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ABSTRACT

THE ROLE OF A TYPE LAMINS IN REGULATING MYELINATION

By Jacqueline M. DeLoyht

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science

at Virginia Commonwealth University.

Virginia Commonwealth University, 2018

Major Director: Jeffrey L. Dupree, PhD, Anatomy and Neurobiology

Multiple sclerosis (MS), a demyelinating disorder of the central nervous system (CNS),
affects approximately 400,000 individuals in the United States, and 2.5 million people
worldwide. It is a leading cause of disability in young adults. Current treatments for MS target
the inflammatory aspects of the disease, but do not aid in remyelination. To address

remyelination as a therapeutic strategy, it is imperative to identify mechanisms that regulate



myelin formation, including epigenetic targets. In this study, we investigate the role of the
LMNA, a gene encoding Lamins A and C, intermediate filaments of the nuclear lamina, in
regulating oligodendrocyte development and myelination in the CNS. Using electron
microscopic analyses, | examined levels of heterochromatin and its distribution in the
oligodendrocyte nucleus as an indicator of gene expression, oligodendrocyte maturity, and
myelin formation in the absence of A type lamins.. While overall levels of heterochromatin in
oligodendrocytes were not altered in the absence of A type lamins, peripherally located

heterochromatin was reduced and thinner myelin was observed in the spinal cord. My

observations present novel findings for the role of LMNA in oligodendrocytes and myelination.

Xii



INTRODUCTION

Multiple sclerosis (MS) is the primary demyelinating disease of the central nervous
system (CNS), affecting approximately 2.5 million individuals worldwide, and 400,000 people in
the United States with increasing prevalence (Ma et al., 2014). This chronic disease is the
primary cause of nontraumatic neurologic disability in young adults, with the age of onset
typically being between 20 and 40, and is three times more common in women than men
(Auricchio et al., 2017; Smith et al., 2017). The National Multiple Sclerosis Society reports that
estimated health care costs for a patient with MS range between $18,000 to $39,000 annually,
with out of pocket costs for patients with insurance at $2,000 annually. The annual cost in the

United States is approximately $28 billion (National Multiple Sclerosis Society; Ma et al., 2014).

Currently, there is no cure and all MS treatments fall into either the category of
symptomatic treatments, known as nonspecific therapies, focusing on maintaining function and
quality of life, or disease modifying treatments (DMTS), specific therapies, which aim to prevent
relapse and delay progression of disability (Davies, 2007; Tullman 2013). There are no current
therapies to restore demyelination that occurs in MS. To achieve this, a goal would be to target
the oligodendrocyte to create new myelin. A plausible approach could involve finding a target
that would upregulate myelin gene expression, by either targeting immature oligodendrocytes to
develop into myelin generating cells, or by returning mature oligodendrocytes to their active
myelinating state. To achieve the latter approach, it would be beneficial to identify factors that

regulate myelin formation in order to target those factors in efforts to stimulate myelin repair. In



this study, we explore a candidate factor that potentially regulates gene expression in

oligodendrocytes.

Multiple Sclerosis

MS is an inflammatory autoimmune disease of the CNS. While the cause is yet unknown,
it is believed to be a result of both environmental factors and genetic susceptibility. These factors
trigger inflammation with resultant demyelination, oligodendrocyte death, axonal damage,
gliosis, and neurodegeneration (Hartung et al., 2014). Initial symptoms of the disease can
include: weakness in one or more limbs (35%), optic neuritis (20%), paraesthesiae (20%),
diplopia (10%), vertigo (5%), disturbance of micturition (5%), and various other symptoms (5%)
(Compston et al., 2008). Clinical subtypes of MS include relapsing-remitting MS (RRMS),
secondary progressive MS (SPMS) and primary progressive MS (PPMS) (Abdelhack et al.,
2017). Typically, MS follows a three stage progression. First is a pre-clinical stage where
genetic and environmental factors have triggered the disease, only detectable through MRI; the
second is marked by the RRMS subtype presenting with periods of demyelination and neurologic
dysfunction, followed by remyelination and remission; and a third progressive stage, which
either follows RRMS (SPMS), or progresses from onset (PPMS) (Baecher-Allan et al., 2018).
The hallmark of MS pathology is the presence of focal demyelinated regions in the white matter;
however, damage is also found in normal appearing white matter (NAWM) (Kutzelnigg and
Lassman, 2014). In addition to demyelination, neuronal loss and atrophy are also seen in the gray
matter, particularly that of the cortex (Peterson et al., 2001; Wegner et al., 2006). Remyelination

following a demyelinating attack is an endogenous mechanism, occurring in acute and early



disease states,; however, repair becomes insufficient and eventually fails in late chronic disease,
leading to progression of disability due to axonal degeneration (Frohman et al., 2006; Ozawa et
al., 1994; Patrikios et al., 2006; Prineas et al., 1993;Stangel et al., 2017). Remyelination is
conducted by adult oligodendroglial progenitor cells (OPCs) that differentiate into mature
myelinating oligodendrocytes (Stangel et al., 2017). However, in chronic MS, differentiation of

OPCs to myelinating oligodendrocytes is impaired (Kuhlmann et al., 2008).

Current Multiple Sclerosis Treatments

Disease modifying treatments are primarily concerned with controlling the inflammatory aspect
of MS, but are less effective once the disease progresses to degeneration (Briick and Stadelmann
2003; Tremlett et al., 2004). At this time, there are 15 approved DMTs for MS, ranging in
efficacy and safety (Smith et al., 2017). All currently available therapeutics target the immune
system through either immunosuppression or immunomodulation (Dendrou et al., 2015; Hemmer
et al., 2015). These current treatments increase quality of life, but come at the cost of suppressing
the immune response. No available treatments facilitate myelin repair. Experiments with mouse
models of MS have aided the identification and characterization of factors that influence
remyelination, promoting OPC proliferation, migration, and differentiation (Gaesser and Fyffe-
Maricich, 2016; Kremer et al., 2016; Stangel et al., 2017). By identifying candidate genes,
transcription factors, and signaling molecules for remyelination, new therapeutic targets for MS

can be explored.



