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Abstract
Neurodegenerative diseases can be caused by abnormal protein accumulation,
mitochondrial dysfunction and intracellular oxidative stress, all of which fall within
the realm of autophagy, including autophagic clearance of protein aggregates
and autophagic degradation of organelles (e.g. mitophagy). Although the exact
mechanisms regulating autophagy in the central nervous system (CNS) remain
unknown, it is likely that autophagy failure plays a critical role in the pathology of
neurodegenerative disease.

This study investigates the role of basal autophagy in oligodendrocyte (OL)
development and OL function, focusing on autophagic activity in OL lineage cells
and the effect of autophagy on OL production during OL development and in
adulthood. It has been reported that myelinophagy, a recently discovered form of
selective autophagy, is involved in the degradation of myelin and promotes
myelin clearance in the peripheral nervous system (PNS). My current study also
examines the role of autophagy in myelination, which has not yet been well
investigated.

We generate mice lacking autophagy related gene 5 (Atg5) specifically in OL
lineage cells to study the role of autophagy in OL development and OL function.
Employing immunostaining, electron microscopy and lipidomics analysis, we
found that although the loss of autophagy does not have an evident effect on the
proliferation and differentiation of OL precursors during OL development, it can
cause abnormal aggregations of intracellular proteins in adult-born OLs with age,
indicating that autophagy primarily affects adult-born OL function. In addition, a

number of astrocytes become reactive in the cortex of these mice, which is the
hallmark in response to the CNS pathologies, hinting at the importance of OL
autophagy in maintaining brain homeostasis.

Impact Statement
In the United Kingdom, one in five people are over the age of 65, and the number
is forecast to rise to one in four by 2046. Following the increase in the ageing
British population, dementia has overtaken other diseases to become the biggest
killer since 2015. Inevitably, dementia has had an impact on the UK health care
systems, families and society.

Dementia is a syndrome that refers to a broad spectrum of brain disorder. As
most dementias are progressive, the symptoms can vary from person to person,
but include forgetfulness and loss of concentration in the early stage. In
neuropathology, such cognitive decline is driven by abnormal accumulation of
organelles and proteins in brain cells. When protein aggregates accumulate to a
certain level, that leads to brain cell dysfunction and death, which subsequently
worsens symptom.

The brain, the central organ of the nervous system, is composed of different types
of neurons and glial cells. Neurons, as the fundamental units, are responsible for
transmitting information to each other through their nerve fibres called axons. The
neuronal massage is transferred in the form of electrical signals along axons.
One type of glial cells, the oligodendrocyte (OL), forms fatty insulating sheaths,
called myelin, which is wrapped around the axon to ensure signal transmission
efficiently. One can imagine that any threat to the OL and myelin could further
obstruct signal transmission.

In the aged primate brain, the most noticeable age-related alteration in myelin is

the presence of dense intracellular waste, which is derived from the parent OL,
resulting in gradual myelin degeneration and impairing brain function. Thus, it is
reasonable to speculate intracellular clearance to be an important mechanism to
promote OL survival and maintain myelin status.

Autophagy, one of the intracellular degradation systems, is associated with
potential benefits in dementia treatment, since the absence of autophagy in the
mouse brain causes abnormal aggregates in neurons and neuronal death, which
is the hallmark of dementia disease. However, to date it remains cryptic whether
autophagy plays a role in the OL, as it does in the neuron in contributing to brain
disorders and ageing.

In the current study, we will monitor autophagic activity in OLs at different OL
development stages in mice. Then by using genetic recombination, we will
examine whether the loss of autophagy in the OL affects OL development and
myelination. Also, we will analyse the alteration of myelin fatty compositions
extracted from autophagy deficient and aged OL, respectively. Our study aims to
depict the function of autophagy in OL lineage cells and provide new insights into
the mechanisms of age-related brain disorder.
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Chapter 1 The role of basal autophagy in
oligodendrocyte development
1.1 Introduction
1.1.1 Glia in the central nervous system
The human brain is composed of an equal number of neurons and glial cells,
approximately 85 billion of each (Herculano-Houzel, 2009). Neurons, the basic
units of the brain, receive and transmit signals that are correlated with the
remarkable range of human behaviour. Unlike the neuron, which has drawn wide
attention due to its functions and pathology, the glial cell used to be regarded as
a secondary cell or, as its name implies, the ‘neural glue’ in the central nervous
system. Over the last few decades, glial biologists have shattered the traditional
view by showing compelling evidence that these cells play an indispensable role
in various developmental and functional aspects in the nervous system.

In the central nervous system (CNS), the glia population can be divided into four
major groups: astrocytes, microglia, oligodendrocytes (OLs) and oligodendrocyte
precursor cells (OPCs). Astrocytes are best known for their role in regulating the
concentration of ions in the extracellular matrix and maintaining the blood-brain
barrier (Kimelberg, 2010). The resident macrophage cells, microglia, are
primarily responsible for eliminating dead cells and debris, which endangers the
CNS (Colonna and Butovsky, 2017).
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The OLs are the glial cells that produce the lipid-rich substance myelin, which
ensheaths axons in a spiral formation. Each OL processes and envelops over 20
axonal segments. As the myelin sheaths segregate the axonal ion channel into
distinct domains, the action potential can jump from one domain to another
instead of moving smoothly along the axon. Therefore, a major function of OLs
in the CNS is to create the insulating myelin sheaths that facilitate a rapid signal
conduction on the axon.

In the last two decades, OPCs have been classed as the fourth group of glia in
the last two decades, as a considerable number of OPCs remain in a proliferative
state in the adult brain. The traditional view on OPCs is related to their role in the
OL lineage that either contributes to neural plasticity or replaces the dying
counterpart (Young et al., 2013). However, recent studies have shown that the
perturbation of OPCs or OPC key protein results in the impairment of
neurotransmission (Sakry et al., 2014; Birey et al., 2015), suggesting that OPCs
influence synaptic efficacy.

1.1.2 Oligodendrocyte development
Neuroepithelium cell differentiation
The ectoderm layer, which is the outer germ layer in a vertebrate embryo, has
three major parts: the surface ectoderm, which will develop into epidermis; the
neural plate, which will become the neural tube; and the neural crest, which is
located between the epidermis and neural plate. The neural plate generates the
peripheral nervous system and pigment cells. The lateral sides of the neural plate
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move upward during development to form paired neural folds. Shortly thereafter,
these folds adhere and fuse together along the dorsal midline to generate a
hollow tube called the neural tube.

The neural tube is the precursor of the brain and spinal cord, and it is composed
of a layer of rapidly dividing neuroepithelium progenitor cells (NEP). At this stage
of development, these multipotent NEP undergo massive cell division to generate
thicker layers in the tube. Afterwards, cells located in the outer layer of the tube
extend and attach to the lumen layer, hereinafter referred to as the luminal
surface. This enables the nuclei of the NEP located in the outer layer to move
from the apical surface to the luminal surface. Once the NEP approaches the
luminal surface, it divides into two daughter cells, which then migrate away from
the inner surface. This continual movement has been termed interkinetic nuclear
migration (INM). Notably, Sauer (1935) depicted INM in pig embryos. In the
following radiolabel study, tube cells incorporated radioactive thymidine into their
DNA. Subsequently, certain cells that did not contain the radioactive base,
migrated away from the luminal surface, thus suggesting that this group of cells
is not involved in cell mitosis (Fujita, 1966). In fact, cells complete the cell cycle
during INM. The cells move to the inner layer of the tube in the G2 phase of the
cycle, and then mitosis occurs close to the inner surface. One progeny cell moves
back during the G1 phase, while another one remains in the luminal surface.

However, NEP development does not occur in a simple ‘in-out’ manner. During
the early expansion period of neurogenesis, the dominant symmetric horizontal
division generates two additional multipotent stem cells. In the later stage of

3

neural development, asymmetric vertical division takes place, resulting in a
luminal stem cell and a progenitor cell (Chenn and McConnell, 1995). Shortly
afterwards, the radial glial cell guides the progenitor cell to migrate to various
regions of the CNS (Rakic, 1974). A highly conserved protein, partition defective
protein 3 (Par3), reportedly influences the asymmetric division in a dynamic way.
When a daughter cell has more Par3 expression, it develops high Notch
signalling activity and remains a stem cell. The other daughter cell that receives
less Par3 harbours less Notch signal and becomes the neural precursor cell
(Bultje et al., 2009).

The neuron-glia switch
During neural development, NEP are committed to differentiate into neuronal
and/or glial precursor cells; however, these precursors are generated in
successive waves. One theory that describes the process of differentiation is
called ‘segregating model’, and it states that the NEPs resided the ventricular
zones (VZ) segregate neuronal precursors and glial precursors (Gage, 2000).
Both type of precursors further produce neurons and glia, respectively. Neurons
are induced in the first waves, which is followed by the generation of glial cells.

The alternative model, ‘switch model’, believes that neurons and glia are the
progeny of common precursors, and neuron or neural precursors are generated
prior to glial cell or glial precursor (Richardson et al., 2000, Figure 1-1 A). The
progenitors in the spinal cord that produce motor neurons (MNs) also create
OPCs, but they are not generated concurrently. In the mice model, MNs are born
around embryonic day 10 (E10, Wichterle et al., 2002), which is three days prior
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to the emergence of OPCs. Moreover, according to the study of retroviral linage
tracing, neurons and glial cells are derived from a common cell lineage in the
chick spinal cord (Leber et al., 1990). Similar results have also been found in
zebrafish, where the defective expression of both MNs and OPCs is shown in
Olig2-suppressed zebrafish, indicating that these two cell types come from the
same lineage (Kazakova et al., 2006; Lu et al., 2002).

The histogenesis of oligodendrocyte lineage
The rodent model thoroughly describes the origin and migration of OPCs
(Richardson et al., 2006). The OPCs undergo similar events in the spinal cord
and brain during late embryonic gestation.

In the spinal cord, OPCs first arise from the pMN domain of the VZ around E12.5.
These ventricular-derived OPCs then migrate throughout the spinal cord, and
they comprise approximately 80 percent of all OPCs in the spinal cord. After their
initial production, another cluster of OPCs appears in the dorsal spinal cord at
E15.5 (Figure 1-1 B), ultimately contributing to 20 percent of all OPCs locally (Cai
et al., 2005; Tripathi et al., 2011).

In the forebrain, an early wave of OPCs from E12.5, the analogous population of
OPCs in the spinal cord, appears in the medial ganglionic eminence (MGE) and
anterior entopeduncular area (AEP) located in the ventral forebrain. These
incipient cluster of OPCs migrates to all regions of the forebrain before birth. In
E16.5, the second wave of OPC starts from the lateral ganglionic eminences
(LGE), and subsequently, they join the first wave to populate the entire
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telencephalon. The third wave of OPCs is derived from the postnatal cortex (Ctx,
Figure 1-1 C). Therefore, the three sources that compose of the cortical
population of OPCs are two immigrants from the MGE and the LGE in the
embryonic period respectively, and one inhabitant from the Ctx in the neonatal
period. In contrast with the case in the spinal cord, the MGE-derived OPCs as
the early settlers are rapidly reduced by postnatal day 10 (P10). Hence, the OLs
and OPCs in the adult Ctx mainly originate from the LGE and SVZ (Kessaris et
al., 2006).

The OPCs continue to proliferate and generate myelinating OLs throughout
adulthood. As introduced previously, once an OPC differentiates into a mature
OL, myelin produced by the OL is expected to spiral around the axon to form the
myelin sheath. However, a recent study revealed that nearly 80 percent of newly
differentiated OLs within the upper layer of the somatosensory Ctx engage in cell
death rather than commit to myelination (Hughes et al., 2018). It suggests that
although the myelinated OLs remain stable in the adult Ctx, a barrier may exist
to prevent full integration of new premature OLs in the neural circuit.

1.1.3 Factors that determine oligodendrocyte development
Signalling factors regulate the fate of neural progenitor cells to either a neuronal
or glial lineage. Some of them are specifically required for OL-related gene
expression and are used as the lineage markers, which are expressed at different
stages of OL development (Figure 1-2).

6

Figure 1-1 The oligodendrocyte genesis during embryonic stage.
(A) Neurons and oligodendrocytes (OL) share a cell lineage named multipotent
neuroepithelial progenitor cells (NEP), which first generate neurons through neuron
precursors. Under the control of various transcription factors, neural precursors
switch to oligodendrocyte precursors cells (OPC), which are the origin of OL. (B) In
the spinal cord, the generation of OPCs starts from the ventral ventricular zones at
embryonic day (E)12.5. Then, additional OPCs are generated in the dorsal region at
E15. (C) In the cerebrum, the first precursors are originated from the medial
ganglionic eminence (MGE) at E12.5, then the second stream of precursors
commence at the lateral ganglionic eminence (LGE) in E16.5. The cortex (Ctx)derived precursors appear after birth. Adapted from (Richardson et al., 2006).
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Figure 1-2 The related proteins expressed in oligodendrocyte development.
All cells of OL lineage express the transcription factor Sox10 and Olig1/2. The
OPCs consecutively divide in the developmental CNS under the impetus of
mitogenic growth factors such as platelet-derived growth factor (Pdgf). Partial
OPC progenies can rest in the G1 phase of the cell cycle. Once OPC starts to
differentiate into OL, the expression of Pdgfra will cease, followed by the
presence of CC1 in the newly formed OL. At the later stage of OL genesis, opalin
is used to identify mature OL. Adapted from (Xiao et al., 2016).
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Platelet-derived growth factor (PDGF)
There are five isoform-dimers in the PGDF family, PDGF-AA, -AB, -BB, -CC and
-DD, along with two receptors, PDGFRα and β (Andrae et al., 2008). The
interaction between PDGF-A and receptor α in the CNS particularly affects the
proliferation of OPCs, and the deletion of the PDGF-A gene in vivo results in a
significant reduction in the OPC population (Richardson et al., 1988; Fruttiger et
al., 1999). In mice, the PDGFRα is first expressed at the pMN domain of the VZ
in the spinal cord on E12.5, and then PDGFRα-positive cells proliferate and
migrate throughout the whole cord (Pringle and Richardson, 1993). Once
progenitors reach the proper region in the CNS, they start to differentiate into
OLs, which no longer express PDGFR (Hall et al., 1996).

Transcription factors Olig1/2 and Sox10
Although both oligodendrocyte transcription factor 1 (Olig1) and 2 (Olig2) express
early on, they display different functions in OL development. Olig2 plays a
dominant role in the development of OLs and motor neurons in the spinal cord
(Meijer et al., 2012). However, Olig1 is not essential in the early stage since
Olig1-null mice are growing normally in the development period but later
experienced a transient maturation delay in OL differentiation (Lu et al., 2002;
Paes de Faria et al., 2014). Another transcription factor, Sox10, is also
indispensable in OL development, as the differentiation of progenitors for
myelinating OLs is disrupted in the absence of Sox10 (Claus et al., 2002).

Olig1 and Olig2
In the spinal cord, Olig1 and Olig2 are the neural bHLH (basic-helix-loop-helix)
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transcription factors detected in the pMN domain at E10.5, which occurs prior to
but runs concurrently with the commencement of OPCs at E12.5 (Lu et al., 2000).
This suggests that after E13, Olig expression is a reliable indicator for OL lineage.
The successive waves of OL development through the brain are accompanied
by the expression of Olig transcription factors (Kessaris et al., 2006).

Ablation of Olig1 has little effect on the proliferation of OPC in early development.
However, during later maturation, all OL lineage markers fail to show on schedule.
Regardless, they are otherwise normal, indicating that Olig1 is required for OL
maturation. In contrast, the complete absence of OPC is observed in Olig2 null
and Olig1/2 double mutant embryos at E13, suggesting Olig2 is essential for OL
development that begins at a very early stage (Lu et al., 2002; Zhou et al., 2002).

Sox10
The high-mobility-group domain transcription factor Sox10 is a vital regulator
involved in the development of the CNS. In the OL lineage, Sox10 promotes
myelination as the myelin-related genes fail to express in Sox10- deficient mice
(Claus et al., 2002). In early studies, a small number of Sox10 transcripts were
first observed at E8.5 in the dorsal of the neural tube (Kuhlbrodt et al., 1998).
However, it has since been proved that the region of Sox10 occurrence at E8.5
belongs to the neural crest. In fact, Sox10-positive cells are observed at E11.5 in
the VZ of the developing spinal cord and the region between the hypothalamus
and ganglionic eminence about one day later, where OPCs are originated. After
E14.5, the majority of Sox10-positive cells are widely distributed throughout the
spinal cord and settled in the prospective white matter by E18.5, which overlaps
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the migration pattern of Pdgfra- and Olig2-positive cells, inferring that the
expression of Sox10 is strongly correlated with OL genesis (Claus et al., 2002).
Additionally, previous evidence revealed that ectopic expression of Olig2 in the
mesodermal lineage induces Sox10 expression in vivo (Zhou et al., 2002) and
mouse Olig2 enables the binding of Sox10 in vitro (Wißmüller et al., 2006),
suggesting that there may exist an interaction between Sox10 and Olig to
coregulate cell fate. Li et al. (2007) uncovered a functional synergy between Olig1
and Sox10 in vivo, which elevates one specific transcription of the myelin basic
protein gene, indicating that Sox10 can activate the myelin-related gene
transcription in the form of a Sox10/Olig1 complex.

CC1
The monoclonal antibody CC1 is commonly used to identify mature OLs in
immunostaining work. In early studies, CC1 was deemed to be against
adenomatous polyposis coli (APC) antigen. Individuals born with a defect in APC
gene are more likely to develop familial adenomatous polyposis (FAP). Some
FAP patients also suffer from brain tumours, indicating that APC may play a role
in glioma genesis (Hamilton et al., 1995). To define the cellular localization of
APC in the CNS, Bhat et al (1996) found that there is an intense expression of
APC in OLs by using APC antibody clone CC1. Hence CC1 was believed as a
faithful antibody to recognize APC antigen. However, conflicting results were
reported in later studies that APC was predominantly expressed in neurons other
than in OLs (Brakeman et al., 1999), and more important, CC1 antibody detects
another antigen instead of APC though CC1 does label OLs (Lang et al., 2013).
One recent study resolved the paradox that CC1 staining is colocalized with an
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isoform of RNA-binding protein, Quaking 7(QKI7), in mature OLs, and the
proteins which CC1 and QKI7 antibodies bind to have same molecular weight
bands in western blot (Bin et al., 2016), indicating the CC1 antibody detects QKI7
protein. Regarding QKI7 in OL development, the mRNA and protein level of QKI7
is distinctly up-regulated in myelinating OLs (Hardy et al., 1996) and QKI7
enhances OPC differentiation in a cell cycle-independent manner (Chen et al.,
2007).

