteins which con-
trol cell cycle progression and specific cy-
clin-dependent kinases, molecules which
are necessary for enzymatic activity and
the growth of new cells. In an experiment
involving mice, the cyclin D2 protein was
found to play a pivotal role in neurogene-
sis. By comparing wild-type (normal) mice
to mutated mice (which had the cyclin D2
protein knocked out), it was discovered
that the resulting brain structures varied
significantly in size by around 25%. Brain
regions such as the hippocampus, occipital
cortex, and cerebellum were all found to be
much smaller in weight, as compared to the
normal brain. Although the molecular and
chemical mechanisms are not as clear, the
results of this study indicate that the lack
of functional cyclin D2 protein in the adult
brain ultimately results in a near-complete
absence of proliferation of neuronal pre-
cursors. Thus, this protein is an important
component in the process of adult neuro-
genesis and may inhibit the development of
new neurons if impaired or absent.?
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Cell signaling, or the transfer of infor-
mation from one cell to another via proteins
and molecules, has also been found to play
a crucial role in neurogenesis. Specifically
in the subgranular zone of the hippocam-
pus (SGZ), juxtacrine, cell-to-cell contact
signaling of the protein ephrin-B2—which
is responsible for neuronal development—
via astrocytes was found to positively reg-
ulate hippocampal neurogenesis. NSCs in
the hippocampus were found to be rich in
EphB4, the receptor to the ephrin-B2 mol-

ecule. At sites of cell-cell contact between
NSCsand astrocytes, the ephrin-B2 released
from astrocytes mediates a proneuronal ef-
fect, ultimately leading to neurogenesis. In
experiments with mice, it was shown that
ephrin-B signaling not only elevates adult
hippocampal neurogenesis, but also plays
a role in instructing NSC neuronal differ-
entiation, or the commitment to a neuronal
fate in the NSC lineage.” Other cell signal-
ing molecules called neurotrophic growth
factors have also been found to play a ma-
jor role in stimulating the differentiation of
neural stem cells. Factors such as the nerve
growth factor (NGF), brain derived neuro-
trophic factor (BDNF), glia-derived nerve
factor (GDNF), and insulin-like growth
factor 1 (IGF-1), all play a role in adult neu-
rogenesis through the ultimate regulation of
fate specification of neural stem cells. Neu-
rotrophic growth factors work by activating
tropomyosin-related kinase (Trk) receptors,
which stimulate a cascade of chemical sig-
naling pathways that results in the prolifer-
ation and differentiation of NSCs to create
new neurons.'®!! In common neuropathol-
ogies such as AD, where impaired neuro-
genesis is a common clinical precursor,
these neurotrophic factors were reported in
reduced levels in addition to Trk signaling.
Enhancing the presence or effectiveness of
these various components to increase cell
signaling efficiency may thus provide many
therapeutic benefits in enhancing neuro-
genesis, and future research may shed more
light on how to effectively control and scale
these reactions to develop promising treat-
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ments for patients with neurodegenerative
disorders."

THE FUTURE OF NEUROGENESISIN
REGENERATIVE MEDICINE

The process of neurogenesis is an in-
credible phenomenon with vast potential in
the field of regenerative medicine. As more
integral proteins and molecules to this pro-
cess are discovered, such as neurotrophic
growth factors and Cdk2, it is important to
note that this is but a small part of the mo-
lecular machinery that works in tandem to
regulate the remarkably complex process of
neuronal formation from neural stem cells.
While the full capacity of the neurobiolog-
ical mechanisms involved with neurogene-
sis has yet to be fully understood, the pos-
sible benefits suggested from developing
stem cell-based therapies to rebuild neu-
rons offers an exciting pathway to combat
currently incurable neurodegenerative dis-
eases such as Alzheimer’s and Parkinson’s
disease. Researchers hope that, with the
development of such therapies, damaged
or diseased neurons involved in cognitive
impairment may be effectively replaced
with healthy neurons to ultimately restore
normal function in patients. With further
research needed, much more remains to
be investigated in this field of regenerative
medicine before the artificial, neuronal re-
pair of a diseased brain may transition from
theory to reality.
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