The Neuron

Neurons are cells of the nervous system specialized for intercellular communication and
rapid electrical signaling. Typically, a neuron is comprised of a cell body, dendrites, and an axon,
ending with the axon terminal (Figure 1.1). Dendrites are the target of chemical signaling,
receiving synaptic input from the axon terminal of other neurons (Purves, 2012). Excitatory and
inhibitory signals received from the dendrites are summed at the axon hillock, and depending on
the result of this summation, an action potential is either fired or not from the axon initial
segment (AIS) (Buttermore et al., 2013). The action potential is then propagated primarily
through voltage-gated sodium channels (Hodgkin and Huxley, 1952; Hille, 2001; Quarles et al.,
2006; Susuki and Rasband, 2008). An action potential is initiated when an influx of sodium ions
through these channels is sufficient to reach threshold neuronal membrane potential, depolarizing
the neuron and opening further voltage-gated sodium channels. As the action potential travels
through the axon, the sodium channels close, and there is an efflux of potassium ions through the
voltage-gated potassium channels, decreasing the membrane potential to hyperpolarization, and
eventually returning to a resting potential, capable of propagating another action potential
(Hodgkin and Huxley, 1952; Hille, 2001). Myelination of axons allows for more rapid and
efficient action potential propagation in large caliber axons of the vertebrate nervous system
(Tasaki, 1939; Foran and Peterson, 1992). In myelinated axons, action potentials are generated
at the nodes of Ranvier (Verkhratsky and Butt, 2013) resulting in propagation of the electrical
signal down the axon in a saltatory fashion. In addition to the nodes of Ranvier, the myelinated
axon is divided into multiple domains including the paranode, where the myelin sheath is
tethered to the axon, the juxtaparanode, where rectifying potassium channels cluster and the

internode, which is the longest region of the myelinated axon (Verkhratsky and Butt, 2013).



Figure 1.1. CNS Myelinated Neuron Schematic

Synaptic input is received at the dendrites. Action potentials are initiated at the axon initial segment, and
propagated along the axon through the internodes and generated at the nodes of ranvier in a saltatory fashion.
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Oligodendrocytes

Oligodendrocytes are the myelinating cells of the CNS. These cells extend multiple
processes that ensheath axons in wraps of myelin, both along one axon and between multiple
axons (Soldan and Pirko, 2012). One oligodendrocyte can extend from one to up to 30
myelinating processes, and oligodendrocyte subtypes, types I-1V, are categorized in relation to
the number of processes they extend, as well as their morphology and size of the myelin sheaths
they create (Bjartmar et al., 1994; Butt et al., 1995; Baumann and Pham-Dinh, 2001; Murtie et
al., 2007). Because the largest caliber axons are myelinated first in postnatal development, types
I11/1V oligodendrocytes myelinate earlier, and types I/I1 myelinate the smaller caliber axons later

(Butt et al., 1994; Hildebrand et al., 1993).

Oligodendrocyte Differentiation

Oligodendrocyte progenitor cells (OPCs), resulting from multipotent neural stem cells
(NSCs) in the subventricular zone (SVZ), generate oligodendrocytes (Richardson et al., 2006).
These OPCs migrate from the SVZ to populate the CNS, and undergo proliferation and
differentiation (Menn et al., 2006). Oligodendrocyte differentiation and maturation can be
determined by antigenic markers (Figure 1.2). Additionally, some OPCs do not differentiate,
and remain as adult OPCs or NG2-glia (Verkhratsky and Butt, 2013). These adult OPCs have the
capacity to generate into oligodendrocytes, and can respond to demyelinating events (Menn et
al., 2006). Oligodendrocyte maturity can also be identified based on characteristics seen in
electron microscopy, dividing into three stages of maturity; 1. light, large cells with euchromatic

nuclei and ample cytoplasm, 2. dark, smaller cells with more heterochromatic nuclei and 3.dense



, and medium cells, with characteristics between light and dark (Mori and Leblond, 1970). The
euchromatic nuclei of oligodendrocyte progenitor cells have a relaxed chromatin structure, with
greater DNA accessibility. This euchromatic state allows them to transduce signals to
transcription factors, recruiting enzymes which activate or repress genes that regulate

oligodendrocyte determination, proliferation, and migration (Liu et al., 2016).

In transitioning from the OPC to a premyelinating oligodendrocyte, genes involved in
proliferation and the inhibition of differentiation are downregulated. As this process occurs,
heterochromatin progressively forms, beginning at the nuclear periphery, among the nuclear
lamina, and radiates towards the center of the nucleus (Liu et al., 2016). The localization of
clumps of heterochromatin to the nuclear envelope is seen in mature myelinating
oligodendrocytes, which also have the darker cytoplasm mentioned above, with a short
endoplasmic reticulum and more prominent Golgi apparatus (Menn et al., 2006). It was reported
that both in vitro and in vivo, histone deacetylase (HDAC) activity was required for
oligodendrocyte differentiation, with a model of differentiation characterized by progressively
decreasing inhibitors of transcription, upregulating activators, followed by myelin gene

expression (Liu and Casaccia, 2010).



Figure 1.2. Oligodendrocyte Development

As a neuroepithelial cell develops into a mature myelinating oligodendrocytes, different genes are expressed.
Stages of development of an oligodendrocyte can be identified by the oligodendrocyte and myelin genes the
cell expresses.



10

Tk

Neuroegithalial
ced Dligo :lumlmnl ?DEIFIE Immature
JWNECLNEAN Cot olgodendrocyte
PSF:.-HEAH POGFaR Malure
s HEpnpc odgodendroCyle
NGZ posiiee o "':'S"WE‘E APC
or negalive i MBEF
GALC PLP
04 MAG
ChE MOG
GALC
04
CNP

Adapted from Verkhratsky and Butt (2013)



11

Myelin

Myelination increases conduction velocity in axons by acting as an electrical insulator,
through a reduction in capacitance and an increase in resistance (Verkhratsky and Butt, 2013).
In the CNS, oligodendrocytes extend multiple processes to myelinate several axons, whereas in
the peripheral nervous system (PNS), Schwann cells extend a single myelinating process. Myelin
is composed of multiple layers of membranes wrapped around the axon (Purves, 2012). Unique
to myelin is the composition of these layers. In contrast to most other biological membranes,
composed of approximately 45% lipid and 55% protein, myelin is composed of approximately
70% lipid and 30% protein (Baumann and Pham-Dinh, 2001; Quarles et al., 2006). Additionally,
myelin has low water content, allowing it to be an efficient insulating material (Baumann and
Pham-Dinh, 2001). Due to the insulating capacity of myelin, myelinated axons have conduction
velocities of up to 150 meters per second, as opposed to the conduction velocities of
unmyelinated axons, ranging from 0.5 to 10 meters per second. The myelin sheath is not a
continuous structure but is composed of segments that align along the axon. These segments can
be as long as 1mm and adjacent segments are separated by short (1-2 um) myelin bare regions
known as node of Ranvier. Action potential propagation is restricted to the nodes of Ranvier
resulting in the electrical signal passing from node to node resulting in action potential

propagation called saltatory conduction (Purves, 2012).

CNS Myelin

As stated above, myelin is composed of 70% lipid and 30% protein. In the CNS, the

predominant myelin proteins are proteolipid protein (PLP), isoform DM-20, and myelin basic
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protein (MBP), which together constitute about 80% of the proteins in the CNS myelin sheath
(Campagnoni and Macklin, 1988). The remaining 20% of proteins of the CNS myelin sheath
include higher molecular weight proteins including myelin associate glycoprotein (MAG) and

2’:3’-cyclic nucleotide 3’-phosphodiesterase (CNP) (Eng et al., 1968).