Opalin
Opalin is a transmembrane protein and has been well studied regarding its
predominant expression in myelinating OLs in the CNS (Golan et al., 2008). The
mRNA and protein of Opalin in rats are detected by P9 and P10 respectively,
which is consistent with the time window for OL maturation and myelin formation.
The expression of Opalin also coincides with that of the majority of myelin
proteins in vivo; However, in the loss-of-function study, there is no obvious
difference between the control and opalin-knockout mice in terms of OL
proliferation and myelin formation (Yoshikawa et al., 2016). This suggests that
Opalin may play a redundant role in OL development.

Neuronal marker: β-tubulin III and NeuN
Microtubules, the main components of cytoskeletons, are essential players for
basic cellular activities, such as mitosis and cytoplasmic transport. They are
polymerised by the globular protein, tubulin, in the form of a hollow cylinder. The
class III β-tubulin, one of the most important members of the tubulin superfamily,
has been reported to be exclusively neuron specific (Katsetos et al., 2003).
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Although β-tubulin III is deemed a reliable marker for distinguishing the neuronal
cells from glia in the CNS, it has been reported that β-tubulin III is co-expressed
with glial fibrillary acidic protein (GFAP) and neural stem cell related protein,
Nestin, in the foetal brain mid-gestation (Dráberová et al., 2008). As the tubulin
protein, β-tubulin III may be involved in the radial glia genesis in the early
developing telencephalon.

The monoclonal antibody A60 recognised the neuronal nuclei protein (NeuN)
(Mullen et al., 1992) has been widely used as a reliable marker for the
immunolabeling of mature neurons. The NeuN protein is predominantly
associated with the cell nucleus in the major population of post-mitotic neurons,
which facilitates co-immunostaining with other antibodies to verify the varied subtype of the neurons. The function of NeuN was identified that being a splicing
protein binds to RNA to regulate neural specificity (Kim et al., 2009).

1.1.4 Autophagy in the CNS
Cell degradation systems recycle intracellular material and maintain cellular
homeostasis. One of the fundamentally pathways for protein degradation is the
autophagy-lysosomal pathway. Absence of autophagy-lysosomal recycling
pathway leads to the unnecessary accumulation of cellular inclusions, eventually
inducing apoptosis. Neurodegenerative diseases are essentially caused by
abnormal protein accumulation, mitochondrial dysfunction and intercellular
oxidative stress, which are coincidentally responsible for the autophagy that
allows for protein-aggregate clearance and mitochondrial turnover in cell bodies.
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Thus, autophagy failure can lead to the pathogenesis of neurodegenerative
diseases.

While the exact role of autophagy in the CNS remains elusive, accumulating
evidence has revealed that autophagy is particularly important for neural function.
In general, most neurons that extend long axons throughout different regions of
the brain have considerably large surface areas and high metabolic requirements
(Bélanger et al., 2011). Therefore, to maintaining the functions of intracellular
organelle particularly under conditions of cellular stress, a quality control of
cytoplasmic components is required for neuronal survival (Tooze and Schiavo,
2008). Unlike autophagy in other organs that was remarkably up-regulated by
nutrition deprivation, autophagy remained in a relatively low level in the brain
even after 48hours starvation (Mizushima et al., 2004). However, an
indispensable turnover of cytosolic content by autophagy is observed that a small
amount of autophagy acts highly efficient autophagic degradation in healthy
brains (Boland and Nixon, 2006). An experiment conducted on mice that lacked
an autophagy-related gene, Atg5, displays extensive neuron death in the cerebral
and cerebellar cortices, accompanied with accumulated polyubiquitinated
proteins in autophagy-deficient neurons (Hara et al., 2006). These data indicate
that autophagy is importantly associated with the survival of neural cells.
Moreover, damaged axonal mitochondria in the optic nerve head are
transcellularly degraded by the lysosome in adjacent astrocytes (Davis et al.,
2014), suggesting that neighbouring glial cells may share responsibility for the
degradation of neuronal inclusions.
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Regarding the role of autophagy in OLs, little is understood, but some clues have
emerged from previous studies. Peters et al. conducted extensive research on
the myelin sheath in the rhesus macaque (Peters et al., 1994; Peters et al., 2000;
Peters and Sethares, 2002). They demonstrated that the accumulation of dense
cytoplasm, which is derived from the parent OL, is the most common feature of
age-related alteration in myelin sheaths (Figure 1-3). This indicates that OLs are
unable to process the turnover of intracellular cytoplasmic inclusions during
ageing, which may be linked to age-associated decline in autophagic activity.
One study examining the role of autophagy in the Long-Evans shaker (les) rat, a
rodent model with dysmyelination mutation, showed that the induction of
autophagy in les OL can prolong the survival of les OL by promoting membrane
extensions and increasing myelin sheath thickness (Smith et al., 2013),
suggesting that autophagy may play a protective role in facilitating OL survival
and myelin formation.

1.1.5 The basic assembly line of autophagy
Autophagy is a ubiquitous catabolic process that persevered from yeast to
mammals, occuring in many different types of cells. To date, autophagy has been
classified into three distinct types in mammals: microautophagy, chaperonemediated autophagy (CMA) and macroautophagy. Microautophagy involves a
direct process in which substrates are taken up within the lysosome by its armlike membrane extension (Mijaljica et al., 2011). Unlike microautophagy, CMA
choose specific targets containing substrates with certain peptide sequence that
can be recognised by a constitutive chaperone, the heat shock-cognate protein
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Figure 1-3 Myelin sheaths develop swellings containing dense cytoplasm in an
aged rhesus monkey.
(A) The lamellae structure of a myelin sheath wrapped around an axon (Ax). Two
localized pockets of dense cytoplasm (Dc) appear within the myelin lamellae. Scale
bar = 0.5 μm (B) Higher-magnification of the myelin sheath with split lamellae, which
has been bulged out by excessive dense cytoplasm. Scale bar = 0.1 μm. Both electron
micrographs are adapted from (Peters et al., 2000)
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of 70 kDa (Hsc70). Hsc70 is not only responsible for bringing substrates to the
surface of the lysosome, but also assists substrate translocate into the lysosome
via

the

lysosomal

membrane

complex

(Cuervo

and

Wong,

2014).

Macroautophagy is different from the other two types in that a cytosolic vesicle is
required to transport substrates to the lysosome, thus vesicle formation become
the most essential step in the macroautophagy process.

Macroautophagy, henceforth referred to as ‘autophagy’, is up-regulated in
response to cellular stress, which triggers a series of sequential events.
Autophagy formation starts when a membrane-bound organelle consisting of
autophagy related protein complexes and microtubule-associated protein 1A/1Blight chain 3 (LC3), is generated to form a double-membrane phagophore de
novo. Next, autophagic vesicles accumulate to elongate the phagophore, which
gradually forms a cup-shaped vacuole that contains cytosolic inclusions. The last
step in the formation is the closure of the growing vacuole, which called the
autophagosome.

Once this formation occurs, the outer membrane of the autophagosome fuses
with lysosomes to form an autolysosome. The inner membrane of the
autophagosome along with the inclusions is eventually degraded by lysosomal
hydrolases (Figure 1-4 A).
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A

B

Figure 1-4 The basic process of macroautophagy.
(A) The activation of autophagy is dependent upon the upstream stress stimuli (e.g.
starvation and hypoxia) and pharmacological agents (e.g. mTOR inhibitor rapamycin
and mTOR-independent inducer trehalose) and is driven by autophagy related proteins
forming ‘cup-shaped’ phagophore. Phagophore obtains cytoplasmic materials via
autophagy substrates during the elongation of the phagophore membrane. After
closure of the growing phagophore, a double-membrane vesicle called the
autophagosome fuses with lysosome for cargo degradation. Nutrients are
subsequently released to be used again by the cell. Adapted from (Mizushima et al.,
2010) (B) Various proteins are involved in the process of autophagosome formation.
LC3 (microtubule-associated protein 1 light chain 3) is primed by Atg4 family proteins,
a cysteine endopeptidase to form cytosolic LC3 (LC3-I). Next, Atg7 activates LC3-I,
and then facilitates the conjugation of phosphatidyl-ethanolamine (PE) to the activated
LC-I to become LC3-II (LC3-PE). In Atg12 conjugation reactions, Atg12 is initially
activated by Atg7, and then Atg10 catalyses the covalent conjugation of Atg5 to Atg12.
Subsequently, the Atg5-Arg12 conjugates are bonded to Atg16 to form the Atg5-Atg12Atg16 complex. Afterward, this large complex links the PE on LC3 to grow the
phagophore membrane.
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Atg5 is involved in the incipient step of the assembly (Figure 1-4 B). It conjugates
to Atg12 and Atg16 to form an Atg5-Atg12-Atg16 complex and further binds with
protein LC3, or Atg8 in yeast. This binding promotes LC3 lipidation, which helps
recruit additional lipid components on the phagophore membrane and allows for
elongation to occur. The absence of Atg5 completely blocks the formation of the
autophagosome; thus, siRNA depletion and Atg5 gene knockouts are widely
used in studying both gains and losses in autophagy.

1.1.6 Autophagy monitoring
In the autophagy community, autophagy monitoring is essential to locate the
formation of autophagosome and measure the dynamic status of autophagic flux.
For monitoring, two approaches have been developed: (1) the direct way, via
detecting the membrane protein, such as LC3, to trace the autophagosome; and
(2) the indirect way, via observing the alteration of autophagic substrates or
degraded produce to confirm autophagic activity (reviewed in Klionsky et al.,
2016).

LC3-II as the lipidated form of LC3 protein is highly conserved in all eukaryotes
and recruited into the autophagosomal membrane (Kabeya et al., 2000). One
study revealed the extra-vesicle role of LC3-II in the process of basal autophagy
(Johansen and Lamark, 2011), suggesting autophagy receptors bind to their
substrates selectively to form a complex that is delivered to the autophagosome
for degradation via LC3-interacting regions. After autophagosomes fuse with
lysosomes, LC3-II seems to be degraded. Therefore, LC3-II is regarded as an
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autophagy marker located in the autophagosome membrane due to its
significance in the formation of the autophagosome. To directly monitor and
analyse by fluorescence assay, the green fluorescent protein (GFP)-fused LC3
transgenic mouse line is created by random integration of GFP-LC3 fragments
with a CAG promoter consisting of the cytomegalovirus immediate early
enhancer and the chicken β-actin promoter (Mizushima et al., 2004). This
transgenic mouse enables the visualization of the distribution and kinetics of
autophagosomes in varying organs (Figure 1-5 A).

Ubiquitin-binding nucleoporin 62 (p62), also known as Sequestosome 1, is not
only an autophagy receptor protein that binds misfolding proteins or damaged
organelles for further autophagy turnover, but a substrate that must be removed
via autophagosome-lysosome fusion. Generally, p62 is transactivated by stress
sensor proteins in response to oxidant exposure. Then p62 binds specifically with
reactive oxygen species (ROS) to form an oxidative complex. It is recognized
and bound by LC3-II, located in the inner layer of the autophagosome during
membrane elongation. ROS and p62 substrates can be degraded in
autophagosome-lysosome fused vacuoles (Bjørkøy et al., 2005). Thus, the
presence of p62-positive aggregates in the cell cytoplasm is one of the most
known ways to identify autophagy activity, as the accumulation of p62 can reflect
the absence of autophagy in tissues (Figure 1-5 B).
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Figure 1-5 Two approaches used to monitor autophagy in response to
starvation and autophagy gene aberration.
(A) Overexpressing GFP-LC3 (white dots) are induced after 24 hours of starvation,
which up-regulates autophagy, in skeletal muscle and heart samples. As exogenous
LC3 with GFP reporter integrate into the autophagosome membrane, the GFP dots
are regarded as the appearance of local autophagy. Bar,10 μm. Adapted from
(Mizushima, 2009) (B) Notable autophagic substrates, p62 inclusions, are presented
in an autophagy-deficient cortex during postnatal development. Bar, 20 μm. Adapted
from (Komatsu et al., 2007)
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1.1.7 A transcriptome database of CNS genes
Various types of cells are significant for the development, function and pathology
of the nervous system. Each cell type is tightly controlled by cell-specific
transcriptomes. Thus, developing a transcriptome dataset is necessary for
understanding the influence of gene expression in the fate and function of defined
cell types in the CNS. Previous studies using microarrays have created
transcriptome libraries cross neurons, astrocytes and OL lineage cells and
identified the major cell type-specific genes (Dugas et al., 2006; Cahoy et al.,
2008). However, the hybridization-base microarray largely relies on known
genome sequences and has low sensitivity to detect very-low or very-high
expressed genes due to the limited dynamic range of scanner, which is made up
for RNA-sequencing technique (Wang et al., 2009). Therefore, a high-resolution
transcriptome database of multiple neural subtypes was constructed by
performing RNA-sequencing in a later study (Zhang et al., 2014). Furthermore,
based on date derived from the transcriptome database, Zhang et al. establish
an enzymatic cascade in brain energy metabolism that the preferential
enrichment of lactate related enzymes leads to distinct ways to manage energy
consumption in neurons and astrocytes, indicating this database has inestimable
value that allows the neuroscience community to explore novel cell markers and
genetic modifications.

In this thesis, transcriptome data from (Zhang et al., 2014) are utilized to interpret
the potential function of certain genes in OL autophagy or myelin lipid. The URL
of this searchable database is web.stanford.edu/group/barres_lab/brain_rnaseq.html.
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1.2 Objectives
1, this study sets out to investigate the role of basal autophagy in the early neural
development. Labeling the autophagosome fused with GFP reporter is the
common way to track autophagosome location. By monitoring the expression of
GFP in the LC3-GFP mice, the distribution of autophagy in the embryonic CNS
will be examined that whether autophagy is involved in the OL early development.

2, As it has been reported that myelinophagy, a new form of selective autophagy,
is associated with the degradation of myelin and promoted the myelin clearance
in the PNS (Gomez-Sanchez et al., 2015), while autophagy in the adult CNS
have not yet been well studied. In this part, the mouse lines that conditional
knockout (cKO) Atg5 in OL lineage cells (Atg5-cKO (SOX10)) and (Atg5-cKO
(OLIG1)) will be generated to examine the consequences of aberrant autophagy
in OL development and myelin formation.
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1.3 Materials and Methods
1.3.1 Animals
Mice were husbanded in the animal facility of the biological services of University
College London and maintained in a standard 12h light/dark-cycle with water and
food.

Table 1-1 Mice used in this chapter
Mouse line

Refer.

Sox10-cre

Matsuoka et al.,2005

Olig1-cre

Lu et al., 2002

Pdgfra-CreERT2

Rivers et al., 2008

Opalin–iCreERT2

Tripathi et al., 2017

Rosa-YFP

Srinivas et al., 2001

Tau–GFP

Tripathi et al., 2017

TdTomato

Madisen et al., 2010

Atg5 flox/flox

Hara et al., 2006

LC3-GFP

Mizushima et al., 2004

1.3.2 The primers for genotyping

Gene

Primers
1, TCG ATG CAA CGA GTG ATG AG

Sox10-Cre
2, TTC GGC TAT ACG TAA CAG GG
1, CTC AGG CGA CCA ATG AAC ACT C
Olig1-Cre
2, GGT GTT ATA AGC AAT CCC CAG AA
Pdgfra-CreERT2

1, CAG GTC TCA GGA GCT ATG TCC AAT TTA
CTG ACC GTA
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2, GGT GTT ATA AGC AAT CCC CAG AA
1, GAG GGA CTA CCT CCT GTA CC
Opalin–iCreERT2
2, TGC CCA GAG TCA TCC TTG GC
1, AAA GTC GCT CTG AGT TGT TAT
Rosa-YFP
2, GCG AAG AGT TTG TCC TCA ACC
1, CCC TGA AGT TCA TCT GCA CCA C
Tau–GFP
2, TTC TCG TTG GGG TCT TTG CTC
1, CCC TGA AGT TCA TCT GCA CCA C
TdTomato
2, TTC TCG TTG GGG TCT TTG CTC
1, GAA ATG CAT GCA TGT GCA CTG
Atg5 flox/flox
2, CAC AGG GTA CAC TGA AGG AT
1, TCC TGC TGG AGT TCG TGA CCG
LC3-GFP

2, TTG CGA ATT CTC AGC CGT CTT CAT CTC
TCT CGC

1.3.3 Antibody information
Antibody

Provider

Dilution

Rabbit anti-Olig2

Millipore

1:500

Goat anti-Sox10

gift from M. Wegner

1:2000

Rabbit anti-Pdgfra

Cell Signalling

1:500

Mouse anti-APC(CC1)

Calbiochem

1:200

Mouse anti-beta tubulin III

Sigma

1:500

Mouse anti-NeuN

Millipore

1:500

Rabbit anti-ATG5

Novusbio

1:200

Mouse anti-GFAP

Sigma

1:500

Rabbit anti-Iba1

Wako

1:500
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Mouse anti-CaMKII

Abcam

1:100

Mouse anti-P62

Novusbio

1:500

Rat anti-Hsc70

Abcam

1:200

Rat anti-LAMP2

Abcam

1:200

Chicken anti-GFP

Aves Labs

1:1000

1.3.4 Tamoxifen administration
Tamoxifen (Sigma) was dissolved at 30 mg/ml in corn oil through sonication at
21°C for 40 minutes. It was then administrated by oral gavage at 150 mg
tamoxifen/Kg body weight for four consecutive days.

1.3.5 Cell culture
The forebrain of E13.5 mouse embryos was exposure by using fine forceps to
remove the skull. The cortices including the medial ganglionic eminence were
taken after dissecting the forebrain and then were placed into Earle’s Buffered
Saline Solution without Ca+ and Mg+ (EBSS, Gibco).

All dissected cortices were incubated at 37°C for 45 minutes with 50μl of Trypsin
(Gibco, stock was 0.25% w/v) and 50μl of DNase (Roche, stock was 5.25 mg/ml).
All tissues and solution were transferred into a tube with EBSS afterwards. The
addition of 5ml Dulbecco's Modified Eagle Medium (Gibco) and 10% Fetal Bovine
Serum were added in EBSS to inactivate trypsin. Gently tapping five times was
able to dissociate some of the cells. The subsequent step is that the medium was
centrifuged for 5 minutes at 1300rpm, which allowed cell to settle to the bottom
of tube, then removing the medium to keep the sediment of the tube. For cell
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counting, the sediment was resuspended in 1ml of medium and the cell
concentration was estimated base on haemocytometer counting. Following this,
10μl of the suspension with a concentration of 105 cells/μl was placed in well with
200μl of culture medium onto polyD-lysine (Sigma) coated glass coverlips.

The culture medium is formulated from a laboratory protocol as follows:
Dulbecco’s modified Eagle’s medium with progesterone (Sigma, 60ng/ml),
sodium selenite (Sigma, 40ng/ml), thyroxine (Sigma, 40ng/ml), triiodo-Lthyronine (Sigma,30ng/ml) and putrescine (Sigma, 16μg/ml). Cells were grown
with medium for up to 5 days in a humid incubator at 37°C and 5% CO2. The
culture medium was replenished on the third day.