Myelination in the Murine CNS

Myelination begins at birth in the mouse spinal cord, and is completed in all areas
between postnatal day (PND) 40-60 (Baumann and Pham-Dihn, 2001; Snaidero and Simons,
2014). Beginning in the spinal cord, myelination proceeds in a rostral to caudal gradient and is
mostly complete in the mouse CNS by PND 60 (Foran and Peterson, 1992). Myelination reaches
its peak in the spinal cord at PND 20 (Benjamins and Morell, 1978), while peak levels of
myelination continue until PND 45 in the mouse corpus callosum (Sturrock, 1980). Larger
caliber axons are myelinated first, with smaller diameter axons not beginning myelination until
PND 20 (Hildebrand et al., 1993). In the mouse optic nerve, there are two bursts of peak
myelination. The first wave begins at the 3™ week of life, and the second wave initiates at
postnatal week 5, accounting for a threefold increase in the number of myelinated nerve fibers

present at week 3 (Dangata et al., 1996).
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Chromatin and Gene Expression

One mechanism by which myelin genes are expressed is through epigenetic regulation of
chromatin. Chromatin packages genetic material in a complex of proteins and DNA in the
nucleus of the cell. Its structure is dynamic, and these changes affect gene expression (Felsenfeld
and Groudine, 2003). It is a complex of DNA and proteins, with repeating units called
nucleosomes, composed of DNA wrapped around an octomer of histone proteins (McGinty and
Tan, 2014). How tightly these nucleosomes are packaged affects the ability of DNA binding
factors to bind to DNA and impacts transcription (McGinty and Tan, 2014) (Figure 1.3). Based
on the packaging of the DNA and the associated proteins, chromatin is referred to as
heterochromatin and euchromatin. Heterochromatin is tightly packaged, making it inaccessible to
DNA binding factors, and generally transcriptionally silent (Cockell and Gasser, 1999; Nielsen et
al., 2002; Copray et al., 2009). In addition to the tight packaging of heterochromatin playing a
roel in transcription regulation, the position of the heterochromatin within the nucleus appears to
regualte gene expression as a peripheral location, and consequently an association with nuclear
envelope lamins, results in an envirionment of repressive gene expression (Politz et al., 2013). In
an electron micrograph, heterochromatin appears dark consistent with increased density of the
DNA and associated proteins. Such dense packaging is consistent with heterochromatin being
less transcriptionally active. In contrast, euchromatin has a more relaxed and less tightly
packaged structure and is associated with transcriptionally active DNA. (Fernandez et al., 2012).
Also consistent with this more relaxed packaging, euchromatin, in an electron micrograph,

appears light or electron lucent.
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Histone modifications impact whether chromatin is heterochromatic or euchromatic, with
acetylation of histone 3 lysine 9 (H3K9) and methylation of histone 3 lysine 4 (H3K4) being
characteristic of euchromatin, and H3/H4 deacetylation, and methylated H3K9 characteristic of
heterochromatin (Wallrath et al., 2014). HDACs remove acetyl groups from histones, and are
associated with transcriptional repression (Braunstein et al. 1993; Braunstein et al. 1996;

Gregoretti et al. 2004; Hernandez and Casaccia, 2016).
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Figure 1.3. Chromatin Structure

Chromatin is composed of repeating units called nucleosomes. Heterochromatin is composed of condensed
nucleosomes, creating a primarily repressive environment. Euchromatin is a more relaxed chromatin
structure, where DNA is accessible to DNA binding factors.
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Nuclear Lamina

Located beneath the inner nuclear membrane is the nuclear lamina, an intermediate
filament meshwork, comprised mainly of type V intermediate filament proteins known as lamins,
including lamins A, C, B1, and B2 (Young et al., 2012; Steensel and Belmont, 2017). Adjacent
to the nuclear lamina is a layer of heterochomatin, which creates a primarily repressive
environment (Fawcett, 1966). Both A and B type lamins tether this heterochromatin to the
nuclear periphery, (Politz et al., 2013). Interacting with the nuclear lamina, are lamina-
associated domains (LADs). LADs are genomic regions, relatively poor in actual genes, with
those gene within the LAD being expressed at very low levels. They are involved in guiding the
folding of chromosomes in the nucleus (Yanez-Cuna and Steensel, 2017). There are two
different types of LADs, constituative and facultative. Constituative LADs are highly conserved
across species and present in all cell types. They are rich in A/T sequences, thought to anchor to
the nuclear lamina, and provide structural backbone for interphase chromosomes (Meuleman et
al., 2013). Facultative LADs are associated with the nuclear lamina only in some cell types.
During differentiation, genes located in facultative LADs either move away from the nuclear
lamina, correlating with activation, or towards it, correlating with inactivation (Yanez-Cuna and

Steensel, 2017).

Lamins

Nuclear lamins are intermediate filaments that are components of the nuclear lamina
(Young et. al., 2012). The lamins act as a scaffold for protein complexes involved in nuclear

structure and function, and impact signaling pathways, transcription factors, and chromatin
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associated proteins (Andres and Gonzales, 2009) (Figure 1.4). There are two types of lamins: A
type and B type. There are two B type lamins and they are encoded by separate genes, with
LMNB1 encoding lamin B1, and LMNB2 encoding lamin B2 (Biamonti et al., 1992; Lin and
Worman, 1995). A type lamins are encoded by the gene LMNA, which produces prelamin A, the
precursor to mature lamin A, and lamin C, by alternative splicing (Lin and Worman, 1993).

Both A and B type lamins are able to bind chromatin via carboxyl-terminal tail domains (Taniura

etal., 1995).
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Figure 1.4. Lamins and the Nuclear Envelope

A type and B type lamins act as a scaffold for protein complexes involved in nuclear structure and function,
and interact with chromatin both directly and through lamina associated domains .
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B Type Lamins

The intron-exon structure for lamins B1 and B2 is similar presenting with a conserved
amino acid sequence of approximately 60% suggesting that they are a result of gene-
duplication (Biamonti et al., 1992; Davies et al., 2011; Jung et al., 2013; Lin and Worman,
1995). In vitro studies have elucidated roles of B type lamins in DNA replication, mitotic spindle
formation, and gene transcription (Belmont et al., 1993; Moir et al., 1994; Tsai et al., 2006). B
type lamins are thought to primarily associate with heterochromatic, gene poor regions (Adam
and Goldman, 2012). Lamin B2 has been found to be essential for neuronal migration in the
developing brain. A duplication of LMNBL1 has been linked to Autosomal Dominant
Leukodystrophy (ADLD), a fatal demyelinating disease (Padiath et al. 2006). Overexpression of
LMNBL1 in oligodendroctyes has been found to cause epigenetic changes, resulting in down
regulation of lipogenic gene expression and loss of myelin-enriched lipids (Padiath et al., 2016).