1.3.6 Immunocytofluorescence (ICF)
For immune detection, the medium was removed from each well and replaced
by 4% PFA (paraformaldehyde in PBS) for five minutes at room temperature,
followed by three times PBS washes (3 x 5 minutes).

ICF staining of coverslips
To preventing non-specific hydrophobic binding site, the coverslips were blocked
by 200μl of blocking solution (4% horse serum in PBS) and incubated at room
temperature. After 1 hour, the conjugated primary antibody was added with
certain dilution, referred to section 1.3.3 in blocking solution. Coverslips were
then incubated overnight at 4°C.

The coverslips were washed (3 x 5 minutes) in PBST (PBS with 0.1% Triton-X
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100, Sigma). From this step forward, light was avoided. The secondary antibody
was diluted in 1:800 to each well. The plate with coverslips was incubated at
room temperature for 1 hour in the dark. Coverslips were again rinsed three times
in PBST. The mounting medium (Dako) was dispensed by one drop per coverslip
with round cover glass. The slides with cultured cells were stored at 4°C.

1.3.7 Immunohistofluorescence (IHF)
Mice were transcardially perfused with 4% PFA. Tissue samples, that of including
the brain and the spinal cord, were post-fixed in the same fixative overnight and
infiltrated by 30% sucrose for 24 hours, with changes of the sucrose two to three
times within this period. Afterwards, tissue samples were dissected and placed
in molds containing an OCT-embedding compound. All molds were labelled and
stored at -80°C.

Tissues sections were cut by cryostat at a thickness of 20-µm. For embryonic
tissues, sections were thawed onto gelatin-coated histological slides directly and
exposed in air at room temperature till they were dry. For postnatal tissues, the
sections were moved to a 24-well plate filled with PBS initially and transferred
onto glass slide (Superfrost) after the secondary antibody incubation. The
following steps in the IHF are the same as that in terms of referring to ‘The ICF
staining on coverslips’ step.

1.3.8 Electron microscopy tissue sample preparation
1, Under terminal anaesthesia, a mouse was transcardially perfused with cold
(pre-chilled at at 4°C) 0.01M PBS (pH7.4) briefly for two minute to wash away
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the blood. When the liquid flowed out of heart became clear, the perfusion was
continued with pre-chilled 4% Glutaldehyde in 0.1M PB (pH7.4) for about six
minutes when the tail and body become hard.
2, Dissected tissue including brain, spinal cord and optic nerve were put in prechilled 4% Glutaldehyde in 0.1M PB (pH7.4). All samples are store at 4°C with 4%
Glutaldehyde.
3, Samples were shipped to the collaborator under room temperature.
4, The ultrastructural images and G-ratio with statistical analysis were made by
the collaborator, the Jing-Wei Zhao lab in Zhejiang University, China

1.3.9 Fluorescence quantification
Fluorescence intensity representing protein expression was measured by
ImageJ (Schneider et al., 2012; Bankhead, 2014).
1, The images were converted to 16-bit grayscale before processing
(Image→Type→16-bit).
2, The regions of interest on the binary image were highlighted via the ‘threshold’
function, which revealed these regions in red colour. (Image→Adjust
→Threshold). Manual adjustment was needed if the default algorithm cannot
cover all the regions of interest.
3, Before starting on quantification, several parameters have to be selected that
‘Area’, ‘Mean gray value’, ‘integrated density’ and ‘limit to threshold’ in the option
‘Set Measurement’, which allows thresholded pixels to be included exclusively in
measurement. (Analyze→Set Measurement)
4, The stack of values for intensity quantification was recorded when randomly
picking certain area in 20X image (367μm x 367μm) by using ‘Measure’ under
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option ‘Analyze’. The value of ‘IntDen’ (integrated density) saved for further
analysis.

1.3.10 Statistical analysis
Data analysis and plots were performed by GraphPad Prism 6. Student t-test was
used to test data with normal distribution. For multiple comparisons, one-way
ANOVA test with Bonferroni’s post hoc test was employed. All data are expressed
as mean ± SEM. n.s. stands for not significant.
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1.4 Results
1.4.1 A large proportion of GFP-LC3 is expressed in neurons
In this chapter, the GFP-LC3 mouse line was employed to assess the expression
of autophagy during the early stages of OL development. The NEP were isolated
at mouse E13.5 and cultured for up to five days with SATO media and fibroblast
growth factor 2 which promotes OPC differentiation (Chen et al., 2007). In in vitro
assay, weak fluorescence signals were observed in Olig2+ cells and
unexpectedly a predominant amount of GFP was expressed in neuronal soma
and axons (Figure 1-6 A and B). Theoretically, as an intracellular degradation
system exists globally, once autophagy is triggered by intracellular signalling, for
example, oxidative stress or energy crises, it initialises phagophore assembly. At
that moment, the exogenous LC3 is accompanied with the endogenous LC3 as
the basic component to form the autophagosome membrane in the GFP-LC3
mouse line. In this study, however, numerous exogenous GFP molecules
accumulated in the neuronal cytoplasm and axons, and, by comparison, subtle
GFP expressions were seen in OL (Figure 1-6 C). A relatively equivalent level of
LC3 mRNA expressed across the population of OL lineage cells and neurons
(Figure 1-6 D), but at the protein level, most exogenous LC3 expressed in
neurons rather than OLs. The high metabolic demands for autophagosome
assembly are probably required by neurons as much more GFP signals were
presented.
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Figure 1-6 GFP-LC3 is overwhelmingly expressed in neuronal soma and axons.
Cells are extracted from the cerebral cortex of GFP-LC3 embryos at E13.5. A and B
present the same field with different biomarkers. (A) GFP signalling overlapped with
the axon, which is targeted by β-tubulin, and (B) OL in red were completely distal from
GFP-LC3. (C) With high magnification, it is seen that Olig2 (arrowhead) and GFP-LC3
(arrow) were localized in mutually exclusive cells. (D) LC3 RNA-seq data adapted from
Zhang et al. (2014); FPKM: fragments per kilobase of transcript per million mapped
reads. Scale bars, 50μm. Error bars represent SEM
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1.4.2 GFP-LC3 is widely found throughout the CNS embryonic development
and is primarily expressed in white matter
The observations of the NEP culture show that considerable GFP-LC3 is located
in the neuronal soma and axons. To verify whether the patterns of LC3
appearance in vivo are the same in vitro, the distribution of GFP-LC3 across
different stages of embryonic CNS was examined.

After neural tube closure, the neural stem cells located in the lumen tubules start
to move along the radial cells, then approach the intermediate zone where they
differentiate into neurons. At E9.5, the expression of β-tubulin III identifying
neurons was detected in the superficial layer of the spinal cord (Figure 1-7 A),
indicating that neurons generated in the intermediate zone extended their
process through the intermediate zone to the outer layer-marginal zone (MZ),
while Olig2-positive cells remain in the pMN domain located in the ventral spinal
cord (Figure 1-7 B). During this period, substantial expression of GFP-LC3 was
found not only in the MZ but also in the VZ, where neural stem cells reside. The
β-tubulin III-positive neurons and their axons were clearly observed in the MZ at
E13.5 with a high overlapping density of GFP expression, which appeared yellow
in staining (Figure 1-7 C). In the meantime, Olig2+ OPCs progressively moved
away from the pMN domain to the other regions of the ventral spinal cord (Figure
1-7 D), but the migration routes were not traced by GFP expression. At postnatal
day 1 (P1), the expression of β-tubulin III almost covered the whole spinal cord,
including grey matter (Figure 1-7 E). Similarly, Olig2+ cells seem to be equitably
distributed in the spinal cord (Figure 1-7F). It cannot be determined whether GFPLC3 expressed in OL as dense GFP staining was evenly distributed in all regions
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Figure 1-7, continued on the next page
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Figure 1-7 The distribution of GFP-LC3 at different periods of embryonic
development.
(A-B) At embryonic day 9.5 (E9.5), the vast expression of β-tubulin III was observed
in the marginal zone (mz) of the neural tubes and Olig2 was staggered within the
motor neural progenitor (pMN) domain. Two dense GFP groups are presented in the
edge of ventricular zone(vz) and mz specifically. (C-D) Neuron marker β-tubulin III is
virtually overlaid with the accumulation of LC3 at E13.5, and at the same time point,
Olig2-positive cells begin to migrate from the MN domain to other regions of the spinal
cord. (E-F) At postnatal day 1(P1), the staining of GFP and β-tubulin III is evenly
distributed throughout the whole spinal cord. Scale bar, 50μm in E9.5;100μm in E13.5
and P1.
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of the spinal cord at P1.

This is the same as the results exhibited before whereby the expression of GFPLC3 were notably colocalized with neuronal biomarker β-tubulin III after E13 in
the telencephalon. Thus, according to a previous study that GFP-LC3 dots, which
represent autophagosomes, were scarcely found in the brain where high-enough
GFP-LC3 signal was revealed (Mizushima et al., 2004); GFP-LC3 may associate
with certain non-autophagic functions in the brain. Combined with current
findings, we concluded that CAG-GFP-LC3 mouse line might not be an optimal
tool to monitor autophagosome in OL study. Regarding the preferential
distribution of GFP-LC3 in the CNS, it will be discussed in section 1.5.1.

1.4.3 OL lineage-specific autophagy deficiency elicits abnormal behaviours
in mice, followed by astrocyte activation
As observed in previous studies, autophagy failure in the CNS via neural cellspecific autophagy gene Atg5 or Atg7 knockout causes severe deficits in motor
function and is accompanied by an accumulation of inclusion bodies in neurons,
which has been linked to the underlying mechanisms of neurodegenerative
diseases (Hara et al., 2006; Komatsu et al., 2006). Likewise, we ask whether the
absence of autophagy affects OL development. The mice carrying the Atg5flox
allele (Hara et al., 2006) were crossed with transgenic mice expressing Cre
recombinase under the control of the Olig1 promoter (Lu et al., 2002) and Sox10
promoter (Matsuoka et al.,2005) to respectively create Atg5(Olig1) and
Atg5(Sox10) cKO mice. Olig1 and Sox10 are expressed exclusively by OL-
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lineage cells at early stages in the CNS (Zhang et al., 2014). Thus, followed by
the conditional removal of autophagy gene Atg5, autophagosome is unable to
assemble, resulting in autophagy deficiency in OL lineage cells.

Atg5(Sox10) cKO mice were born normally, indicating that a lack of Atg5 in OLlineage would not lead to essential dysfunction in embryonic development.
However, Atg5(Sox10) cKO mice showed growth retardation resulting in an
approximately 20 percent bodyweight reduction compared with their littermate
controls (Figure 1.8 A). Around P14, roughly a quarter of Atg5(Sox10) cKO mice
developed abnormal behaviour such that their head was kept in the tilt position
and they had abnormal gait (Figure 1.8 B). This unusual head tilt was relieved,
to some extent, after weaning (P21), but they still had uncoordinated gait, with
both hind limbs dragging. When suspended by the tail, mutant mice spun around,
resulting in them losing their balance in the air, rather than stretch out their
forelimbs to endeavour to grab something as control mice did. This implied that
Atg5(Sox10) mice had impaired balance and coordination. Moreover, these
motor deficits were accompanied by shivering beginning in the first three months.
By comparison, Atg5(Olig1) cKO mice showed only mildly abnormal behaviours.
Neither head tilt nor uncoordinated gait was observed after birth, and subtle body
shaking emerged at roughly three months of age in Atg5(Olig1) cKO mice.
Additionally, control mice, including Atg5flox/flox mice (Cre-negative), Atg5flox/+;
Olig1-Cre mice and Atg5flox/+; Sox10-Cre mice did not exhibit any abnormal
phenotype. These observations suggest that the failure to generate
autophagosomes in OL-lineages induced behavioural deficits from an adult age.
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To examine whether autophagy deficiency leads to any defects in OL proliferation,
all OL lineage cells in the regions of the motor Ctx and the corpus callosum (CC)
were immunolabelled with anti-Sox10 to locate the whole population of OL
lineage cells. The anti-Pdgfra was employed to detect OPC and mature OL was
marked by anti-APC. By counting cells in the Ctx and CC, a notable reduction in
the number of mature OL appeared in Atg5(Sox10) cKO mice (Figure 1.8 C). The
numbers of OPC and OL, in contrast, were unaltered in Atg5(Olig1) cKO mice at
both P10 and P21 ages. The slowness in maturity of OL genesis may have been
because of the extensive expression of Sox10 genes in neural crest cells during
the early stages of development, which may further contribute to retarded
postnatal growth.

To determine whether Atg5 had been inactive in cKO line, we examined forebrain
tissue by immunofluorescence test with anti-Atg5 antibody. To date, most
commercial anti-Atg5 antibodies are derived from N-terminal region of Atg5
immunogen within residues 1 to 50. However, previous study has reported that
loxP sites flank the exon3 of Atg5 in Atg5 transgenic mice (Hara et al., 2006).
Thus, theoretically, anti-Atg5 N-terminal antibody is unable to identify the deletion
on the exon3 of Atg5, which meets the finding in this sutdy that Atg5 were colabelled with OL lineage cells in the CC of both control and cKO mouse line on
P14 as Figure 1-8 (D, E) shows.

Furthermore, as astrocytes provide substantial support when the CNS is
activated in response to injury and disease, it is necessary to verify whether the
loss of autophagy in OL lineage cells affects other glial cells. Astrocyte activation
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Figure 1-8 Atg5(Sox10) cKO line exhibit more severe phenotypes than
Atg5(Olig1) cKO line during the neonatal period.
(A) The absence of the Atg5 gene in Sox10-cre mice causes developmental retardation
with a greater than 10 percent drop in body weight (p<0.001 at P30). Each group
features five mice. (B) An abnormal head tilt is developed in Atg5(Sox10) cKO mice
during the neonatal period. (C) Fewer mature OL are found in Sox10-Cre: Atg5flox/flox
mice than in their counterpart in P10(p=0.001 in Ctx and p=0.067 in CC) and
P21(p=0.005 in Ctx and p=0.018 in CC), while the Atg5 ablation in the Olig1-cre line
generated normal numbers of OPCs and OLs (p>0.05). n=3; Student’s t-test; Error bar
represents SEM (D-E) Atg5 is expressed in both control and cKO Sox10+ OL lineage
cells. Bar, 20μm
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Figure 1-9 Conditional deletion of Atg5 in oligodendrocyte creates active
astrocyte in motor Ctx at three weeks of age.
(A-D) Immunohistochemistry against astrocyte marker GFAP (red) in Atg5(SOX10)
cKO and Atg5(OLIG1) cKO mice reveals increased GFAP expression in layer IV of
the motor Ctx from cKO groups (B and D). (E-F) More branched noise with the Iba1
staining (magenta) of cKO groups indicates mild activation in microglia. Bar, 50μm.
(G) Quantification of total cell numbers in the Ctx suggests no obvious changes in
the number of microglia between cKO and control (n.s.>0.05). n=3; Student’s t-test;
Error bar represents SEM.
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is a process that gives astrocyte a thick and bushy appearance and is commonly
characterized by the antibody against GFAP. Through GFAP immunostaining, it
is seen that astrocytes are active in the cerebral Ctx of the cKO groups (Figure
1-9 A to D). It has been shown that blocking autophagy in astrocytes specifically
triggers their inactivation with less GFAP expression under stress conditions (Di
Malta et al., 2012). Thus, the up-regulation of GFAP in astrocytes is most likely
because of the influence of pathological circumstances instead of the astrocytes
themselves. In addition, another type of glial cell, microglia, as specialized
phagocytes fully participate in the clearance of cell debris in the brain. In this
study, although there is no marked alteration in the number of microglia, an
apparent process extension, like signal noise, was identified in Iba1 staining
which is a microglia-specific marker (Figure 1-9 E-G). Microglia extend the
process rapidly toward the injury area as their first response to brain damage
(Davalos et al., 2005). Combining all the evidence suggests that impeding
autophagosome trafficking via Atg5 knockout in OL-lineage elicits severe
neuropathological complications.

1.4.4 Blocking autophagy in OL lineage leads to abnormal accumulation of
inclusions in neurons
According to a previous study, which reported that the accumulation of inclusion
bodies was found in various brain regions of Atg5(Nestin) cKO mice (Hara et al.,
2006). The antibody against p62/sequestosome-1, a marker of cytoplasmic
inclusion bodies, was used to examine the inclusion aggregation in OL lineage
cells. It is not surprising that the p62-positive inclusions were widely expressed
in the forebrain of Atg5(Sox10) cKO and Atg5(Olig1) cKO mice (Figure 1-10A-B).
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Figure 1-10 Abnormal p62 aggregates are found in the forebrains of both
Atg5(Sox10) and Atg5(Olig1) cKO mice at three weeks of age.
(A-B) Compare with control, OL-specific defect in autophagy causes over-expression
of p62 proteins in the Ctx and CC of the forebrain on P21. (C-D) Higher-magnification
images of A and B. Notably, the p62 aggregates are mainly accumulated in the cell
cytoplasm in the Ctx while a scattered pattern of p62 expression is shown in the CC.
Bar, 50μm.
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However, the intriguing finding is that the bulky p62 aggregations were merely
observed in the Ctx neuron while mild p62 dot-like-cytoplasmic staining was
presented in the CC (Figure 1-10 C and D), where a dense population of OL
lineage cells resided.

To determine whether the pattern of accumulation of aggregates is consistent
with the finding in previous study that p62 expanded in number and size in
autophagy-deficient neuron during postnatal period (Komatsu et al., 2007),
Atg5(Sox10) cKO and Atg5(Olig1) cKO mice were sacrificed from P10 to P42 for
time-course analysis. Marked p62 dots appearing at P10 accumulated
progressively to be large inclusion at P42 (Figure 1-11 A and B). For convenience
of comparison, the volume of p62 expression at each time point was quantified
as fluorescence intensity by employing ImageJ (Schneider et al., 2012). It is
obvious that p62 was overexpressed significantly in cKO groups at each age
stage, compared with its counterpart (Figure 1-11 C and D). In addition to the
comparison within the same age group, we discovered that there is no statistical
significance found in control groups between P21 and P42, indicating that the
progressive inclusion formation is unlikely to appear during young age stage.
Even so, p62 intensity in both cKO forebrain at P10 is much higher than that of
control at P42. This suggests that, at least in terms of the level of protein
aggregation, loss of autophagy in OL lineage cells cause the onset of
pathological brain ageing in neonatal age. Furthermore, by using anti-CaMKII
antibodies that responded to identifying the excitatory neurons in the Ctx (Liu and
Murray,2012), both excitatory neurons (NeuN+, CaMKII+) and inhibitory neurons
(NeuN+, CaMKII-) were seen to be co-located with p62,respectively (Figure 1-11
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45

Figure 1-11 p62-positive inclusions are mainly expressed in neurons.
(A-B) The p62-positive inclusions (green) accumulate in an age-dependent fashion in
both Atg5(Sox10) and Atg5(Olig1) cKO mice. Bar, 50μm. (C-D) p62 expression is
evaluated by measuring fluorescence intensity, revealing significant up-regulation of
p62 in cKO groups. N=3; Statistical analysis over different age groups is performed
by one-way ANOVA; Comparisons across genotype within the same age stage are
made by Student’s t test; Error bar represents SEM, p*<0.05, p**<0.01, p***<0.001.
(E-F) Abnormal aggregations are noticeable in neurons, including excitatory neurons
(CaMKII positive denoted by white arrowhead) and inhibitory neurons (CaMKII
negative denoted with yellow arrow) at three weeks of age. Bar, 50μm.
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E and F), indicating that p62 accumulation occurred non-specifically in both
excitatory and inhibitory neurons.

1.4.5 The potential cause of abnormal up regulation of p62 in neurons
Prior research on neural stem cell-specific autophagy has paid much heed to
neurons as abnormal inclusions were entirely generated in neurons (Hara et al.,
2006; Komatsu et al., 2007), which is similar to the phenotypes in the current
study. In consideration of similar phenotypes in previous and the present study,
we attempt to demonstrate that the possible cause of these abnormalities in
neuron derives from adjacent OLs.

Loss of autophagy in OLs caused myelin sheath decompaction
It has been reported that demyelination or hypermyelination would alter the size
and mobility of axonal mitochondria (Kiryu-Seo et al., 2010; Ohno et al., 2011),
indicating that the alteration of myelin formation impacts the behaviour of
organelles stationed within the axon. As the tremor was presented in both
Atg5(Sox10) cKO and Atg5 (Olig1) cKO mice, it is imperative to examine the
formation of myelin sheath. The myelin structure was characterized by the
performance of electron microscopy (Figure 1-12). Greater loss and splitting of
myelin lamellae were observed in cKO mice compared with controls (Figure 1-12
A and B). G-ratio refers to the ratio between the inner axonal diameter and the
sum of the axon diameter, including myelin, and is widely utilized to assess the
axonal anatomy and function (Cercignani et al., 2017). The marked reduction in
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g-ratio through avoidance of autophagy in OL suggested that severe
decompaction of lamellae makes the cKO myelin sheath seem thicker than its
counterpart (Figure 1-12 C and D). Taken together with the findings in Chapter 2
that lipid composition in the Atg5(Sox10) cKO group exhibits more variability than
that of the control group in terms of lipid compositions, this suggests that
autophagy deficiency in OL fundamentally impacts myelin formation.

Moreover, the conspicuous p62 dots were found in the periphery of cells in the
Ctx of cKO mice at P10 days (Figure 1-12 E, yellow arrowhead), which made p62
inclusions seem to be shuttling along an axonal track. This finding could be linked
to the evidence was found in previous study that axonal autophagy responds to
retrograde transport from distal axon to soma by co-labelling with markers of
retrograde transporter (Kaasinen et al., 2008) and observing in live image (Lee
et al., 2011; Maday et al., 2012); disrupted autophagosome formation induced
axonal swelling, where abnormal aggregates were accumulated (Lee et al.,
2011). Thus, apart from its influence on myelin maintenance, it is reasonable to
speculate that the paucity of autophagy in OL indirectly affects organelle transfer
in neighbouring neurons.

The retinal ganglion cells of Atg5(SOX10) cKO mice showed progressive
p62 aggregates with age
Based on the hypothesis that OL indirectly operates within the dynamics of p62positive inclusion in adjacent neurons, another attempt was made to investigate
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Figure 1-12 Atg5(SOX10) mice demonstrate decompacting myelin sheath.
(A-B) Ultrastructural images of control and the CC at two months of age. Splitting of
myelin sheath is seen in cKO mice, indicating that autophagy deficiency in OL affects
myelin formation. (C-D) The analysis of the myelin g-ratio of the CC shows lower gratios in cKO groups compared to controls. n=60 axons per group in C; n=five slices
from two mice per group in D; Student’s t test; Error bar represents SEM; p**<0.01.
(E) In the Ctx, a string of p62-positive inclusions (red) was found in an axon-like trace
(yellow arrowhead); Olig2-negative cells (asterisk) appear accumulated inclusions.
Bar, 50μm.
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Figure
1-13
Abnormal
aggregation is observed in
ganglion cells in the retina
of Atg5(SOX10) mice.
(A) Simple anatomy of the
retina.
modified
from
(Goldman, 2014).
(B-E) p62 accumulates in the
IPL and GCL of retina over
time. (B1-E1) Magnification of
the pattern of p62 expression
in the GCL and IPL. ONL,
outer nuclear layer; OPL,
outer plexiform layer; INL,
inner nuclear layer; IPL, inner
plexiform
layer;
GCL,
ganglion cell layer. Bar,
50μm.
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the retina. As a highly laminar structure in the CNS, the retina is comprised of
three cellular layers with two plexiform layers in between (Figure 1-13 A). Two
features should be pointed out: 1) There is no mature OL or OPC population in
the retina (Gao et al., 2006); 2) The retinal ganglion cells (RGCs) located in the
ganglion cell layer (GCL) transmit all visual information to the brain along with
their long axons, which are myelinated by extraretinal OL once the axons were
projected out of the retina during retina development. This means that one
specific type of cells, RGC, could be impacted by OLs, while OLs do not exist in
the retina. As Figure1-13 B-C shows, notable p62 aggregates were observed in
the GCL and inner plexiform layer (IPL) of the cKO mice at P10. The abnormal
expression of inclusions accumulated over time (Figure 1-13 D and E). It is
interesting that despite the increased expression of p62 proteins in the IPL and
GCL as time evolves, few p62-positive inclusions were observed in the inner
nuclear layer (INL), indicating that RGCs, the sole type of cell myelinated by
extraretinal OL, were disordered in expression of p62 protein. This evidence
supports the hypothesis that the absence of autophagy in OL is involved in the
metabolism of aggregates in the adjacent neurons.

Ectopic recombinase occurred in a small number of neurons
Besides, it would be unwise to ignore the ectopic expression of Cre recombinase
in the Cre-lox system. To knock out certain genes in specific cell lineage in vivo,
Cre recombinase was employed to recognize and delete loxP sequence, which
is a short sequence that flanked the gene of interest. Although the Cre-lox system
works reliably in gene expression, Cre recombinase may be ectopically active on
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rare occasions, which causes the occurrence of target gene-deletion in the
irrelevant cell lineage. Thus, to characterize whether p62-positive neurons were
derived from these Cre off-target cells, both Sox10-Cre and Olig1-Cre mice were
crossed with the Rosa26/CAG-floxed STOP -tdTomato line for fate mapping, so
that any cell in which recombination occurred would express tdTomato, a red
fluorescent protein (RFP). It is noticeable that a small number of NueN+ cells are
tdTomato-positive in the Ctx in both Cre lines (Figure 1-14 A-B, asterisks),
indicating that the ectopic recombination did happen in some neurons. Also, a
bunch of OL lineage cells escaped the Cre-mediated Atg5 deletion as Olig2+
tdTom- cells were observed (Figure 1-14 A-B, arrowheads). Further cell counting
revealed that around six percent of neurons are tdTomato-positive and, at least,
15 percent OLs are tdTomato-negative (Figure 1-14 C and D). Although the ratio
does not equal real recombination efficiency, since it may be variable depending
on the different reporter expression, the results reflect, to some extent, that some
neurons inevitably encounter autophagy dysfunction and a small population of
OL lineage cells remain unaffected in both Atg5(Sox10) cKO and Atg5 (Olig1)
cKO mice. In addition, the retina in Sox10-Cre; tdTom mice were inspected such
that the majority of tdTom+ cells resided in the INL while sparse tdTom+ cells
were located in the GCL (Figure 1-14 E). Therefore, the fate mapping revealed
that the autophagy gene, Atg5, was occasionally deleted in neurons in both Cre
lines, which could be a plausible explanation for this neuronal p62 accumulation.

Altogether, through multiple approaches, seemingly aberrant autophagy in OL
could affect the behaviour of organelles and proteins clustering in the surrounding
neurons via abnormal myelin formation. Simultaneously, ectopic recombination
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Figure 1-14 Cre recombination efficiency is examined by using tdTomato
reporter.
(A-B) tdTom are co-labeling with NeuN+ in both Sox10-Cre and Olig1-Cre cortex
neurons (asterisks). Meanwhile a few of Olig2+ cells are tdTomato negative
(arrowheads). Bar, 20 μm (C-D) Cell counts reveal that the majority of Olig2+ OL
lineage cells are also tdTom+ with approximate 80 percent of Olig2+ cell population
in both Sox10-Cre and Olig1-Cre line. There is no obvious difference in the ratio of
tdTomato recombination between Sox10-Cre and Olig1-Cre in the Ctx and CC
(p>0.05). tdTom+ neurons account for six percent in population. n=3; Student’s t test,
error bar represents SEM. (E) Fate mapping for Sox10-Cre in retina revealed that
tdTom+ cells were found in the GCL and the INL.
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occurred in both Sox10-Cre and Olig1-Cre lines, which may have led to
misinterpretations of results from these mice, and this will be discussed in 1.5.3.

1.4.6 Inducible cKO Atg5 in mature OLs gives rise to intracellular p62
accumulation
According to the results described earlier, autophagy is likely not involved in OL
genesis but in myelin formation, two cell groups thereby emerge from OL lineage.
One group is adult OPC, which persists in the adult mouse brain with a relatively
quiescent status. Even after eight months of age, adult OPC continues to
differentiate to new OL (Psachoulia et al., 2009). Another group of cells is
myelinated OL, which could be the early-born OL (ebOL) that differentiated from
the neonatal or late-born OL (lbOL) from adult OPC. ebOL and lbOL have a slight
difference in morphology that ebOL made less but longer internodes than lbOL
(Young et al., 2013).

In the adult OPC study, Pdgfra-CreERT2 mice were first crossed with the Tau–
lox.STOP.lox–mGFP reporter, which labels the plasma membrane such that
reporter enables the monitoring of complete OL morphology with its process
(Tripathi et al., 2017). Then the Pdgfra-CreERT2: Tau-mGFP mice were crossed
with Atg5flox/flox (Cre-negative) mice to generate new mice line that tamoxifeninducible deletion Atg5 in Pdgfra expressing cells. These transgenic mice were
treated with tamoxifen at two months of age and kept for one-month posttamoxifen feeding (Figure 1-15 A). The immunostaining results showed that the
phenotype is similar to Sox10-Cre and Olig1-Cre. Although the considerable p62
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Figure 1-15 The absence of autophagy in adult oligodendrocyte precursor cells
leads to the abnormal accumulation of intracellular inclusions in varying
regions of the forebrain.
(A) Experimental protocol. Tamoxifen was administered to both Atgflox/+ PdgfraCreERT2: Tau–mGFP (Ctrl) and Atgflox/flox Pdgfra-CreERT2: Tau–mGFP (KO) mice
starting at two months of age. Mice were sacrificed and examined at endpoints as
indicated. TM, tamoxifen. (B-E) The overview of p62 expression in the Ctx and the
CC. There is no marked inclusion aggregation co-localized with OL (asterisk) and its
process in GFP staining (C and E). (F)The quantification of fluorescence intensity
revealed that notable overexpression of p62 is presented in the CC of the KO mice
than its controls, while p62 intensity is statistically equal across genotypes in the Ctx.

n=3; Student’s t test; Error bar represents SEM, p***<0.001.
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dots were found in the CC of Atgf/f Pdgfra-CreERT2 mice compared to the controls
(Figure 1-15 B-E), there is no greater p62 present in the Ctx in the mutant group
compared with the control group (Figure 1-15 B1 and C1), which is agreed with
the quantification results (Figure 1-15 F). Accordingly, autophagy deficiency in
adult OPC has subtle effects on themselves and adjacent neurons.

In the myelinated OL study, breeding strategy is the same as Pdgfra-CreERT2 line
that Opalin-CreERT2 mice were crossed with the Rosa-eYFP reporter initially.
Thereafter, by crossing with Atg5flox/flox mice, tamoxifen-inducible Atg5(Opalin)
mice were created. Tamoxifen was given in varying time frames, as shown in
Figure 1-16(A). P62-positive inclusions were found in GFP+ Olig2+ cells as early
as six months old, which had never been observed in Atg5(Sox10), Atg5(Olig1)
cKO and inducible Atg5(Pdgfra) mice. Moreover, the most striking finding in this
study is that the number of p62+ Olig2+ cells was drastically different while both
6M and 11M groups endured the same period in post-tamoxifen (Figure 1-16 B
to E), indicating that the lbOL, particularly the post-six-month differentiated OL,
relies more on autophagy for intracellular homeostasis. Autophagy disruption in
mature OLs shows a distinct feature in terms of the pattern of p62 accumulation.
The sparse scattering of p62 were found in the CC of two months old inducible
Atg5 (Opalin) mice (one-month tamoxifen duration), which is similar to the pattern
observed in Atg5(Sox10) and Atg5(Olig1) cKO mice at a very early age stage.
However, in the 6M and 11M cohorts that received tamoxifen for a five months
duration, p62-positive puncta were found amassed in OL cell body. This striking
finding indicates that the dysfunction of autophagy does lead to abnormal
inclusions in OLs, which is most likely in late-born OLs.
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Figure 1-16 Tamoxifen-inducible cKO Atg5 in myelinated OLs at various ages.
(A) Experimental protocol. Tamoxifen was administered to both Atg5flox/+ OpaliniCreERT2: Rosa–YFP(Ctrl) and Atg5flox/flox Opalin-iCreERT2: Rosa–YFP (KO) mice
starting at one-month of age and six-months of age respectively. Mice were killed and
examined at various age stages as indicated (B) The quantification of p62+ OLs in the
CC and cortical layer VI of KO mice. n=3; One-way ANOVA test; Error bar represents
SEM; p***<0.001. (C) The inducible ablation of Atg5 in mature OL elicits sparse p62
(arrow) accumulation at two-months of age. (D-E) Extensive p62 amassed in OL
(yellow arrowhead) after five months post-tamoxifen. Bar, 50μm.
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Figure 1-17 Virtually all P62 positive OLs are located in the CC and deep layer
of Ctx.
(A) The distribution of P62 positive OLs in the forebrain of Atg5flox/flox Opalin-iCreERT2
mice, showing that P62 positive OLs (arrowhead) mainly resided in the CC and deep
layer of Ctx. Bar, 360μm (B) Schematic of (A) in red box that represents the regions
of the forebrain including the CC, Ctx and caudoputamen (CP). (C-D) Micrographs
of the arrowed P62 positive OLs in (A).
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Also, an uneven dispersion was observed in the 11M Atg5(Opalin) cohort. The
vast majority of p62-positive OLs were located in the CC and deep layer of the
Ctx (Figure 1-17 A, arrowhead). The p62-positive OLs were found in neither the
caudoputamen nor the superficial layer of the Ctx. This result implies that these
p62-positive OLs may originate from a subpopulation of OL lineage, which is
more salient in autophagy defects.

1.4.7 Heat shock cognate, Hsc70, involved in chaperone-mediated
autophagy is faithfully expressed in mature OLs
Although this chapter is concerned with the Atg5-dependent autophagy, the Atg5independent autophagy, CMA, was examined via immunostaining on the
expression of the CMA key protein, Hsc70. It was seen that apart from the
considerable amount of Hsc70 present in the Ctx, a limited number of cells were
also labelled by Hsc70 in the CC at P21 (Figure 1-18 A), and a loss of Atg5 in OL
does not affect their proliferation (Figure 1-18 B). Through the use of OL lineagespecific markers to identify these Hsc70+ cells, it is clearly shown that Hsc70 was
entirely devoid of Pdgfra staining (Figure 1-18 C), while colocalization was found
within Hsc70+ CC1+ cells (Figure 1-18 D). These findings reinforce the
hypothesis that OL largely relies on autophagy at the mature stage for its cellular
degradation system.
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Figure 1-18 The chaperone-mediated autophagy key protein HSC70 specifically
expressed in mature oligodendrocyte.
(A) A small number of cells expressing Hsc70 located in the CC although the majority
of Hsc70+ cells resided in the Ctx and the septal nucleus (SN). Bar, 100μm. (B) Atg5
deletion has not affected the proliferation of the Hsc70 positive cells. n=3; Student’s t
test; Error bar represents SEM; p>0.05. (C-D) In the CC, Hsc70 virtually expressed in
myelinated oligodendrocytes (CC1+, arrowhead) while no Hsc70 was found in the
oligodendrocyte precursor cells (Pdgfra+, asterisk). Bar, 50μm.
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1.5 Discussion
1.5.1 Hypotheses related to the preferential distribution of GFP-LC3 in
neurons
The convenience of GFP-LC3 transgenic mice for monitoring autophagy in a wide
variety of tissues was proven previously (Mizushima et al., 2004). Normally, the
exogenous LC3 is integrated with endogenous LC3 on the autophagosome
membrane, where the exogenous GFP can be co-localised (Kebaya et al., 2000).
The exogenous GFP-LC3 is under the control of the CAG promoter, which means
that the exogenous GFP should be expressed globally. However, in the current
study, the exogenous LC3 was not distributed ubiquitously in the CNS; OLs
exhibit very minimal fluorescence while GFP signal was essentially accumulated
in the neurons (Figure 1-6 C).

The theory of autophagosome trafficking could, at least partially, explain the
biased distribution of GFP-LC3 in the neurons. In general, autophagosome
function is dependent on an intact microtubule network for trafficking. Once the
remote autophagosome engulfs the aggregates, they must be delivered to the
perinuclear area, where lysosomes are enriched (Köchl et al., 2006; Kimura et
al., 2008). Similarly, in the neurons, autophagosomes are transported from the
distal axon towards the cell body to fuse with lysosomes (Katsumata et al., 2010).
This suggests that enormous expression of LC3 as an autophagosome
component is stored in axons and neurites, where there is a high demand for
organelle recycling. Once organelle turnover is required in a particular position of
the axon, autophagosomes are rapidly aggregated in situ and engulf damaged
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inclusions; they then move toward the cell body for eventual degeneration.
However, the trafficking theory may not be applicable to OL. Compared to the
extensive and efficient mobility of organelles in the axon, that in the OL is severely
retarded. For instance, mitochondrial mobility in the OL process and myelin
sheath is much lower than in the neuron in terms of the mitochondrial number
and the movement velocity (Rinholm et al., 2016). This suggesting that neurons
and OLs have distinct needs for mitochondrial energy. Neurons require much
higher volume of mitochondria to meet their energy demands. Thus, a greater
number of autophagosomes would be reasonably produced in neurons to
support high-dynamic organelle turnover.