This displays a role of lamin function in oligodendrocytes in disease.

A Type Lamins

A type lamins are encoded by the gene LMNA, which produces prelamin A, the precursor
to mature lamin A, and lamin C, by alternative splicing (Lin and Worman, 1993). The amino
acid sequences of prelamin A and lamin C are identical for the first 566 residues, but prelamin A
terminates with exon 12 sequences with 98 unique residues and a CAAX motif, which functions
to target lamin A to the nuclear periphery (Holtz et al., 1989), whereas lamin C terminates with
exon 12 sequences and 6 unique amino acids (Young et al., 2012). The post translational

modification from prelamin A to mature lamin A clips the terminal 14 amino acids (Young et al.,
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2012). A type lamins are expressed only at low levels during development, and lamin A and C
proteins are not detectable in the brain until PND 15, with expression increasing with maturation
(Roeber et al., 1989). A type lamins interact directly with chromatin at the nuclear periphery
(Dorner et al., 2007). While both B and A type lamins tether heterochromatin to the nuclear
periphery, A type lamins are developmentally regulated, implicating a dynamic role of peripheral
heterochromatin in development associated with them (Politz et al., 2013). Additionally, A type
lamins associate with several transcriptional repressors (Hutchison and Worman, 2004;
Gotzmann and Foisner, 2005; Maraldi et al., 2006). In the absence of LMNA, peripheral
heterochromatin is reduced, and an inversion of the localization from the periphery to the nuclear
interior is seen (Galiova et al., 2008). Several genetic diseases caused by mutations in LMNA,
called laminopathies, have been identified, and linked to over 180 mutations in LMNA (Zhang et
al., 2013). Laminopathies include cardiomyopathy, peripheral neuropathy, madibulocral
dysplasia, partial lipodystrophy, and several forms of muscular dystrophy (Jung et al., 2013).
Barateau et al. (2017) discovered a point mutation in the LMNA gene that resulted in the inability
of A type lamins to target to the nuclear envelope. Their findings showed that in the absence of
A type lamins at the nuclear envelope due to this point mutation, acetylation of H3K9 was

increased, which is associated with transcriptionally active euchromatin (Wallrath et al., 2014).

LMNA Null Mutant

The LMNA null mutant mouse results in ablation of both lamins A and C (Zhang et al.,
2013). These mice display cardiac arrhythmia, reduced fat stores, growth retardation, and

abnormal emerin targeting (Sullivan et al., 1999). However, at birth, the LMNA knockout (KO)
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is indistinguishable from wild type (WT) littermates (Sullivan et al., 1999). LMNA KO mice
display hindered growth by 2-3 weeks of age, clinical features of muscular dystrophy by 4-6
weeks of age, and do not survive past 8 weeks of age (Nikkolova et al., 2004). Mutant mice
deficient in only lamin A, prelamin A, or lamin C have been created, and do not have lethal
phenotypes, suggesting that A type lamins can play compensatory roles for one another (Zhang

etal., 2013).

Project Aim

The goal of this study is to elucidate the role of A type lamins in oligodendrocytes.
Previous studies have shown that A type lamins play an essential function in chromatin
architecture, tethering chromatin to the nuclear periphery, and impacting gene expression.
Because remyelination in MS requires the differentiation of adult OPCs to mature myelinating
oligodendrocytes, it is essential to identify candidate genes that impact this differentiation.
Because A type lamins are associated with tethering chromatin and regulators of gene
expression, it was of interest to study the impact on oligodendrocyte heterochromatin and CNS
myelin. It was hypothesized that heterochromatin levels would be reduced in oligodendrocytes,
specifically at the nuclear periphery. Because previous studies have shown increased acetylation
of H3K9, associated with active euchromatic chromatin, in the absence of A type lamin targeting
to the nuclear periphery, and because A type lamins bind transcriptional repressors, | postulated
that ablation of LMNA would increase myelin gene expression in oligodendrocytes, resulting in

increased myelination in the CNS. Using a total LMNA null mutant mouse, ratios of total
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heterochromatin to nuclear area, as well as peripheral heterochromatin to nuclear area, and ratios
of peripheral heterochromatin as related to total heterochromatin were measured to understand
how the absence of A type lamins affects heterochromatin distribution in the oligodendrocyte
nucleus in the corpus callosum, spinal cord, and optic nerve. The resultant impact of ablation of
LMNA on myelination in the corpus callosum and spinal cord was studied using g-ratios as a
measure of myelin thickness with regard to axon caliber. Additionally, oligodendrocyte nuclear
area to total cell body area was measured to determine if A type lamins play a role in

oligodendrocyte maturity.
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MATERIALS AND METHODS

Animals

Lamin A (LMNA) knockout (KO) and wild type (WT) mice were bred and maintained in
the Mount Sinai School of Medicine Animal Facility vivariam, which is an AAALAC accredited
facility. The mice were generated by heterozygous X heterozygous matings resulting in litters
containing WT, KO and heterozygous littermates. Food and water for the mice were provided
ad liberatum. All mice were maintained on a 12 hour light/12 hour dark alternating cycle. For
this study, only the KO and WT mice were analyzed while the heterozygous mice were used to
maintain the colony. Homozygous KO mice have a shortened lifespan and rarely survive past 50
days of age. For this reason, all analyses were restricted to either PND 21 or PND 35. All
analyses were conducted in a blinded manner and the genotypes of the mice were not revealed

until all quantitative analyses were completed.

Perfusion

Mice were perfused in the laboratory of Dr. Patrizia Casaccia at Mount Sinai School of
Medicine according to the protocol established in our laboratory (Marcus et al., 2006; Shroff et
al., 2009). Briefly, mice were deeply anesthetized using a combination of corneal reflex and toe
pinch to confirm. Mice were placed on a perfusion rack in a prone position. A “Y” shaped
incision cutting through the ribs and diaphragm was used to expose the heart. A 22 gauge needle

was inserted into the left ventricle and 0.9% saline was used to flush the blood. A small incision
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was made in the right atrium to allow the perfusate to exit the body. The saline solution was
flushed through the animal until the saline perfusate ran clear and the liver blanched. Following
the saline perfusate, the mice were perfused with a solution of 0.1 M sodium cacodylate buffer
(pH 7.3) containing 4% paraformaldehyde (Polyscience, Warrington, PA) and 5%
glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) at a rate of 7-10 ml/minute. The
aldehyde fixative was run through the animal for 25 minutes after muscle contractions ceased.
Animals were stored for 2 weeks at 4°C in the same aldehyde fixative. Since the mice were
perfused in the Casaccia laboratory, the mice were shipped to our laboratory during this two
week post fixation period. Mice were placed in 50ml conical centrifuge tubes; the tubes were
tightly capped and the caps were wrapped in parafilm (Bemis North America, Neenah, WI).
Upon arrival, the mice were immediately transferred to the refrigerator for the remaining period

of the two weeks post fixation period.