Furthermore, as LC3 proteins are an essential component of the autophagosome
membrane, LC3, along with the aggregates, is degraded by lysosomal acid lipase
after fusion with the lysosome, resulting in a very low LC3 content in the
autolysosome. One possible explanation for the GFP preference is that there is
an extremely high rate of turnover of the autophagosomes in OLs, which gives
rise to the quenching of green fluorescence after lysosome fusion, causing subtle
GFP signal observed in OLs.

Another possibility is that the demand for intracellular degradation through
autophagy is tightly controlled in the OL lineage. In other words, a constant but
extremely low level of autophagic flux may be sufficient for OL development. One
of the critical differences between the CNS and the PNS is that the remyelination
of injury sites in the PNS is prompt and efficient but slower and less complete in
the CNS (Ludwin, 1988). By comparison, a low rate of clearance for myelin debris
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is one of limiting factors for CNS remyelination (Brosius and Barres, 2014). One
recent study showed that no substantial increase in the LC3 level is found in
injured optic nerves, while additional autophagosomes are induced in Schwann
cells to a striking level to promote demyelination in injured sciatic nerves (GomezSanchez et al., 2015). Poor myelin breakdown in the CNS conforms to the
hypothesis that a futile level of autophagy is present in OLs and contributes to
the inferior removal of the myelin debris.

To address these possibilities, a dual in situ hybridisation could be performed with
Olig2 marker and LC3 mRNA probe or GFP mRNA probe respectively, which
could provide clues about the expression of LC3 and GFP in OL lineage. Also,
GFP-LC3 puncta cannot provide the kinetic information of autophagic flux as
green fluorescence is quenched once autophagosome fused with lysosome.
Mice expressing mCherry- or RFP-GFP-LC3 can be a powerful tool, which was
developed recently, to estimate autophagic flux (Castillo et al., 2013; Li et al.,
2014). This tandem-reporter line provides a novel strategy to interpret autophagy
activity that RFP puncta remained in autolysosome due to the resistance of RFP
under

acid

circumstance,

whereas

GFP

signal

diminished.

Thus,

autophagosome expressing RFP and GFP concurrently can be distinguished
from the autolysosome which merely shows RFP signal. In current study, by
utilizing this RFP-GFP-LC3 mouse model, the autophagic flux in OLs can be
measured by the intensity of RFP.

Neurons are especially sensitive to the protein aggregates and damaged
organelles. The blocking of basal autophagy by the Atg5 or Atg7 mutation in
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neural stem cells causes the accumulation of ubiquitin-positive inclusion bodies
in neurons, which leads to further neuronal death (Hara et al., 2006; Komatsu et
al., 2006). Both Hara’s and Komatsu’s studies revealed that there is no ubiquitin
inclusion observed in glial cells, which is consistent with the current findings that
the accumulation of the p62 protein is neither in OPCs nor in ebOLs through
specific autophagy disruption in OL lineage. This implies that there may exist an
altered degradation mechanism in glial cells that differs from neurons, or neurons
and glia may have different dependencies on autophagy to maintain cellular
homeostasis. One study revealed that a large proportion of the mitochondria in
the retinal ganglion axon are degraded by the adjacent astrocytes instead of the
ganglion cell soma (Davis et al., 2014). Autophagy in the glia may respond to not
only the endogenic but also the exogenic clearance of damaged organelles, and
whether the substance transference for clearance occurs between neurons and
OLs remains cryptic. Although an axonal-myelin transfer of ribosomes is
observed in the CNS (Li et al., 2005) and the PNS (Court et al., 2008), the poor
GFP fluorescence signal in OLs in current study is unlikely to be due to such
axonal-myelin interaction, since the preferential distribution of GFP-LC3 in the
MZ, where dense axons resided, has been observed at E13.5 (Figure 1-7 C-D)
while OPCs had not yet differentiated into OLs at that time point.

1.5.2 Head tilt may not be linked to autophagy defects in the OL lineage
In the current study, Atg5(Sox10) cKO mice showed head tilt during the neonatal
period and a shivering phenotype after three months. Fifty-seven genotypes
displayed in the Mouse Genome Informatics database are related to head tilt.

66

Most of them are caused by the vestibular dysfunction, particularly abnormal
otoconia in the vestibular system. Otoconia are calcium carbonate crystals
embedded in the utricle. The accumulation of crystalline otoconia forms otolith,
which function not only in acoustic sensitivity but also in sensing gravity and linear
acceleration (Hughes et al., 2006). Apart from head tilt, these reported mutant
mice were characterised by circling behaviour and hyperactivity (Paffenholz et
al., 2004; Hatch et al., 2007), which coincide with the phenotype observed in
Atg5(Sox10) cKO mice. Moreover, in the Atg4b-null mice, autophagy deficiency
affects vestibular otoconia formation including the disruption of the otoconial
matrix and the generation of abnormal or giant otoconia (Mariño et al., 2010).
Interestingly, the roughly 25% of Atg4b-/- mice that were termed ‘affected’,
exhibits balance dysfunction and head tilt with a complete absence of otoconia,
while mildly abnormal otoconia were present in the remaining 75 percent of
mutant mice, termed ‘unaffected’. This incomplete penetrance is in line with the
current findings that 25% of the homozygous mice showed head tilt and
uncoordinated gait before weaning, though all of the mutant mice developed body
shaking afterwards. Although the partial penetrance was monitored extensively
in the studies of balance abnormality, its mechanisms are still unknown (Brosius
and Barres, 2014). Further hearing and motor coordination tests must be carried
out to confirm whether inner ear development is hampered in these knockout
mice models. Moreover, Atg5(Sox10) line triggers autophagic defects in the glia
and dorsal root ganglion in the peripheral system as Sox10 widely expressed in
PNS (Mollaaghababa and Pavan, 2003). Therefore, the phenotype of Sox10-Cre
mice must be examined carefully.
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1.5.3 Ectopic Cre-mediated recombination in neurons
Ectopic recombination was the cloud that hangs over our heads in this study for
a time. Fate mapping for Sox10-Cre and Olig1-Cre drivers by crossing with RosatdTomato reporter showed that off-target recombination did occur in neurons
(Figure 1-14 A and B). As the Sox10 gene appears to be expressed as early as
during spermatogenesis (unpublished data from the Richardson lab), it is
inevitable that some of non-OL cells are involved in Sox10-Cre recombination in
the CNS. This is similar in Olig1-Cre, as the interneurons and OLs share the
same progenitor which are derived from the MGE domain of telencephalon by
E12.5 (Hu et al., 2017), the Cre recombination thereby profoundly affects a small
number of interneurons in the Olig1-Cre mouse strain.

Further quantification confirmed that approximate six percent of neurons in
population were tdTomato-positive and over 15 percent of Olig2+ cells in the Ctx
fail to show tdTomato signal, indicating that many neurons is involved in
recombination, while a subpopulation of OL lineage cells were recombinase
avoidant. The recombinase-based genetic fate mapping can be varied by using
different reporter line, for instance, fate mapping with Sox10-Cre, which is the
same line in this study, examined by Rosa-YFP reporter showed that 97 percent
OL lineage cells expressed YFP in the Ctx (Kougioumtzidou et al., 2017).

In spite of variable recombination rates, two off-target effects must be taken into
account: 1) As unexpected expression of Cre recombinase in neurons, p62
aggregates observed in neurons, at least in part, are caused by neuronal
autophagic defects. Thus, the phenotype that inclusion bodies progressively
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accumulated in the Ctx (Figure 1-11 A and B) can be explained due to reduced
autophagic activity in neurons, consistent with previous study (Komatsu et al.,
2007); 2) unaffected OPCs in recombination may compensate for the impact of
autophagy deficiency on OL proliferation. Previous study reported that OPCs
derived from one origin, when they were entirely ablated during neonatal period,
were compensated for by other population of OPCs (Kessaris et al., 2006;
Tripathi et al., 2011). This population replenishment can be done rapidly, within
10 days (Kessaris et al., 2006). Therefore, one possibility cannot be ruled out
that the group of Atg5-positive OPCs cover up the defects of Atg5-negative OPCs
in OL lineage, which may lead to a misinterpretation of the role of autophagy in
OL development. In this study, to avoid the false negative results in OL
development, DNA synthesis marker is needed to examine OPC proliferation.

In addition, we noticed that a group of elongated cells are tdTomato-positive but
neither NeuN-positive nor Olig2-positive. In previous study, fate mapping for
Sox10-Cre and Olig1-Cre revealed nine percent of pericytes were reporterpositive (Yuen et al., 2014). We cannot exclude the probability that p62
accumulation and myelin decompaction were contributed by these pericytes.
Regarding the role of autophagy in pericytes, autophagy promoted pericyte
survival when pericytes were exposed under mild oxidative stress (Fu et al.,
2016); Cocaine-mediated impairment of autophagy in pericytes induced
neuroinflammation, resulting in damage to the blood-brain barrier (Sil et al., 2018).
Thus, autophagy can be seen as an essential protector to the blood-brain barrier
integrity.
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1.5.4 neuronal p62-positive inclusion bodies might originate from distinct
mechanisms
Previous neuropathological study revealed that p62-positive inclusions were colabelled with various neurodegenerative disease biomarkers (lewy body,
neurofibrillary tangles, pick body) (Kuusisto et al., 2008), suggesting that p62 is
markedly associated with brain disorders. Also, as the autophagy receptor
protein, abnormal expression of p62 is correlated to cellular autophagic
dysfunction. In this study, in the absence of available Atg5 antibody, p62 was
used to be the validated indicator to distinguish Atg5 cKO and control littermates
in immunostaining assay.

Considering ectopic recombination occurred in a population of neurons, it is
interested that p62 aggregates unevenly appeared in different type of neural cells.
We observed that the cells located in the INL of retina (Figure 1-13 C and E) did
not express p62 abnormally through they are tdTomato-positive cells (Figure 114 E). In the forebrain, a considerable number of p62-positive cells have present
in the septal nucleus while cortical cells have yet to show p62 accumulation
(Figure 1-18 A1). Previous studies have reported that aberrant autophagy in
neural cells leads to notable loss of Purkinje cells and pyramidal cells (Hara et
al., 2006), whilst the NM survival is not impacted by autophagy suppression
(Rudnick et al., 2017). It seems that autophagy has functional heterogeneity
across diverse neuron types, which may be related to distinct neuronal function,
such as the type of neurotransmitter they released that both Purkinje and
pyramidal cells release inhibitory transmitter, while the NM release excitatory
transmitter.
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Apart from ectopic-recombination-induced p62 accumulation, it is likely that the
neuronal p62 aggregates are generated by other mechanisms. In this study,
dispersed p62 dots were found in the cKO CC, where numerous axonal
projections crossed (Figure 1-10 C and D). Moreover, we found a string of axonlike p62-positive inclusions (Figure 1-12 E) suggesting that p62 dots may located
in the axon. In general, damaged mitochondria and misfolding proteins were
transported with autophagosome toward neuronal soma in a retrograde manner,
which was revealed by co-labelling with the antibodies of retrograde vesicles and
LC3 (Kaasinen et al., 2008) and was recorded by time-lapse imaging (Maday et
al., 2012; Cai et al., 2012); Under pathological condition or axonal autophagy
disruption, autophagosomes and organelles were observed that enriched in the
focal axonal swellings, resulting in axonal transport disturbances (Adalbert et al.,
2009; Lee et al., 2011). Therefore, we propose that the apparent string-like p62
dots reflect a ‘congested traffic’ in axonal transport, resulting in local
autophagosome accumulation. Then we wonder about the potential mechanism
that lead to such axonal degeneration in this study. Previous reports have
revealed that by treating with cuprizone, which is a toxin used to achieve chronic
demyelination in rodent model (Ludwin, 1978), massive myelin splitting was
observed and followed by marked axonal swellings (Xie et al., 2010; Skripuletz
et al., 2013). Associating with disturbed structural alteration in Atg5 cKO myelin
sheath (Figure 1-12 A and B), it is possible that aberrant autophagy in OLs can
give rise to adjacent axonal degeneration through autophagy-induced
demyelination, indicating OL autophagy could be a promising therapeutic target
for neurogenerative disease.
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1.5.5 Autophagy is essential for mature OLs
Based on knocking out the autophagy gene Atg5 at various stages of the OL
lineage, the role of autophagy appears to be redundant in early OL development.
However, the ablation of autophagy in mature OLs specifically revealed a severe
accumulation of p62 inclusions in the OL soma (Figure 1-16), indicating that the
loss of autophagy impairs the ability to clear intracellular aggregates in adult OL
progression. Interestingly, the OL-specific suppression of autophagy in relatively
old mice gives rise to a greater number of p62-positive OLs than the younger
counterpart (Figure 1-16 B) in the same period of suppression. A previous study
has demonstrated that the length of time of the adult OPC cell cycle, and the rate
of OL production decline with age (Psachoulia et al., 2009). This indicates that
within the same duration, fewer OLs are generated in older mice. However, in the
current study, it was surprising that the number of p62-positive OLs was
significantly higher in the old cohort that received tamoxifen at five months old
and was sacrificed at 11 months of age compared to the young cohort that was
given tamoxifen at one month old and was perfused at six months of age. This
finding implies that the lbOLs, which were myelinated after six months of age
based on the time setting of current study, were more sensitive to autophagy
dysfunction.

One notable feature of lbOLs has been reported that compared to the ebOLs,
lbOLs produce many more but shorter internodes (Young et al., 2013), which
means that lbOLs must extend more processes to elaborate a greater number of
internodes than ebOLs. In addition, the study of mitochondria in myelinated OLs
has revealed that the mitochondria density does not differ in the varying lengths
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and thicknesses of internodes but is significantly higher in the OL processes than
in the myelin sheaths (Rinholm et al., 2016). Combined with these findings, one
explanation for why that lbOLs have higher intracellular clearance demands is
that lbOLs require a larger cellular metabolic capacity than ebOLs to cope with
the turnover of excess cellular organelles such as mitochondria recycling. The
lack of Atg5-dependent autophagy in lbOLs, which is likely to be ‘the last straw’,
overrides the intracellular metabolic system and leads to the disruption of cellular
homeostasis. One experiment should be performed to test this hypothesis, which
is to treat Atg5flox/flox Opalin-iCreERT2 mice with tamoxifen at one month and then
examine the p62 expression at 11 months of age. The sacrificed time point is the
same as that for the previous older cohort while the tamoxifen given time point is
the same as that for the previous young cohort. If the number of p62-positive OLs
is similar to the previous older cohort, late-born OLs could be the target of further
studies of autophagy-related OL genesis.

Virtually all the p62-positive OLs were located within the CC and the deep layer
of the Ctx (Figure 1-17 A). This biased distribution implies that these OLs, which
are reliant on basal autophagy, may originate from one subpopulation during OL
genesis. One recent study established thirteen distinct populations in the OL
lineage, including six mature OL subtypes based on the variation in gene
expression in each branch (Marques et al., 2016). This implies that single-cell
RNA sequencing can be employed in the current study to examine whether these
lbOLs present in the CC are in a functionally homogeneous community.
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1.5.6 Autophagy and brain ageing: it is far from a complete picture
As introduced before, the occurrence of decompaction and accumulated
cytoplasmic components in myelin sheath are regarded as the hallmark of OL
ageing in primates (Peters, 2010) and rodents (Xie at al., 2014). These ageing
features are consistent with our findings that autophagy dysfunction in OL lineage
cells leads to myelin splitting (Figure 1-12 B) and intracellular p62 accumulation
(Figure 1-16 D). Even so, in autophagy-deficient model, the age of onset that 6months-old is much younger than in normal ageing. In other words, the absence
of autophagy in mature stage may substantially shorten OL longevity and elicit
early-onset impairment to brain function. Hence, we concluded that autophagy is
indispensable to ensure OL homeostatic turnover, which further preserve fast
axonal transport.

The effect of autophagy on brain ageing has been extensively investigated. Apart
from leading to neuronal death, autophagy deficiency in neural cells cause
marked reduce in survival rate of mice by four weeks after birth (Hara et al., 2006;
Komatsu et al., 2006). Knockdown of autophagy negative regulator in neural cells
enhance the clearance of neuropathological inclusion bodies in mouse model
and extend lifespan in worm and fly models (Nakamura et al., 2019), indicating
neural autophagy ameliorate ageing phenotype. Moreover, promoting autophagy
by injecting autophagy inducer to hippocampus reverse age-associated memory
impairment (Glatigny et al., 2019). The authors have also proved that autophagy
rejuvenates memory deficits due to ageing when older mice receive the plasma
of younger mice, which shows higher levels of autophagy protein expression than
that of older mice (Glatigny et al., 2019). In addition, as the activity of autophagy
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declines with age, autophagy influence brain ageing in an indirect fashion.
Suppressing of autophagy in agouti-related peptide expressing neurons, which
are located in the hypothalamic arcuate nucleus and affect food-intake behaviour
in response to starvation, gives rise to significant reduction in feeding after fast,
resulting in long-term lean phenotype (Kaushik et al., 2011), suggesting
autophagy activity may be linked to specific behavioral alteration during ageing.

However, because autophagy has always been referred to as ‘the double-edged
swords’ in cancer research community that stress induced autophagy limit
tumorigenesis but support tumor cells to tolerate stress (White and DiPaola,
2010), it is too early to conclude that autophagy is fully beneficial for brain ageing.
Previous study on Alzheimer's disease (AD) samples revealed significant
increased number of autophagosomes were found in neurons compared to
normal ageing sample (Nixon et al., 2005). This finding was agreed by genomewide association study that all of autophagy-related genes down-regulated in
normal ageing but up-regulated in AD (Lipinski et al., 2010). It is still unclear that
the overexpression of autophagosomes under pathological condition is the
autophagy induction to stress or the impairment of autophagic flux. Excessive
autophagy was found that contribute to cell apoptosis (Kang et al., 2007; Levin
et al., 2015), indicating autophagy stimulation may harm intracellular
homeostasis. One recent study unveiled the mechanism behind the effect of
autophagy in ageing that enhanced autophagy flux with low mitochondrial
permeability can be beneficial to longevity while enhanced autophagy flux with
high mitochondrial permeability cause a detrimental effect on lifespan (Zhou et
al., 2019).
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Thus, according to previous reports and the current study, basal autophagy
seems necessary to maintain homeostasis though it declines gradually with age,
but promoting autophagy is not necessarily rescue the age-related phenotype as
it depends on the context that the synergistic effect between mitochondrial
permeability and autophagy induction might be tissue heterogenous or even cell
type heterogenous.

1.5.7 Conclusion
Autophagy deficiency in neural cells causes the accumulation of inclusions in
neurons and results in further neuronal death. Compared to neurons, OLs appear
to be inert to autophagy dysfunction, which gives rise to the question of whether
autophagy plays a role in OL development and function.