Electron Microscopy Tissue Processing

Following two weeks of post fixation in the aldehyde fixative, spinal cord, optic nerve
and corpus callosum samples were prepared for transmission electron microscopic analysis.
Briefly, the entire brain and spinal cord and the optic nerve, from the level of the optic canal
anteriorly to ~2mm posterior to the optic chiasma, were harvested from each mouse. These
samples were incubated in 0.1M sodium cacodylate in a 20ml scintillation vial overnight at 4°C.
The next day spinal cord samples at the level of cervical region C2-4, the whole brain and optic
nerve 0.5 cm anterior to the optic chiasm were placed in a fresh rinse of 0.1M sodium cacodylate

buffer. The cacodylate rinses removed excess aldehydes to prevent their reaction with osmium
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tetroxide in subsequent tissue processing steps. For the corpus callosi, a sagittal brain matrix
was used to make a mid sagittal cut separating the two hemispheres, and then two additional
sagittal cuts positioned 1mm lateral to the mid sagittal cut were made to generate 1mm sagittal
sections. These two sagittal sections immediately lateral to midline were used for corpus callosi
analysis. The day after the tissue was grossly dissected, samples were additionally post fixed in
1% osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA) in 0.1M cacodylate buffer
(pH 7.3), and gently rotated for one hour to ensure optimal fixative penetration. Following the
osmium tetroxide post fixation, samples were rinsed three times for five minutes per rinse in
0.1M cacodylate. All processing steps involving osmium tetroxide were conducted under a
chemical fume hood. Osmium tetroxide waste was reacted with vegetable oil to reduce fix waste
for disposal. Tissue samples were dehydrated using increasing concentrations of ethanol ranging
from 30% to 100%. For the final two 100% ethanol rinses, “dry” ethanol, ethanol stored on
molecular sieve was used. Two 30-minute rinses of the transition solvent, propylene oxide
(Electron Microscopy Sciences, Hatfield, PA), were conducted prior to the overnight incubation
in a solution of one part propylene oxide and one part PolyBed resin (PolySciences, Warrington,
PA). The following day, the tissue was incubated in 100% PolyBed resin for 24 hours with

constant agitation at room temperature.

After the 24-hour incubation in PolyBed resin, optic nerve and spinal cord samples were placed
in flat embedding molds while the corpus callosal samples were placed in inverted Beem
capsules (Electron Microscopy Sciences, Hatfield, PA). All tissue samples were embedded in

freshly prepared 100% PolyBed resin and polymerized at 60° C for 36 hours.
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One micron and 90 nm sections were cut for each sample. One micron sections were stained
with toluidine blue and qualitatively assessed to confirm correct region of interest, orientation,
and fixation quality using a Zeiss Axiolmager Al (Zeiss Microscopy, Inc; Englewood NY). The
90 nm sections were placed on 200 mesh coper grids and stained with uranyl acetate and lead

citrate.

Image Collection Using Transmission Electron Microscopy

Sections were imaged using either a JEOL JEM 1230 transmission electron microscope
(TEM), equipped with a Gatan Orius SC 1000 camera or a JEOL JEM 1400Plus TEM equipped
with a Gatan Ultra Scan CCD camera. Spot size was 2, and the high tension setting was 100Kv
with the filament set below saturation. The desired area of the corpus callosum was identified as
the region of myelinated axons with myelinated axons in cross section that were located between
the myelinated axons in longitudinal orientation, positioned inferior to cortical layer 6, and
superior to the lateral ventricle. For the spinal cord, all images of myelinated axons were
collected from the ventral column, which was identified by large myelinated axons and the
presence of the posterior median sulcus. The motor horn motor neurons were identified as the

large neurons in the grey matter regions located lateral to the ventral columns.

Oligodendrocytes were identified on electron micrographs by their dense cytoplasm and
nucleus, and absence of intermediate filaments and glycogen. For morphologic analysis, 10
oligodendrocytes per region were imaged using transmission electron microscopy. Images in the
corpus callosum were collected from four littermate pairs of PND 21 animals, and three LMNA

knockout and four wild type littermates of PND 35 mice. Oligodendrocyte images in the spinal
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cord were collected from 5 littermate pairs of PND 21 and four littermate pairs of PND 35
animals. Images of oligodendrocytes in the optic nerve were collected from 3 littermate pairs of

PND 35 animals.

To identify oligodendrocyte specific effects, imaged spinal cord neurons were collected
from PND 21 animals (n=5); images of cortical neurons (n=3) and spinal cord neurons (n=4), as
well as astrocytes from the optic nerve (n=4) were collected from PND 35 animals. Neurons
were identified as large cells in grey matter regions, in combination with the presence of
intermediate filaments without tight bundling, and the presence of a large nucleus with a
prominent nucleolus. Astrocytes were identified based on the presence of glial fibrillary acidic

protein (GFAP) and glycogen.

Heterochromatin analysis

Electron microscopy images of oligodendrocytes from the corpus callosum (n=4) and
spinal cord (n=5), as well as spinal cord neurons (n=5) of PND 21 animals were collected and
analyzed. For PND 35 animals, oligodendrocytes were analyzed from the optic nerve (n=4),
corpus callosum (n=4), and spinal cord (n=5), as well as cortical (n=3) and spinal cord (n=4)
neurons, and optic nerve astrocytes (n=4). Images were analyzed using Image J (NIH),
according to the protocol that I established and published in Liu et al. (2012). Briefly, using the
freehand tracing tool, outlines were manually traced around the nuclei, and area (in pixels) was
measured (Figure 2.1). The area outside of the nucleus was cut from the image (Figure 2.2). The
nucleolus was traced, measured, and cut from the image, and the area of the nucleolus was

subtracted from total nuclear area (Figure 2.3). Using the thresholding tools, heterochromatic
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areas were identified by their observably darker appearance above background, and selected on a
gradient of 0 to 256 grey scale. Due to the variation among sections, a consistent range of
thresholding could not be set across all images. However, there was less variation in saturation
between images of the same section and thresholding was set within a range of approximately 20
values on a grey scale, a variation of 8% (Figure 2.4). Peripheral heterochromatin, defined as
heterochromatic regions contiguous with the nuclear envelope, was traced with the freehand tool
(Figure 2.5). The area inside this selection was cropped from the image. Peripheral
heterochromatin was selected and measured using the thresholding tool, set to the same grayscale
value as the thresholding of total heterochromatin (Figure 2.6). Ratios of total heterochromatin
to total nuclear area, peripheral heterochromatin to total nuclear area, and peripheral

heterochromatin to total heterochromatin were calculated.

Ratios were statistically compared between wild type and LMNA knockout mice using an
unpaired, two-tailed student’s t-test (p < 0.05) to determine if the means of the ratios for each
analysis were significantly different between WT and LMNA KO. Statistical analyses were

carried out using Prism 7 (GraphPad Software, Inc.).



Figure 2.1. Selection of oligodendrocyte nuclear area

The oligodendrocyte nucleus was traced using the freehand tool, and its area was measured
in pixels.
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Figure 2.2. lIsolation of oligodendrocyte nuclear area

The area outside the nucleus was cleared from the image.
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Figure 2.3. Selection and elimination of nucleolus from analysis

The nucleolus was traced using the freehand tool and measured in pixels. That
measurement was subtracted from the total nuclear area for analysis. The nucleolus was

then cleared from the image.
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Figure 2.4. Thresholding and selection of heterochromatin

Using the thresholding tool, with a gray scale of 0 to 256, heterochromatic regions
identified as regions dramatically darker than background levels were selected and
measured in pixels.
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Figure 2.5. Peripheral heterochromatin selection

Peripheral heterochromatin was traced using the freehand tool.
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Figure 2.6. Peripheral heterochromatin isolation and thresholding

The area inside the peripheral heterochromatin was removed from analysis, and peripheral
heterochromatin was selected with the thresholding tool at the level extablished in
Figure2.4, and measured in pixels.
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G-Ratio Analysis

Electron microscopy images were collected of myelinated axons from the spinal cord
(n=5) and corpus callosum (n=3) of PND 21 animals, and from the spinal cord (n=3) and corpus
callosum (n=4) of PND 35 animals. All myelinated axons in an image were measured, until a
minimum of 100 myelinated axons were measured per animal. Axon caliber was calculated by
averaging the measurement of the longest diameter of an axon and the shortest, in pixels. Axon
caliber was converted from pixels to microns by dividing the number of pixels in the axon
caliber measurement by the number of pixels per micron as determined by measuring the scale
bar of the image. Myelin thickness was calculated by measuring the thickest and thinnest region
of the myelin sheath using only areas of the sheath that were compacted, showed no signs of
fixation artefact and were not cut at an angle. Total fiber caliber was calculated by adding the
two myelin thicknesses to the axon caliber value. G-ratios were calculated by dividing the axon
caliber (in pixels) by the total fiber caliber (in pixels). G-ratios were plotted in a scatter plot with
g-ratios on the y-axis, and axon caliber (in microns) on the x-axis. Linear regression analyses
were performed in Prism 7 to determine if the slopes of the WT and LMNA KO differed, and an

unpaired Student’s t-test was performed to compare the g-ratio means (p<0.05).

Measurement of nucleus : cytoplasm ratio

Electron microscopy images of oligodendrocytes from the corpus callosum (n=4) and
spinal cord (n=5) of PND 21 animals, and from the optic nerve (n=3), corpus callosum (n=4),
and spinal cord (n=4) or PND 35 animals were analyzed. Using Image J (NIH) software,

outlines were traced around the cell body of oligodendrocytes (excluding processes), and the
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total cell area (in pixels) was measured. The area of the nucleus, obtained from heterochromatin
analysis, was subtracted from the total cell area to calculate the area of the cytoplasm. The ratio
of nuclear area to area of the cytoplasm was calculated and compared using an unpaired

Student’s t-test (p < 0.05).
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RESULTS

No difference was observed in heterochromatin ratios or distribution in the

oligodendrocyte nucleus of PND 21 WT and LMNA KO mice

| hypothesized that ablation of the Lamin A (LMNA) gene would result in improper
targeting of heterochromatin to the nuclear periphery. To test this hypothesis, we analyzed
oligodendrocytes from the spinal cord and corpus callosum of wild type and LMNA knockout)

mice at PND 21.

Heterochromatin Distribution in the Corpus Callosum of PND 21 Mice

No significant difference in ratios of total heterochromatin to total nuclear area was
observed in oligodendrocytes in the corpus callosum of PND 21 mice (Figure 3.1). Ten
oligodendrocytes, identified based on ultrastructural features unique to these CNS myelin
forming cells, were analyzed per mouse. The mean heterochromatin to nuclear area of WT
oligodendrocytes was 0.361 + 0.009 (n=4), and the mean of the KO heterochromatin ratios was
0.369 = 0.016 (n=4) (t test p = 0.40). Additionally, no difference was observed between the
means of the ratios of peripheral heterochromatin in the nucleus of WT mouse corpus callosum
oligodendrocytes 0.194 £+ 0.011 and KO 0.200 = 0.027 ( t test p = 0.72). The means of the ratios
of peripheral heterochromatin to total heterochromatin were also not significantly different

between oligodendrocytes in the corpus callosum of PND 21 mice. The corpus callosum
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oligodendrocytes of WT mice had a mean peripheral heterochromatin to total heterochromatin

ratio of 0.539 + 0.023, and KO mice had a mean of 53.1% * 6.6% (t test p = 0.83).

Heterochromatin Distribution in the Spinal Cord of PND 21 Mice

Because the spinal cord develops earlier than the corpus callosum, | posited that

heterochromatin distribution would show a greater difference between genotypes in spinal cord
oligodendrocytes of PND 21 mice. No significant difference in ratios of total heterochromatin to
total nuclear area was observed in oligodendrocytes of the spinal cord of PND 21 LMNA KO
compared to oligodendrocytes from WT mice (Figure 3.2). Ten spinal cord oligodendrocytes per
mouse were analyzed. WT mice had an average heterochromatin to nuclear area ratio of 0.405 +
0.015 (n=5), while KO mice had a mean of 0.388 £ 0.025 (n=5) (t test p = 0.24). Additionally, no
difference between the percentage of heterochromatin localized near the inside periphery of the
nuclear envelope to nuclear area was observed, with a WT peripheral heterochromatin to nuclear
area mean of 0.195 £ 0.035, and a KO peripheral heterochromatin to nuclear area mean of 0.189
+ 0.029 (t test p = 0.76). There was also no significant difference in mean ratio of peripheral
heterochromatin to total heterochromatin, WT mean of 0.443 = 0.076 and KO mean of 0.470 +

0.057 (t test p = 0.55).

The LMNA gene is not specifically expressed in oligodendrocytes in the CNS. Therefore to
determine if heterochromatin of other cell types was altered in the LMNA KO mice,
heterochromatin ratios were also analyzed for spinal cord ventral horn motor neurons. No
difference in ratios of total heterochromatin in the neuron nucleus was observed, with a WT

mean of 0.422 + 0.067 (n=5) and a KO mean of 0.398 + 0.025 (n=5) (t test p = 0.48) (Figure
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3.3). Since no difference in the percent of heterochromatin was observed between genotypes for
the motor neurons and since no significant difference was observed with regard to
heterochromatin distribution in the oligodendrocytes in the spinal cord of PND 21 mice, further

analysis of the peripheral heterochromatin ratios was not conducted for the PND 21 neurons.