To investigate this question, GFP-LC3, which is the typical tool for tracking
autophagy activity, was employed to monitor the distribution of autophagy in the
OL lineage. However, together with in vitro and in vivo studies of OL development,
GFP-LC3 may not a reliable reporter of the presence of autophagic vesicles in
OL lineage. Moreover, when autophagy was eliminated in different stages of the
OL lineage, neither OPC proliferation nor differentiation was affected. Autophagy
seems likely to be dispensable in OL genesis. However, abnormal protein
inclusions were found in adult born OLs, indicating that autophagy is important in
mature OLs to maintain cellular homeostasis.
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Chapter 2 White matter lipidomic analysis in
mice with oligodendrocyte lineage-specific
autophagy deficiency and in mouse at
different ages.
2.1 Introduction
2.1.1 Lipids are critical for brain function
Lipids are a diverse group of biological molecules present in all organisms. A
broad spectrum of their functions has been identified, revealing that lipids play
an essential role in biological systems. One significant role of lipids is as an
energy source. The breakdown of lipids is involved in a catabolic reaction (betaoxidation) of the mitochondria to produce acetyl coenzyme A, which is the central
intermediate in metabolism. Another fundamental function of lipids is in the lipid
bilayer, which forms sheet-like cell membranes. Lipid bilayers serve as a
permeability barrier to prevent large molecules from passing into or out of the cell
freely, and also act as secondary messengers during cell signalling to trigger
intracellular signal cascades.

Lipids play increasingly recognized roles in the structure and function of the
nervous system. The primary purpose of brain lipids is to act as membranes,
segregating

intracellular

and

extracellular

compartments.

Sphingolipid,

phospholipid and cholesterol are the main components of membranes in the
brain. Neurons have a high content of gangliosides (a class of sialic acidcontaining sphingolipid) which indicates the possibility of a neuron-specific
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function of gangliosides (Ledeen, 1985). Glycolipids, a class of sugar-containing
sphingolipids, are highly enriched in OLs and are common in the myelin sheath.
Therefore, glycolipids are regarded as a surface antigen, recognised by specific
antibodies, to identify OL in vitro. Astrocytes contain lower levels of sphingolipids
but emerge as important cholesterol-suppliers in the CNS. Neurons develop
greater synapses in the presence of astrocytes (Göritz et al., 2002), suggesting
that astrocyte-derived cholesterol is required for neurons to support synaptic
activity.

Apart from a structural role in membranes, brain lipids also act as biomessengers
in neural signal transduction. For instance, acylethanolamines, a class of fatty
acid amide, are temporarily produced by the cleavage of membrane
phospholipids, which are able to activate receptors involved in cocaine-related
signalling (Orio et al., 2013). Steroids can also act as neurotransmitter-like lipids,
synthesizing on demand within neural circuits and then acting speedily to mediate
cognitive activities and behaviours (Rudolph et al., 2016). Such instant processes
are different from those of classic neurotransmitters, which are stored prior to
signal transduction. These discoveries have established that lipids are crucially
involved in the nervous system.

2.1.2 Myelin is rich in lipids
Lipid comprise more than half of the brain by dry weight. The mass of myelin is
composed of approximately 70–80 percent in lipids in both the CNS and the PNS
(O`Brien, 1965). Peripheral and central myelin show a distinct difference in
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proteins but are similar in lipids. This chapter will focus on OL-derived myelin in
the CNS.

The lipid composition of myelin has been well characterised in different species
since the 1960s (O`Brien, 1965; Norton and Poduslo, 1973; Morell and
Quarles,1999). Myelin contains more than 40 percent water in situ and lipids
make up at least 70 percent of the dry mass of myelin membranes, while proteins
only account for 30 percent. Compared to other membranes (e.g. 40 percent lipid
and 60 percent protein for the HeLa cell membrane, 24 percent lipid and 76
percent protein for the mitochondrial inner membrane (Guidotti, 1972)), myelin
membranes have the prominent biochemical feature of a high lipid-to-protein
ratio, making them vulnerable to lipid metabolism disorders (Chrast et al., 2010).
Through

diverse

research

methods,

including

electron

microscopy,

immunostaining and X-ray diffraction, a picture of the molecular organisation of
compact myelin can be drawn, as shown in Figure 2-1 (Kirschner and Blaurock,
1992; Barkovich, 2000; Podbielska and Hogan, 2009). Based on the current
evidence, both proteolipid protein (PLP) and myelin basic protein (MBP) are
distributed abundantly in the myelin bilayer. As a transmembrane protein, PLP
extends to the extra cellular domain to interact with the outer layer of the adjacent
myelin membrane, while MBP is located on the cytoplasmic face to stabilize the
myelin spiral at the inner layer. Regarding lipids, there is a consensus opinion
that the hypothetical molecular arrangement of the compact myelin is asymmetric,
since substantial cholesterol and glycolipids are present in the outer leaflet while
phospholipid is commonly localized to the inner leaflet of the bilayer. This uneven
distribution gives rise to the distinct ratio of cholesterol, phospholipid and glycol-
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Figure 2-1 Diagram of the proposed asymmetric bilayer structure of the CNS
myelin. OL processes the myelin spiraling around the axon in the multilayer of
the membrane.
(A) One stack of multilayer. Most cholesterol and glycolipid are filled in the
extracellular surface while phospholipids reside in the inner surface. (B) Multilayer
stacks as myelin membrane. Specifically, the adhesion of the external surface is
named as the intraperiod layer and the adhesion of the internal surface is named as
the major dense layer. PLP, proteolipid protein; MBP, myelin basic protein. Adapted
from (Podbielska and Hogan, 2009).
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lipid in the outer and inner leaflets, 5:1:4 and 3:7:0, respectively (Stoffel and Bosio,
1997).

2.1.3 The three main classes of lipids comprising of the CNS myelin are
glycolipids, phospholipids and cholesterol
Table 2-1 shows the lipid composition of the dry weight of myelin, and it is clear
that glycolipids, phospholipids and cholesterol take the predominant role in the
lipid composition of myelin (Matthew and Wendy, 2012).

Glycolipids
Glycolipids are lipids which are mainly composed of one or more carbohydrate
radicals and hydrophobic fatty acid tails (Figure 2-2). Figure 2-1 shows a
structure of myelin lamellae, in which glycolipids are enriched in the extracellular
surface. This enables them to be detected through interaction with specific
antibodies. The glycolipids presented on the extracellular surface of OLs change
as the cell progresses through OL development. For instance, in mice, the
monoclonal antibody O4 reacts with sulfatide (ST) at a late OPC stage and the
monoclonal antibody O1 then detects galactosylceramide (GalC), once the
immature OL differentiates into mature OL (Sommer and Schachner, 1982). The
exposed carbohydrate head is able to interact not only with the antibodies and
the ligands but also with other glycolipids located in the apposed membrane by
carbohydrate-carbohydrate conjunction (Boggs et al., 2010). This subtle
carbohydrate-carbohydrate valent bond, particularly between GalC and ST, is
assumed to be involved in the morphogenesis of the myelin sheath maintaining
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Myelin

White matter

Substance

Human Bovine Rat

Human Bovine

Protein

30

24.7

29.5

39

39.5

Lipid

70

75.3

70.5

54.9

55.0

Cholesterol

27.7

28.1

27.3

27.5

23.6

Cerebroside

22.7

24

23.7

19.8

22.5

Sulfatide

3.8

3.6

7.1

5.4

5.0

Total glycolipids

27.5

29.3

31.5

26.4

28.6

Phosphatidylethanolamine

15.6

17.4

16.7

14.9

13.6

Phosphatidylcholine

11.2

10.9

11.3

12.8

12.9

Sphingomyelin

7.9

7.1

3.2

7.7

6.7

Phosphatidylserine

4.8

6.5

7.0

7.9

11.4

Phosphatidylinositol

0.6

0.8

1.2

0.9

0.9

Total phospholipid

43.1

43.0

44.0

45.9

46.3

Table 2-1 Composition of myelin and white matter in the central nervous
system.
As the primary component in all cell membranes, phospholipids account for the
largest proportion of myelin lipids. The remainder is divided into glycolipids and
cholesterol, which are also indispensable for myelin formation. Protein and lipid
figures are a percentage of dry mass, and lipid categories are a percentage of the
total lipid mass.
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Figure 2-2 Chemical structures of the major myelin glycolipid.
Galactosylceramide (GalC) and its sulfated analogue, sulfatide, are the most
typical glycolipids in myelin. GalC is synthesized from ceramide by adding
galactose to ceramide. In a further reaction, sulfate displaces the galactose head
to form sulfatide. Gal, galactose; 3-Sulfo-Gal, a sulfate group in 3-hydroxyl of the
galactose moiety.
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the lamellar structure (Hakomori, 1991). In genetic studies, the creation of GalCnull mice was a significant stride towards evaluating the actual role of glycolipids
in vivo. These mice are able to form myelin sheaths with a compact ultrastructural
appearance although severe conduction deficits are found (Coetzee et al., 1996).
These results implied that the function of glycolipid is not as significant as
previously believed for the initial formation of myelin, but in some way, the
insulative capacity of the axonal signalling is impaired. Further investigations
revealed that a host of adherent proteins around the paranodal loop, the region
next to the node of Ranvier, had delocalized, causing myelin eversion and sheath
retraction on site (Ishibashi et al., 2002; Dupree et al., 2016). In addition to the
role of glycolipids in myelin genesis, a lack of ST resulting in enhanced terminal
maturation during the OL development was observed, indicating that ST is a
crucial molecule that negatively regulates OL differentiation (Hirahara et al.,
2004).

Phospholipids
Phospholipids account for the most prevalent fractions in all cell membranes and
thus in myelin as well. The chemical formations of phosphoglycerides are more
complicated than glycolipids as they are made from four components: a pair of
fatty acids, a diacylglycerol (DG) or ceramide backbone to which the fatty acids
are

bound,

a

phosphate

and

an

amino

alcohol

moiety.

Because

phosphorglycerides are attached to diverse moieties, they can be categorized
into different classes as shown in Figure 2-3. The distinct functions of each class
in myelin genesis have yet to be fully elucidated, even though they are commonly
considered essential to the cell membrane. Apart from the diversiform moieties,
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the distinct pairs of fatty acids tails are distinguished by the chain length and
saturation specifically, which can cause a vast disparity in biological function.
For instance, among myelin phospholipids, the species containing one fatty acid
chain 18 carbons long with no double bonds (18:0) and another fatty acid chain
20 carbons long with 4 double bonds (20:4) is the most abundant in the
phosphatidylinositol (PI) and phosphatidylethanolamine (PE) classes. The major
species of phosphatidylserine (PS) is 18:0/22:6 (Lee and Hajra, 1991).
Furthermore, the molecular species 16:0/18:1 has a faster metabolic rate than
other species in phosphatidylcholine (PC), which indicates that the individual fatty
acid composition has a role in influencing lipid metabolism in myelin (Ousley and
Morell, 1992). Sphingomyelin (SM) is built on a long chain ceramide base binding
with fatty acid and choline on its head group. Although SM, as its name implies,
is abundant in the myelin membrane, the precise mechanism of SM in
myelination remains obscure. The liquid-ordered microdomains on a cell
membrane containing cholesterol and SM are called ‘lipid rafts’. These are wellorganized clusters of specific proteins which form a membrane platform that
triggers signalling cascades (Lingwood and Simons, 2010). Lipid rafts aggregate
with PLP in OLs to form the myelin sheath (Simons et al., 2000), indicating that
the SM may be able to interact with myelin proteins in the myelin assembly.

Cholesterol
Besides glycolipids and phospholipids, cholesterol is also a primary component
of myelin. In general, lipoprotein particles such as low-density lipoproteins (LDLs)
are responsible for the delivery of cholesterol from the liver to other organs via
systemic circulation. Apolipoprotein, one type of lipid-binding transporter, is
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Figure 2-3 The molecular structures of the major myelin phosphoglycerides.
Phosphoglycerides are diacylglycerol (DG)-based phospholipids which bonded
with two fatty acid chains via ester linkages. The phosphate group in
phosphoglyceride is varied, which depends on the type of linked complex including
choline, ethanolamine, serine and inositol. Sphingomyelin, a subtype of
phosphosphingolipids, is structurally similar to phosphatidylcholine, but contains
ceramide instead of DG. PC, Phosphatidyl-choline; PE, Phosphatidylethanolamine;
PS, Phosphatidylserine; PI, Phosphatidyl-inositol; SM, Sphingomyelin.
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correspondingly involved in this process. However, there is evidence to suggest
that cholesterol in the brain is synthesized de novo and not acquired from the
blood. Linton et al. (1991) found that following a liver transplant, apolipoproteins
from the donor liver were in the patient’s blood but not in the cerebro-spinal fluid,
suggesting that circulation-derived cholesterol does not cross the blood-brain
barrier. Another study demonstrated that the disruption of a series of sterol
transporters in the plasma, including LDL receptors and apolipoprotein E (apoE),
did not alter the volume of cholesterol in the brain (Quan et al., 2003). Within the
CNS, the apoE secreted by the astrocyte enhance the postsynaptic potential in
the neuron-glia co-culture system, while in a pure neuron culture system, the
synaptic activity cannot be stimulated by treating it with recombinant apoE (Göritz
et al., 2002). This implies that astrocyte contributes to the de novo synthesis of
cholesterol in the CNS, and astrocyte-derived apoE as porters are responsible to
deliver astrocytic lipids to the neurons.

Due to the genetic disruption of the expression of key enzymes (such as
squalene synthase) in cholesterol biosynthesis, OLs theoretically lack the ability
to generate cholesterol. Saher and her colleagues created transgenic mice to
block the synthesis of cholesterol in OL lineage, which led to severe
demyelination in the white matter. Surprisingly, however, myelin derived from the
grey matter contained normal levels of cholesterol (Saher et al., 2005). This
suggests that apart from producing cholesterol by itself, OLs obtain cholesterol
from neighbouring cells, depending on the regions of the brain. There is evidence
proved that astrocytes also provide cholesterol to OLs. Simultaneous inactivation
of cholesterol synthesis in both OLs and astrocytes results in the virtual absence
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Figure 2-4 Cholesterol esterification and cholesterol ester hydrolysis.
Cholesterol that is primarily expressed in white matter plays a role in myelin
formation. ACAT esterifies free cholesterol, allowing it to be stored in intracellular
lipid droplets for membrane synthesis or energy storage. When required, the
hydrolysis of cholesteryl esters by CEH quickly releases free cholesterol and fatty
acid. CEH, cholesterol ester hydrolase; ACAT, acyl-CoA:cholesterol acyltransferase.
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of the myelin membrane in the grey matter, revealing that astrocytic cholesterol
is an important source of myelin synthesis (Camargo et al., 2017). Another
underlying origin of cholesterol utilised for myelin membrane synthesis is the
hydrolysis of cholesterol esters (CEs). The intracellular predisposed CEs are
hydrolysed by cholesterol ester hydrolase to produce additional cholesterol
(Figure 2-4). Although the overwhelming majority of sterols in the CNS are
unesterified cholesterol and are abundant in myelin, it has been reported that the
prompt accumulation of CE precedes the onset of myelination in the immature
CNS between P7 and P10, and the level of CE is gradually reduced afterwards
(Ero and Suzuki, 1972). This suggests that the short period of transient CE
elevation corresponds with the period of myelin volume expansion in the brain.
Additionally, CE content is notably elevated in multiple sclerosis (MS) patient’
brains (Shah and Johnson, 1980; Yu et al., 1982). These observations
demonstrate that CE alteration may have a correlation with myelin genesis and
MS pathology.

2.1.4 The composition of myelin changes in human with age
Contrary to the view that myelin continues to grow throughout life (Hill et al.,
2018), several groups have reported that the volume of myelin in white matter
decreases during physiological ageing (Söderberg et al., 1990; Svennerholm et
al., 1994; Yeung et al., 2014). Svennerholm and colleagues examined brains
without any pathological disorder and age between 20 and 100 years, and
concluded that phospholipids, ST and cholesterol diminish in a curvilinear fashion
from as early as 20 years of age in the frontal and temporal white matter (Sven-
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Figure 2-5 Concentration of various class of lipids in frontal and temporal
white matter of normal human brain, age 20-100 years.
The main lipid component of white matter including phospholipids, gangliosides,
cholesterol, cerebroside and sulfated declined from 20 years of age. Adapted from
(Svennerholm et al., 1994)
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nerholm et al., 1994; Figure 2-5). Yeung’s group analysed the integration of
carbon isotope in white matter and found that myelin in white matter shows
notable dynamic alterations during a human lifetime. It consistently increases
until 20 years of age, decreasing mildly thereafter. However, the alteration of
specific lipid species in both adult and ageing white matter is yet to be discovered.

2.1.5 Autophagy drives the turnover of lipid droplets
Intracellular residual fats containing triglyceride (TG) and/or CE are mostly stored
in the form of lipid droplets (LD). Excessive LD storage has been widely linked to
metabolic diseases, such as obesity and diabetes. Autophagy has therefore
attracted much attention in lipid metabolism due to its critical role in intracellular
degradation. Although autophagy shares notable similarities with lipolysis, i.e. the
classic lipid hydrolysis that breaks down TG into glycerol and fatty acids as
opposed to directly degrading LDs with cytosolic lipases, LDs in the autophagic
process are sequestered by autophagosomes and then fused with lysosomes for
cargo degradation. Blocking autophagy specifically in hepatocytes, causes an
increase in total hepatic LD content, followed by liver enlargement (Singh et al.,
2009a). As autophagic activity is reduced due to age, this may partly explain the
abnormal age-related aggregation of fat in tissues.

Within the nervous system, autophagy has been reported as an alternative model
to the traditional phagocytic pathway for myelin degradation after nerve injury
(Gomez-Sanchez et al., 2015). Suppressing autophagy in Schwann cells results
in a much slower clearance rate in myelin lipid breakdown. Removing the residual
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myelin is a prerequisite to starting remyelination, indicating that autophagy is
essential for remyelination in injured sciatic nerves. However, similar phenotypes
have not been observed in injured optic nerves, suggesting that the relevance of
autophagic clearance to OL-derived myelin regeneration remains to be
established. A recent study revealed that CNS myelin debris, including
cholesterol deposition, can be eliminated by surrounding microglia in a
demyelination model (Cantuti-Castelvetri et al., 2018). This group also showed
that aged phagocytes fail to clear cholesterol residue, suggesting that ageing is
associated with a decline in myelin clearance ability. Therefore, considering
different types of phagocytosis, it remains to be discovered how extensively
autophagy contributes to the elimination of myelin composition.
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2.2 Objectives
Extensive shrinkage of white matter of the brain has been found with increased
age, along with nerve fibre loss and reduced lipid compositions (Svennerholm et
al., 1994; Marner et al. 2003; Peter, 2010). However, the alteration of specific
lipid species in the white matter due to ageing is yet to be determined. Moreover,
OL differentiation from specific glycolipid-null mice is enhanced in vitro and in
vivo (Hirahara et al., 2004) and the different chain length of glycolipid fatty acid
performs different roles at different stages during OL development (Hirahara et
al., 2017). These results can give rise to speculation on the underlying functions
of specific lipid species during OL development.