Mean myelin thickness did not differ between WT and LMNA KO at PND 21 in either the

corpus callosum or spinal cord

To determine if the LMNA gene plays a role in myelination, g-ratios were calculated as a

measure of myelin thickness, relative to the axon caliber.

G- ratios from the corpus callosum were calculated and plotted in a scatter plot
with g-ratio on the y-axis and axon caliber in um on the x-axis (Figure 3.4). Qualitative analysis
revealed an overlap of the populations of g-ratios for both WT and LMNA KO. A Student’s t test
was performed to compare the means of g-ratios between WT, with a mean of 0.768 + 0.00787
(n =3), and LMNA KO, with a mean of 0.772 + 0.0137 (n = 3), and no significant difference was
observed (p = 0.827).G ratios from the spinal cord were measured and plotted in a scatter plot
with G ratio on the y-axis and axon caliber in um on the x- axis (Figure 3.5). Qualitative analysis
revealed an overlap of the populations of g-ratios for both WT and LMNA KO. Average g ratios
between WT and LMNA KO were compared using a Student’s t test. G ratios in the spinal cord
of WT PND 21 mice had a mean of 0.796 + 0.00677 (n = 5), with LMNA KO having a mean of

0.807 +0.00881 (n = 5) (p = 0.359).
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No difference in ratios of oligodendrocyte nuclear area to cytoplasm area was observed

between WT and LMNA KO at PND 21

Because our laboratory has previously shown that the oligodendrocyte cytoplasm area
reduces with differentiation (Shroff and Dupree, unpublished data), ratios of nuclear area to
cytoplasm area were analyzed as an assessment of oligodendrocyte maturity. No significant
differences between WT and KO animals were seen at PND 21 in the oligodendrocytes of either
the spinal cord or corpus callosum (Figure 3.6). In the spinal cord, PND 21 WT oligodendrocytes
had a mean nucleus to cytoplasm ratio of 0.592 + 0.027 (n = 5), and LMNA KO oligodendrocytes
had a mean of 0.582 + 0.027 (n = 5) (p = 0.806). In the corpus callosum, WT oligodendrocytes
of PND 21 animals had a mean nucleus to cytoplasm ratio of 0.524 + 0.020 (n = 4), and KO had

a mean of 0.515 + 0.037 (n = 4) (p = 0.850).

LMNA plays a role in heterochromatin organization in PND 35 mice

No difference in heterochromatin organization was observed in LMNA KO mice as
compared to WT mice at PND 21. Because LMNA expression increases with maturity, I next
analyzed the LMNA KO mice at an older age. Based on published (Zhang et al., 2013) and
unpublished (Hernandez and Casaccia, personal communication) observations, the LMNA KO
mice die by 6 — 8 weeks of age. In our group’s hands, PND 35 was the oldest age that could
consistently be achieved for the LMNA KO mice; therefore, PND 35 was chosen for the “aged”

analysis.
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LMNA regulates heterochromatin organization in corpus callosum oligodendrocytes of PND 35

mice

Heterochromatin analysis was performed on ten oligodendrocytes per animal of both WT
and LMNA KO PND 35 mice (Figure 3.7). No difference was observed in total heterochromatin
to nuclear area ratios in LMNA KO (mean 0.381 + 0.0123, n = 4) compared with WT (mean
0.410 £ 0.0148, n = 4) mice (t test p = 0.182). When ratios of peripheral heterochromatin to
nuclear area of corpus callosum oligodendrocytes were analyzed, significantly lower ratios were
observed in the KO (mean 0.204 £ 0.00982) compared against the WT (mean of 0.258 +
0.00471) (t test p < 0.01). Additionally, lower ratios of peripheral heterochromatin to total
heterochromatin were seen in the KO (mean 0.534 £ 0.0083) compared with WT (mean 0.627 £

0.017) oligodendrocytes in the corpus callosum of PND 35 mice (t test p < 0.01).

As a control for general effects of LMNA on heterochromatin distribution, cortical
neurons from layers V and VI were also analyzed for heterochromatin ratios, with ten neurons
from each animal for each genotype used for analysis (Figure 3.8). Consistent with all analyses,
total heterochromatin to nuclear area ratios did not differ between the KO (mean 0.217 + 0.030,
n=3)and WT (mean 0.176 £ 0.022, n = 3 (t test p = 0.332) cortical neurons. Additionally, there
was no significant difference in ratios of peripheral heterochromatin to total nuclear area
between these cells in KO (mean 0.0713 £ 0.011) and WT (mean 0.0615 + 0.007) (t test p =
0.519). No differences were observed when comparing ratios of peripheral heterochromatin to
total heterochromatin between KO (mean 0.321 = 0.017) and WT cortical neurons (mean 0.362 +

0.011) (t test p = 0.125).
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No Difference in Heterochromatin Distribution in the Optic Nerve of PND 35 LMNA KO Mice

Since heterochromatin differences were observed in the oligodendrocytes from the corpus
callosum in the PND35 mice, | conducted a similar analysis in the optic nerve to determine if this
observed difference was regionally restricted in the CNS. (Figure 3.9). Ten oligodendrocytes
per animal were analyzed for this region. No significant differences were seen in
heterochromatin area to nuclear area ratios between oligodendrocytes in the optic nerve of PND
35 WT (mean of 0.419 + 0.0193, n = 4) and LMNA KO (mean of 0.406 + 0.0126, n = 4) mice (p
= 0.609). Peripheral heterochromatin area to nuclear area analyses were also not statistically
significant, with WT oligodendrocytes having a mean of 0.239 + 0.0114, and KO
oligodendrocytes with a mean of 0.221 + 0.0213 (p = 0.494). Additionally, peripheral
heterochromatin area to total heterochromatin area ratios of oligodendrocytes from the optic
nerve of WT (mean 0.570 + 0.0102) and KO (mean 0.538 + 0.0376) mice were not significantly
different (p =0.468). Since there are no neuronal cell bodies in the optic nerve, | conducted
heterochromatin analyses on optic nerve astrocytes (Figure 3.10), using six cells per animal. No
significant differences were observed between WT (mean of 0.312 + 0.0162, n = 3) and KO

(mean of 0.319 + 0.0104, n = 3) astrocytes (t test p = 0.743).

LMNA Plays a Role in Heterochromatin Organization in Spinal Cord Oligodendrocytes of PND

35 Mice

Myelination proceeds in a rostral to caudal gradient (Foran and Peterson, 1992), therefore

| proposed that the greatest impact of knocking out LMNA would be observed in the cervical
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region of the spinal cord (Foran and Peterson, 1992; Jordan et al., 1989). Ten oligodendrocytes
per animal for both WT and LMNA KO were imaged and analyzed. No significant differences
were seen in the total heterochromatin area to nuclear area ratios in WT (mean of 0.413 +
0.0137, n =5) and LMNA KO (mean of 0.377 + 0.0116, n = 5) (t test p = 0.0802) (Figure 3.11).
However, there was significant reduction in the ratio of peripheral heterochromatin to nuclear
area in the KO (mean of 0.150 £ 0.00905) as compared to the WT (mean of 0.204 + 0.00925 (t
test p < 0.01). Additionally, there was a lower ratio of peripheral heterochromatin to total
heterochromatin in the KO (mean of 0.398 + 0.0240) compared with the WT (mean of 0.490 +

0.0184) (t test p < 0.05).