In this chapter, the white matter from mice of different ages and mice of OL
specific-autophagy

suppression

was

dissected,

respectively.

The

lipid

compositions were identified and analysed by using liquid chromatography-mass
spectrometry (LC-MS) The aim was to:
1) investigate how the lipid compositions of white matter are altered by genetic
suppression or an age-dependent decrease in autophagy; and
2) evaluate whether the presence of certain lipid species, particularly those with
specific fatty acids, is closely related to OL development.
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2.3 Materials and Methods
2.3.1 Animals
Mice were husbanded in the animal facility of the biological services of University
College London and maintained in a standard 12h light/dark cycle with water and
food. The information on mice in the autophagy knockout group refers to the
same as those, Atg5(Sox10) cKO mice, in Chapter 1. Mice in the ageing group
were sacrificed postnatally at one month, five months, 10 months and 20 months,
respectively, on a mixed C57BL6/CBA background.

2.3.2 Tissue collection
1, Microcentrifuge tubes were weighed and numbered.
2, Under terminal anaesthesia, a mouse was transcardially perfused with cold
PBS. The brain was removed from the skull and the optic nerves were collected.
3, The brain was cut using a brain matrix to obtain a 4mm block of tissue
containing the CC and other subcortical white matter as shown in Figure 2-6
between the black lines.
4, The Ctx lying dorsal to the CC was carefully removed with iris scissors.
5, The CC was separated from the hippocampus and caudoputamen. The
hippocampus was collected during this step.
6, The dissected white matter sample was placed inside the appropriate tube,
which was weighed again to calculate the net wet weight of the sample. All
tissues were stored in a -80℃ freezer for further use.
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Figure 2-6 Target region of the anatomical planes of the mouse brain.
Corpus callosum is the large myelinated axon bundle structure connecting two
hemispheres in the brain. In this study, the target area is located in the frontal lobes
and parietal-temporal lobes (green) shown in the sagittal (A) and the coronal (B)
planes adopted and modified from the Allen Brain Atlas.
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2.3.3 Sample processing
The tissue was initially freeze-dried overnight, and the dry weight was measured.
Lipids were extracted from the dried samples using a protocol based on the
description by Bligh and Dyer (1959).
1, Dried samples (~10mg) were homogenized in a 0.3-mL mixture containing
chloroform and methanol at a ratio of 1:2 and incubated on ice and shook for two
hours.
2, A total of 0.1 mL of chloroform was added and mixed for one minute.
3, A total of 0.15 mL of water was added and mixed for one minute.
4, The samples were centrifuged at 12,000 g for five minutes.
5, The upper phase was discarded, and the lower phase was transferred to a
new microcentrifuge tube.
6, The lower phase was dissolved in 0.2mL of chloroform and methanol mixture
at a ratio of 2:1 and stored at -80°C until lipid analysis.

2.3.4 LC-MS analysis
The lipid samples were randomized and separated by LC-MS. For quality control,
a mixed-pooling sample (quality-control sample) was made by taking a small
aliquot from each sample. The quality control sample was routinely analyzed in
every five to six samples. The ACQUITY UPLC system, coupled with the
SYNAPT G2-S high-definition mass spectrometry system, was applied for the
quantification of lipid samples. The condition settings were similar to those
described in the Waters application note “Lipid separation using UPLC with
charged surface hybrid technology” (Isaac et al., 2011).
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2.3.5 lipid identification
The software, mzMine, was used for data processing and feature extraction. The
compounds were identified based on their mass and retention time. The
identification was performed by a library search of the masses in the LipidBlast
library with a mass uncertainty of +/- 0.01 Dalton (Da), which is equivalent to 20
ppm for a mass of 500 Da. This is higher than the mass uncertainty of the
instrument, which is approximately 2 ppm for high masses, and a little higher for
low masses. The library search with +/- 0.01 Da uncertainty would not only result
in more false-positive hits, but also ensure that a higher number of small peaks
with greater mass uncertainty are included. The annotations were curated
through an inspection of the relationship between the retention time and chain
length and the number of double bonds.

In this section, sample processing, LC-MS utilization and lipid identification was
operated by MS-Omics, Denmark.

2.3.6 Statistical analysis
Raw data were recorded in signal intensity stand for lipid concentration have
been normalised to dry weight. Figure 2-7 shows the process of data analysis.

To minimise the random errors within the same age group and for the sake of
comparison, which reflects the trend of lipid alterations between the different age
groups, the data were converted to the standard normal distribution and the
comparable Z-score was calculated as:
Z=

X−µ
σ
97

where X is the observation value in the group, μ is the group mean, σ is the
standard deviation, and the normal score Z is the standardised variables.

GraphPad Prism 6 was used for statistical analysis and plotting. Statistical results
are presented as mean ± SEM.
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Figure 2-7 The example of data normalization in this chapter.
(A-B) Raw data received from the third party were transferred to normalised value by
the formula shown in 2.3.6. (C) Each colour dot is corresponded from the normalised
data.
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2.4 Results
2.4.1 The overview of lipidomic data
Based on the ionization properties of lipid compounds, the data were sorted into
two groups: positive ionization and negative ionization. Most often, the compound
containing the amino group, which yielded a unit positive electric charge (for
instance, a hydrogen or sodium ion), formed [M+H]+ or [M+Na]+ and would be
classified as a positive ionization group. Meanwhile, compounds with a hydroxyl
or carboxyl group, which tend to lose protons, would be classified as negative
ionization groups, such as [M-H]- or [M-2H](2-). Of course, the mobile phase and
pH values were also sensitive determinants for classification.

Initial raw data revealed 1537 annotated compounds in total, distributed into the
following 14 lipids classes: Phosphatidylserines (410 annotations), Phosphatidic
Acids

(229

annotations),

Phosphatidylethanolamine

(54

annotations),

Phosphatidylinositol (78 annotations), Phosphatidylcholines (361 annotations),
Phosphatidylglycerol

(44

annotations),

Sphingomyelin

(93

annotations),

Sulfatide (48 annotations), Sulfoquinovosyldiacylglycerol (27 annotations),
Monogalactosyldiacylglycerol

(48

annotations),

Monoacylglycerol

(14

annotations), Diacylglycerol (67 annotations), Triacylglycerol (52 annotations)
and Cholesteryl esters (7 annotations).

The principal component analyses (PCA) for each group are shown in Figure 28 and 2-9. The score plots calculated for the relative concentrations of the
variables from the dataset show a relatively separation between the age-related
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Figure 2-8 The PCA model for positive ionization.
(A) The score plot from the PCA model calculated for different groups. 1m,5m,10m
and 20m represent the ageing groups at one-month, five-months, 10-months and
20-months of age, respectively; Ctr-1m, Atg5flox/+; Sox10-Cre mice; KO-1m, Atg5flox/
flox

; Sox10-Cre mice.

(B) The loading plot calculated for the relative concentrations of varying lipid classes.
MG, monoacylglycerols; PA, phosphatidic acids. n=3 mice per group.
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Figure 2-9 The PCA model for negative ionization.
(A) The score plot from the PCA model calculated for different groups.
(B) The loading plot calculated on the relative concentrations of different lipid
classes.

SQDG,

sulfoquinovosyldiacylglycerols;

MGDG,

monogalactosyl-

diacylglycerols; PG, phosphatidylglycerols; ST, sulfatides. n=3 mice per group.
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groups, where groups 1m and 20m are separated away from groups 5m and 10m,
which either overlap partially (Figure 2-8 A) or are located very close to each
other (Figure 2-9 A). However, in the remaining comparison, the control and
autophagic deficiency group are adjacent to each other and the cohort 1m group
as well. Through these score plots, it is implied that the composition of lipids in
white matter changed in an age-dependent manner, yet the alteration staggered
between 5- to 10-months old. It is hard to conclude whether the paucity of
autophagy affects myelin formation because of the small gap between the control
and mutant groups on the plots. The loading plots display the variables that are
responsible for the patterns observed in the score plots.

From the loading plots, it is seen that TG (green diamond) and DG (red diamond)
are positively correlated to 5m and 10m, as TG and DG are overrepresented on
the upper left quadrant of Figure 2-8 B, which covers the 5m (green triangle frame)
and 10m (blue triangle frame) regions in the score plot (Figure 2-8 A), indicating
greater expression of TG and DG appeared from 5m to 10m age. It should also
be noted that SM (the yellow circles in Figure 2-8 B) appeared densely on the A
right quadrant where the 20m group are located. Regarding negative ionization,
apart from most of the sulfoquinovosyldiacylglycerols (SQDG, red diamonds in
Figure 2-9 B) revealed from 1m to 10m age domain, there is no distinguishable
feature in other lipids within the negative ionization model. As the fundamental
module in all cell membranes, it is expected that phospholipids is widely spread
over all age groups.
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2.4.2 Atg5 gene knockout in oligodendrocyte causes a disruption in the
synthesis of myelin-related lipids
Examining the score plots in Figure 2-8 and 2-9 shows lipid content in an
autophagic blocking group being highly correlated with its control. Although there
is no noticeable change between the control and KO groups, individual species
were reviewed to obtain more details. For this purpose, a heatmap was created
to facilitate comparison between control and KO cohorts (see Supplementary
Material). The raw data was normalized in the range of -1 to 1 as increasing
volume and decreasing volume, respectively (Figure 2-10 A and B). The control
group was set up as the baseline, value ‘0’, thus the alteration of lipid species
derived from the KO group could be evaluated. In this study, monoacylglycerol
(MG), a TG biosynthetic precursor was found in increased number in the KO
group (Figure 2-10 A). On the other hand, most of TG and CE (the two main
components for LD) were negatively regulated by the absence of autophagy
(Figure 2-10 B), which is contrary to the conclusion drawn in a hepatocytes study
(Singh et al., 2009a), where the ablation of autophagy-related genes in hepatic
tissue resulted in a TG accumulation in the liver section, due to the blocking of
the TG turnover process. The lack of autophagy, specifically in adipocytes, led to
a loss rather than an amassment of TG along with lean body weight, which was
unable to be reversed through treatment with a high-fat diet and differed from the
hepatic tissue (Singh et al., 2009b).

Autophagy for myelin lipids may influence TG reservation, similar to that of
adipocytes. MG was found with an apparent redundancy while the expression of
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Figure 2-10 The varied lipid content changes in the corpus callosum of onemonth-old autophagy-specific knockout mice.
Raw data were normalized by following the formula shown in 2.3.6. The baseline
represents the volume of each lipid species in the control group whereas each dot
represents the correlated lipid species in the ATG5 KO group, reflecting the changes
between the groups. (A) One black dot with positive value denotes greater volume of
a specific lipid species in the KO group, while (B) one black dot in negative group
represents less volume of lipid production compared to control group. Most of species
were affected by autophagy blocking. Drastic swings including elevation and
reduction occurred with respect to the production of phospholipids, while CE and
glycerides, including DG and TG, were mildly affected with less amplitude. However,
virtually all MG species rose in the KO group. Mean and SD are represented with
bars. Each group has 3 samples.
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Figure 2-11 The ablation of the autophagy gene in OL lineage causes aberrant
synthesis of glycerides.
(A) Normal score represents the overall mean score of each class of lipid compared
to their counterpart. For instant, MG in Ctrl group has over -0.2 reduction while MG in
KO group raise close to 0.4 increasing compared to its Ctrl group. MG in the ATG5deficient OL has an unusual redundancy as its products, DG and TG contents, decline
to varying extents. (B) The hypothetical model for glyceride metabolism. Various
transferases (blue) participated in this biosynthetic process (Kanehisa at el., 2016).
(C) The RNA-seq data of the glyceride-related proteins adapted from Zhang et al
(2014). DGAT, acyl-CoA:diacylglycerol acyltransferase; ATGL, adipose triglyceride
lipase; MGAT 3, acyl CoA:monoacylglycerol acyltransferase 3; HSL, hormonesensitive lipase; MGL, monoacylglycerol lipase. n=3, Student’s t test, error bars
represent SEM ****p<0.0001 in A. Ctrl: Atg5flox/+; Sox10-Cre mice; KO: Atg5flox/ flox;
Sox10-Cre mice.
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DG and TG were reduced in the ATG5-KO group (Figure 2-11 A). According to
the proposed scheme regarding the biosynthetic route of glycerides (Figure 2-11
B, Kanehisa et al., 2016), the turnover of MG may be blocked because of
autophagy deficiency, which caused further downstream delays in DG and TG
synthesis. In an RNA-Seq database of the CNS (Zhang et al., 2014), the RNA of
MG-related enzymes, acyl CoA:monoacylglycerol acyltransferase (MGAT) and
monoacylglycerol lipase (MGL), were highly expressed in OL and myelin in CNS
(Figure 2-11 C). It can be speculated that pre-myelinating and myelinating OLs
make high demands on the MG, either hydrolyzing it into fatty acids or catalyzing
it into DG. Regarding the minor impact on DG (Figure 2-11 A, green bar), this
was possibly due to the steady reserves of DG. As DG plays a part in both
glyceride and phospholipid synthesis, as shown in Figure 2-15 A, which take
place in distinct cell organelles, the endoplasmic reticulum and the peroxisome,
respectively (Fagone and Jackowski, 2009), the pool of DG can be replenished
through those syntheses.

2.4.3 Marked changes in broad lipid classes with age
To investigate the alteration of lipid content in ageing groups, a distribution of
individual species in age stages was created (Figure 2-12 and 2-13). The raw
data was normalized in the score of -1.5 to 1.5, where the normal score of ‘0’
represents the average value of lipid expression throughout all age grouping.
Each black dot represents the relative value of one lipid species, which is a
relative value, rather than an absolute value, reflecting the expression of a
particular species at a certain age compared to its average expression across
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the entire period. Most phospholipid species were generated efficiently, with a
considerable boost at a young age compared to the average rate. Simultaneously,
the glycolipid ST and ester lipids (MG, DG and TG) were expressed mildly (Figure
2-12 A). At five months of age, the major phospholipids fell from their initial levels,
meanwhile the production of DG and CE elevated notably, and other glycerides
increase to different extents (Figure 2-12 B). The whole lipid metabolism
remained at a plateau in 10-month-old mice (Figure 2-13 A), and most lipids were
decreased in mice at 20 months of age (Figure 2-13 B). To illustrate the changing
tendency in a comparable way between groups, the alteration of each class with
age, based on the mean value at each age stage, was concluded in Figure 2-14.
All of the esterised compounds (green lines in Figure 2-14) peaked at 5 months,
then decreased subsequently, whereas the expression of phospholipid classes
(blue lines in Figure 2-14) undulated in the first 10 months of age. These two
cohorts, glycerides and phospholipids fluctuated in synthesis alternately,
complementing each other during development. ST (red line in Figure 2-14) stood
out among other lipids by lasting for a relatively longer term, with syntheses that
peaked at the 10-month time point.

It is clear that varying classes of lipids altered at different rates despite the
deterioration in the totality of the lipids. Among them, DG presented a notable
accumulation followed by decreasing phosphatidic acid (PA) contents, until the
DG reached its maximum synthesis on the 5th month after birth. As PA is the
precursor for DG synthesis, this corresponding shift between PA and DG
indicated that a large amount of DG was needed for proper growth (Figure 2-15
A and B, Kanehisa et al., 2016). DG downstream products, PE and PC (red lines
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Figure 2-12 Productive synthesis of myelin lipid happened in the young brain.
(A) Plenty of lipids were generated at one month of age. Most of them belonged to the
phospholipids, whereas the ester compounds (MG, DG, TG and CE) synthesized
moderately. (B) After five months, the detectable number of phospholipids moved back
to average levels, while conversely, the ester groups were running high throughput.
n=3; The mean and SEM are represented by bars.
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Figure 2-13 The majority of myelin lipid met an irreversible decline when the
brain reached old age.
(A) The expression of the ester class fell back to their initial rates. Meanwhile, the
production of phospholipids (such as PC, PE and PI) increased slightly in 10-monthold mice. (B) The synthesis of lipids in all classes regressed upon ageing. n=3; The
mean and SEM are represented by bars.
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Figure 2-14 Major lipid classes underwent discrepant rates in the volume of
composition.
By calculating the mean of the normal score at each stage, lipids were classified into
three types based on their changing trend. All of the glycerol compounds experienced
a rise during the first five months of myelin development and afterwards fell gradually
(green lines). By contrast, most of phospholipids began at the peak of biosynthesis,
then dropped to a normal level. After a fluctuation, the phospholipid contents were
reduced further (blue lines). Among all these lipids, sulfatide performed in a distinctive
way by sustaining an increase in its products until 10 months of age (red line).
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in Figure 2-15 B), fell simultaneously in synthesis at the five-month mark,
confirming the assumption that DG was accumulated by preventing its hydrolysis.
After five months, the demand for DG contents subsided followed by a modest
lift in phospholipid products around 10 months of age. According to the RNA-Seq
data, the RNA of phosphatidic acid phosphatase converts PA to DG exhibiting
high expression in OL lineage, particularly in OPC (Figure 2-15 C). This result
indicates that DG may play a crucial role in the early period of the OL genesis.

2.4.4 One class of glycolipid sulfatide with diverse fatty acid groups may
have distinct roles in OL development
The presence of ST has been identified as an OL lineage marker to bind with the
O4 monoclonal antibody during OL development (Sommer and Schachner,
1982). Thus, changes in ST species lipids will be analysed in this study. Recent
research has also demonstrated that 16 carbon fatty acids (C16, m/z value
778.493) and 18 carbon fatty acids (C18, m/z value 806.546) are the major fatty
acids in ST class lipids in the early stages of OL development, while C22 (m/z
862.574), C24 (m/z 890.640) and their hydroxylated fatty acids were predominant
later in the mature OLs (Hirahara et al., 2017). Interestingly, in the current dataset,
ST 34:1 (m/z 778.513), 36:0 (m/z 808.559), 36:1 (m/z 806.545) and 36:2 (m/z
804.527) show a statistically significant difference compared to other ST with
relatively longer fatty acid chains, e.g. ST 40:1 (m/z 862.608) and ST 42:1 (m/z
890.639) at 1 month of age (Figure 2-16). Although these compounds were
presented in different formats from two sites, the mass-to-charge ratios (m/z)
matched, indicating that ST species with various fatty acid chains were strongly
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Figure 2-15 Cumulative diacylglycerol plays a pivotal role in the corpus
callosum of young adult mice.
(A) The proposed model for phospholipid metabolism. Most of the phospholipids are
derived from phosphatidic acid (PA), which is, in turn, hydrolyzed to diacylglycerol
(DG) by phosphatidic acid phosphatase (PAP). DG is the pivot for the metabolism of
both glycerides and phospholipids. The choline/ethanolamine phosphotransferase 1
(CEPT1) catalyzed DG to form phosphatidylcholine (PC) and phosphatidylethanolamine (PE) combining with CDP (cytidine diphosphate)-choline and CDPethanolamine, respectively (Kanehisa et al., 2016). (B) A considerable number of DG
(green line) amassed along with the regression of PA synthesis (blue lines) in the
early period. Meanwhile, it may cause insufficiency of the downstream production of
PE and PC (red lines). (C) Extensive PAP RNA is expressed in OL lineage. The RNAseq data of the DG-related proteins is adapted from Zhang, Y et al., 2014.
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Figure 2-16 The alteration of individual lipid species in sulfatide class during
the whole growth period.
The normal score represents the mean score of each sulfatide (ST) class species. ST
with a relatively short chain of fatty acids showed a significant difference in synthesis.
ST C34 (m/z 778.513), C36 (m/z 806.545) predominated in early age and were
reduced subsequently, while ST with long fatty acid chains above C38 were widely
expressed at adult age. Exception are C37:1 and C43:2, where the synthesis of all
ST contents drops after 20 months of age. The data were compared using one-way
ANOVA test. Error bars represent the SEM **p<0.0; n=3; m/z, mass-to-charge ratio.
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involved in OL development. Therefore, apart from the wave-like lipid expression
between lipid classes to correspond with OL development, fatty acid chains of
varying carbon length and saturability can also potentially affect the OL
development at different time points.
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2.5 Discussion
2.5.1 Autophagy affects lipid droplet metabolism in oligodendrocytes
Autophagy has been closely associated with the degradation of lipids in different
organs. Inactivity of autophagy in the liver causes the elevation of LDs, which are
major cellular organelles for the storage of TGs and CEs in hepatocytes.
Researchers have suggested that hepatic lipid accumulation in the liver
associated with metabolic syndrome could be partially attributed to autophagy
dysfunction. Marked enlargement of the liver associated with autophagy absence
has been observed (Singh et al., 2009a). However, this same group also reported
that autophagy activity in adipocytes differs from that in the liver. The loss of
autophagy in adipocytes contrarily inhibited the accumulation of LDs, leading to
leaner mice with less white adipose mass (Singh et al., 2009b). Blocking
autophagy in adipose tissue also led to increased energy expenditure and
improved insulin sensitivity, most likely having triggered a signal to consume
energy rather than store it while the metabolic system was under acute stress.
The coexistence of these mechanisms is reasonable, as significant lipid
breakdown occurs in the liver with its plentiful hydrolysis while adipocytes
respond to lipid reserves under strict regulation by transferases. Autophagy may
thus possess distinct functions in different organs. In the liver, autophagy
participates in LD turnover, probably to prevent the lipotoxicity caused by lipid
deposition and excessive LDs. Conversely, in adipose tissue, autophagy
preserves LDs to maintain body energy homeostasis. As for myelin, the present
results showed that the volume of TG was significantly reduced in the Atg5-cKO
(SOX10) group (Figure 2-11 A, blue bars), similar to the changes described in
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adipose tissue, implying that autophagy is required for preserving LDs in myelin.
No direct evidence demonstrated that OL stores LDs in the same manner as
adipocytes, however. TG in OL may serve a purpose other than energy storage
in adipocytes. Further research will be needed to investigate the alteration of LDs
in the myelin sheath, as well as confirm results demonstrating the volume of LDs
corresponded to a reduction of TGs in the Atg5-cKO (SOX10) group.

In Chapter 1, although it was observed that a paucity of autophagy hampers
inclusion turnover in the latter stages of OL development, current lipidomic data
imply that autophagy also influences lipid composition during the early stages of
OL development. A striking increase in MGs was identified in the Atg5-cKO
(SOX10) group at one month of age and was followed by reduced MG
downstream compounds DGs and TGs (Figure 2-11 A). It is unclear whether
autophagy hydrolyses MGs in a straightforward manner, but by scanning the
RNA-Seq database (Zhang et al., 2014), it was revealed that the transferases
MGAT and MGL respond to the metabolism of MG at higher RNA levels in OL
than in other neural cells (Figure 2-11 C). This suggests that the turnover of MG
as a source of free fatty acid or an origin of glyceride synthesis is essential for
OL genesis. More important, abnormal accumulation of MG may impair cell
function. MG-induced cell apoptosis has been reported, wherein the disorderly
expression of MG triggers dose-dependent apoptosis in thymocytes and shows
higher toxicity in cell death than other lipids such as ceramide or sphingosine
(Philippoussis et al.,2001). Unlike other lipid-induced apoptotic processes that
result in cell membrane disorders, excess MG causes a rapid decrease in
mitochondrial transmembrane potential. The current study may also have been
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associated with mitochondrial dysfunction, which could be the focus of future
investigations.

Furthermore, it has been demonstrated that CMA, also known as Atg5independent autophagy, degrades LD substrates, specifically the LD-associated
proteins perilipin 2 and perilipin 3, further facilitating the hydrolysis of LDs during
starvation. Aberrant CMA results in improper interactions between LDs and
lipolysis (Kaushik and Cuervo, 2015). In Chapter 1, it was illustrated that the key
CMA protein Hsc70 is faithfully expressed in myelinated OL, indicating that CMA
is connected to later stage of OL development. It can be assumed that both Atg5dependent and -independent autophagy in OL are critical for myelin homeostasis.

2.5.2 Reduction of lipid mass despite myelin sheath continuing to grow
A notable characteristic of OL is that it shows very limited turnover. Over 90
percent of OLs in the CC labelled at P60 survived until 20 months of age in mice,
suggesting OL has a considerably longer lifespan than that of the mouse (Tripathi
et al., 2017). Similarly, myelin sheath was also markedly metabolically inert
compared with other neural membranes (Morell and Ousley, 1994). The half-life
of the lipid class in myelin was determined by measuring the incorporated
amounts of radioactive precursors. Turnover rates for glycolipids and cholesterol
were estimated to be up to one year (Smith and Eng, 1965). Moreover, the
presence of redundant myelin with increasing thickness in ageing monkeys and
mice has drawn researchers' attention to myelin formation. This overgrowth was
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assumed to be linked to a decrease in conduction velocity along axons (Sturrock,
1976; Peters, 2010), and, theoretically, the lipidome of the CC should increase in
volume with ageing. In current study, however, total lipid production declined
significantly as mice aged, which is in line with previous studies in human
research (Svennerholm et al., 1994; Yeung et al., 2014). These results that lipid
content gradually diminished despite continued myelin production, suggests that
the abundant myelin lamellae may be functioning a different capacity than earlier
in life. In addition, the onset of lipid production decline in mice took place at
approximately five months of age (Figure 2-14). A study on ultrastructural
features of myelin lamellae in mice revealed that the outer layers of the myelin
sheath were incompletely fused as early as five months of age (Xie at al., 2014),
which is regarded as the beginning of the degenerative process and is commonly
observed in ageing myelin sheaths. This suggests that age-dependent
transformations in myelin structure occur early in mature adult mice, at a time
that approximately correlates to human age 30.

Although after 20 months, the majority of lipid content was relatively low
compared to the mean volume over the whole age range, a small number of lipid
species remained productive, with a normal score above 1.0 (Figure 2-13 B), and
it will be intriguing to uncover the common features of these compounds.
Unfortunately, their precise structure cannot be identified owing to the technical
limitations of single MS. In the present work, the same annotations are given to
more than one feature and apply to different isomers. For instance, DG 32:2, can
be diacylglyceride 16:1/16:1, 16:0/16:2, or any other combination of chain lengths
and double bonds that equals 32:2. More information on individual chain lengths
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can be obtained by tandem mass spectrometry (MS-MS), this method will
strengthen the validity of the executed annotations. Additionally, as cholesterol
has a base peak at 369 m/z that is overlaid with a fragment of cholesterol ester
at the same site the current single MS is ill-equipped determine its proper
annotation in the lipid library for cholesterol. In subsequent studies, the use of
LC/MS-MS enabled us to identify the cholesterol fragment.

2.5.3 Wave-like manner in lipid alteration between classes and within
classes correlating to oligodendrocyte development
As discussed earlier, DG is involved in both glyceride and phospholipid
metabolism. DG is catalysed by acyl-CoA:diacylglycerol acyltransferase to form
TG, the main component of LD for energy reserves (Figure 2-11 B). DG is also
the precursor for the synthesis of PC and PE (Figure 2-15 A) which are vitally
related to cell membrane formation. It is possible that substantial DG are
generated in the young adult brain to meet growth demands (Figure 2-15 B). In
addition to an important intermediate in lipid synthesis, DG acts as a second
messenger during several intracellular signal cascades. Its production starts with
the activation of phospholipase C by extracellular signals. Phospholipase C, in
turn, hydrolyses the membrane lipid, phosphatidyl-inositol 4,5-bisphosphate, a
minor population of phospholipids present in cell membranes. The hydrolysate
remaining in the membrane is DG. DG then recruits the cytoplasmic protein
kinase C (PKC) complex to activate a broad range of downstream substrates.
Early work has focused on the PKC function in the regulation of OL geneis. PKC
promotes proliferation and inhibits differentiation in immature OL (Bhat et al.,
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1992; Baron et al.,1999). In myelinated OL, reversely, PKC function hinges upon
the activation of PKC, which induce myelination and increasing phosphorylation
of myelin proteins (Vartania et al., 1986). One explanation for variable PKC
function during OL development could be the maturity of the OL employed in
these experiments. Before OPC commit to differentiating into mature OL, PKC
stimulates their proliferation and prevents further differentiation; however, once
newly formed OL is generated, PKC switches over to accelerating OL maturation.
As DG is an agonist of the PKC pathway, this may at least partially elucidate how
a large proportion of DG is produced in the first five months after birth in mice,
accompanied by a rapid expansion of the OL population. In comparison, it seems
that the rise in DG synthesis offsets simultaneous phospholipid loss, in a
coordinating waxing and waning fashion (Figure 2-15 B). The trend reversed
between five and ten months of age, whereby DG synthesis slowed while the
production of phospholipids rebounded slightly. These data suggest the
presence of a lipidome pool that dynamically regulates the proportions of a
diverse array of lipid classes. As myelination of the optic nerve largely occurs
around P28, far earlier than that of the CC (Skoff et al., 1976), the lipidome of the
optic nerve could be a useful comparison. If similar wave like tendencies present
in the lipidome of optic nerve during neonatal period, it could provide additional
evidence for the lipidome of myelin membrane. In addition, different enzymes are
also involved in myelin lipid synthesis. The expression of relevant enzymes such
as lipase and transferase should be examined more closely to confirm the
existence of a lipidome pool during myelination.
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Apart from the interclass alteration in OL genesis, subclasses of lipid species with
various fatty acids also demonstrated distinctive features in this study. Relatively
short-chain ST species were synthesized predominantly during the neonatal
period; however, other ST containing long-chain fatty acids became predominant
by the time the mice had reached adulthood (Figure 2-16). ST, the primary myelin
membrane component, has been investigated extensively in the past, possibly
because of its antigenic capacity in for pre-mature OL identification. It has been
reported cumulative ST with C24:1 fatty acid is positively correlated the level of
disability in MS (Marbois et al., 2000; Moyano et al., 2013), revealing a potential
link between ST carbon chain length and OL-related disease. Thereafter, studies
on ST chain length were improved by the introduction of time-of-flight secondary
ion mass spectrometry (TOF-SIMS) and matrix-assisted laser desorption with
ionization imaging mass spectrometry, enabling researchers to monitor
alterations to fatty acid chains in specific regions of brain tissue. The dense
intensity of C24 ST was observed in the white matter of mature rat brains,
whereas the C18 ST signal was relatively weak. These results suggest that fatty
acid chain length could be a determining influence on ST distribution in vivo
(Sjövall et al., 2004; Wang et al., 2008). One recent work reported the presence
of C18 ST in immature OL during embryonic stages, whereas C24 ST was
predominantly expressed in the myelinated region of the adult brain (Hirahara et
al., 2017). This is in line with the current findings (Figure 2-16) showing that, at
one month of age, the synthesis of ST with fatty acid chains that less than 20
carbons predominate, and meanwhile the production of ST with longer carbon
chains is moderate. This result indicates that ST may present in earlier timepoint
in OL development than currently thought. At present, it is considered that ST
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only appears in pre-mature OL as this is the earliest point wherein it can be
marked by the O4 antibody. However, earlier ST settlers expressed in the OPC
may not have been detected biochemically due to their shorter fatty acid length.
One study on the erythrocyte membrane proved that the detecting antibody
exhibits a greater affinity with longer chain fatty acids in glycolipids (Kannagi et
al., 1982). This suggests that, at least in glycolipids, apart from the identifiable
sugar residue, the carbon chain length of the fatty acid is possibly essential for
identifying OL lineage cells. It is possible that increased glycolipid chain length
contributes to increased exposure of the surface carbohydrate, rendering it more
likely to be recognised by antibodies and receptors. In addition, fatty acid length
is a determinant of membrane biophysical property that longer chain length leads
to reduced cell membrane fluidity. As described earlier, circumferential splits
between myelin lamellae are a marked feature in the ageing process (Peters,
2010; Xie at al., 2014). This transformation may be owing to a consequence of
fatty acid chain length elongation which harden the membrane structure.

2.5.4 Conclusion
To date, the process of OL genesis and myelin formation in the CNS has been
well established. The precise dynamics of myelination, however, particularly
regarding lipid homeostasis, has yet to be fully delineated. In this study, the
lipidomics of white matter in autophagy-related gene-knockout and ageing
models provided new insights into alterations to the lipidome during OL
development. The absence of autophagy extensively disrupts lipid metabolism in
white matter, indicating basal autophagy is necessary for OL to maintain the
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stability of myelin lipid composition. Also, although most of the lipid groups
decline irreversibly with age, their manner was distinct raising intriguing
questions concerning the activities specific lipids in OL development.

Regarding these massive data obtained from lipidomics, additional biological
experiments still need to be conducted. Further studies on the expression of
proteins and their RNA corresponding to lipid synthesis, chain length and degree
of unsaturation of fatty acids are required. These will help determine whether a
dynamic pool of lipids exists to facilitate stage-specific regulation in OL
development.
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Supplementary information
The heatmaps of lipidomic analysis
Inspection of PCA models only reveals class differences affecting the overall
variable pattern. To inspect differences from lipid species to species, heatmaps
are created. The heatmaps show the ratio of the residual which is normalized
from signal intensity between groups. The bar color with increasing trends of lipid
content goes from yellow over orange to red.

These heatmaps cover the following 14 lipid classes. In the table below
abbreviations used in the identification are shown:
NO.
S1

Lipid Class

Abbr.

page

NO.

143-

S8

Lipid Class

Abbr.

page

Sulfatides

ST

156

SQDG

157

MGDG

158

Monoacylglycerols

MG

159

Diacylglycerols

DG

160

Phosphatidylserines

PS

Phosphatidic acids

PA

Phosphatidylethanolamines

PE

150

Phosphatidylinositols

PI

151

S11

Phosphatidylcholines

PC

152-

S12

S6

Phosphatidylglycerols

PG

154

S13

Triacylglycerols

TG

161

S7

Sphingomyelins

SM

155

S14

Cholesteryl esters

CE

162

S2
S3
S4
S5

6
147-

S9

49

Sulfoquinovosyldiacylglycerols

S10

Monogalactosyldiacylglycerols

3

1m,5m,10m and 20m represent the age-related groups in 1-month, 5-month, 10month and 20-month old respectively. In gene mutant group, Ctrl stands for
Atg5flox/+; Sox10-Cre genotype and KO for Atg5flox/flox; Sox10-Cre genotype.
Control group serve as the base line to be compared with the variation of
knockout group.

143

S1. Phosphatidylserines in negative ionization.
PS with short fatty acid chain length (less than C42) have high expression in 1m group than
other age counterparts. 5m and 10m appear to higher in long fatty acid chain.

144

145

Phosphatidylserines in positive ionization
There is an extremely high expression form C21:0 to C30:2 in 20m than other age groups,
similar in C41 and C42. The expression of KO does not follow the same pattern of 20m group.

146

147

S2 Phosphatidic acids in negative ionization
A few phosphatidic acids appear to be present in high amounts from C47:2 to C48:6

148

Phosphatidic acids in positive ionization
Most of lipids in 1m groups have substantial amounts compared to other groups but decrease
with age. 20m has a dense expression from C28:0 to C33:0.

149

150

S3. Phosphatidylethanolamines
The alteration in PE does not follow the fatty acid length, while 20m group contain less
amount than other groups.

151

S4. Phosphatidylinositols
Most of 20m lipids seems to be present in less amount than other counterparts.
Polyunsaturated lipids in KO group show obvious reduction compared to Ctrl.

152

S5. Phosphatidylcholines
The majority of PC present in a age-related decline except PC with short fatty acid chain
from C18:0 to C25:1.

153

154

S6. Phosphatidylglycerols
Lipids in PG have high amounts in 1m group while 20m is almost absent except PG 43:5
and PG 45:5.

155

S7. Sphingomyelins
SM is similar to other groups that age-related decrease across groups.

156

S8. Sulfatides
ST has a notable high expression from C34:1 to C36:2 in 1m group compared to other age
groups, while it is reverse from C37:1 to C44:2. In Atg5 KO study, it is similar to the pattern
between age groups but lipids with long fatty acid chain have more amounts than control
group.

157

S9. Sulfoquinovosyldiacylglycerols
1m group in SQDG has high amounts than other counterparts, but 10m seems to be present
high amounts from C37:0 to C44:3. KO group tends to be far less than control group in
mutation study.

158

S10. Monogalactosyldiacylglycerols
The expression of MGDG in 1m,5m and 10m is equal to each other while 20m group have
more amounts in C43:4, C43:5, C44:6, C44:8 and C45:5 than its counterpart.

159

S11.Monoacylglycerols
The amounts of lipids in MG clearly show the difference between 20m and the rest of age
groups. In Atg5 mutation study, KO group contains more amount of lipids in the same species
than that of control.

160

S12.Diacylglycerols
DG raise sharply from 1m to 5m and then gradually decreased. 20m seems to be completely
absent.

161

S13.Triacylglycerols
The concentration pattern in TG is similar to that of DG in relatively long fatty acid groups
that 5m is the peak of lipid amount and then reduced with age. The short fatty acid groups
(from C44:2 to C48:3) perform a reverse manner that elevated with age. In autophagy
mutation study, KO has notable high amount of lipid than control.

162

S14. Cholesteryl esters
The alteration of CE 16:0 and 18:0 is entirely reversed to each other. 5m has most amounts
in the rest of lipid species. All of lipid species in KO groups are less than control group.
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