However, similar results were not seen in ventral horn spinal cord motor neurons of PND
35 mice (Figure 3.12). Total heterochromatin area to nuclear area ratios were not different in
PND 35 LMNA KO spinal cord neurons (mean 0.202 + 0.0176, n = 3) compared to WT
littermates (mean 0.218 + 0.00135 n = 3) (t test p = 0.454). Additionally, ratios of peripheral
heterochromatin to total nuclear area were not significantly different between KO (mean 0.0643
+ 0.0113) and WT (mean 0.0672 + 0.00316) spinal cord motor neurons (t test p = 0.829).
Peripheral heterochromatin to total heterochromatin ratios also showed no difference between
KO (mean 0.320 + 0.0184) and WT (mean 0.332 £ 0.0122) spinal cord ventral horn neurons (t

test p = 0.630).

Myelin thickness is reduced in the absence of LMNA in a region specific manner at PND 35
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Absence of LMNA Does Not Have an Effect on Myelin Thickness in the Corpus Callosum of

PND 35 Mice

G ratios of 100 myelinated axons per animal from the corpus callosum of both WT and
LMNA KO mice were calculated and plotted on an XY scatter plot (Figure 3.13) When g ratios
of myelinated axons in the corpus callosum of PND 35 mice were plotted on an XY scatter plot,
the populations of WT and LMNA KO overlapped. A Student’s t test was used to determine if the
means of the g ratios between WT and KO mice were different, and no significant difference was
found. The mean value for KO g ratios in the corpus callosum was 0.828 + 0.00928 (n =3),
compared with the mean of the WT mice, which was 0.823 + 0.00844 (n = 4) (t test p =0.711).
Therefore, no significant difference in myelin thickness was seen between WT and LMNA KO in

the corpus callosum of PND 35 mice.

LMNA Impacts Myelin Thickness in the Spinal Cord of PND 35 Mice

G ratios of 100 myelinated axons per animal from the spinal cord of both WT and LMNA
KO mice were calculated and plotted on an XY scatter plot (Figure 3.14). The population of g
ratios for the KO was shifted upward from the WT. Average g ratios per animal were compared
between WT and KO in a Student’s t test. The mean g ratio of myelinated axons in the LMNA
KO spinal cord was 0.856 + 0.019 (n = 3), which was significantly different from the mean of
the WT, which was 0.811 £ 0.008 (n=3) (t test p < 0.05) suggesting impaired myelin formation

in the spinal cord of KO mice.
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Ratios of Oligodendrocyte Nuclear Area to Cytoplasm Area are not altered in the absence

of LMNA in PND 35 Mice

To determine if the LMNA gene played a role in oligodendrocyte maturity and
differentiation at PND 35, oligodendrocyte nucleus to cytoplasm area ratios were calculated. No
significant difference in cytoplasm to nuclear ratios was observed between WT and KO animals
at PND 35 in the oligodendrocytes from the corpus callosum, optic nerve, and spinal cord
(Figure 3.15). In the corpus callosum, WT oligodendrocytes had a mean nucleus to cytoplasm
ratio of 0.564 + 0.013 (n = 4), and LMNA KO oligodendrocytes of PND 35 animals had a mean
of 0.621 £ 0.042 (n = 3) (t test p = 0.303). In the optic nerve, WT oligodendrocytes had nucleus
to cytoplasm ratio of 0.556 + 0.018 (n = 3), which was not significantly different from the mean
nucleus to cytoplasm ratio of LMNA KO oligodendrocytes of 0.539 + 0.012 (n = 3) (ttestp =
0.473). In the spinal cord, PND 35 WT oligodendrocytes had a mean of 0.521 + 0.034 (n=4), and
KO oligodendrocytes had a mean nucleus to cytoplasm ratio of 0.620 + 0.023 (n =4) (ttest p =

0.102).

Results Summary

In summary, ratios of total heterochromatin to nuclear area, as well as peripheral
heterochromatin to nuclear area and peripheral heterochromatin to total heterochromatin did not
differ between oligodendrocytes in the corpus callosum or spinal cord of LMNA WT and KO
mice at PND 21. G ratio linear regression analysis showed differing slopes between
oligodendrocytes from the corpus callosum, but not spinal cord at PND 21, but g ratio means

were not significantly different. No differences in nuclear area to cytoplasm area were observed
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between oligodendrocytes from WT and KO mice in either the corpus callosum or spinal cord at

PND 21.

Although ratios of total heterochromatin to nuclear area did not differ between
oligodendrocytes from WT and LMNA KO mice from the corpus callosum, spinal cord, or optic
nerve of PND 35 mice, peripherally located heterochromatin was significantly reduced in the
absence of A type lamins in the corpus callosum and spinal cord. G ratio values indicating
thinner myelin were observed in spinal cord myelinated axons of LMNA KO mice at PND 35.
No differences were observed in nuclear area to cytoplasm area ratios in any region analyzed at
PND 35. Therefore, LMNA ablation resulted in no quantified global affect in myelination or
oligodendrocyte chromatin organization at PND 21 in the CNS. In contrast, in the absence of A
type lamins, peripheral heterochromatin was reduced and myelination was impaired in a region

specific manner at PND 35.
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Figure 3.1. PND 21 corpus callosum oligodendrocytes show no difference in heterochromatin
distribution.

Ratios of total heterochromatin to nuclear area (C) did not differ significantly between oligodendrocytes
in the corpus callosum from WT (A) and LMNA KO (B) mice in PND 21. Similarly, no significant
difference in peripheral heterochromatin to total area (D) was observed between oligodendrocytes from
WT and KO mice. Analysis of ratios of peripheral heterochromatin to total heterochromatin (E) also
revealed no differences between genotypes.
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Figure 3.2. PND 21 spinal cord oligodendrocytes show no difference in heterochromatin distribution.

Ratios of total heterochromatin to nuclear area (C) did not differ significantly between oligodendrocytes
from the spinal cord of WT (A) and LMNA KO (B) mice at PND 21. No significant difference in
peripheral heterochromatin to total area (D) was observed between these cells from the WT and KO mice.
Analysis of ratios of peripheral heterochromatin to total heterochromatin (E) also revealed no difference

between genotypes.
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Figure 3.3. No difference in heterochromatin of PND 21 Spinal Cord Ventral Horn Motor
Neurons.

Excluding the nucleolus (*)of each cell, no difference in heterochromatin to nuclear area ratios (C) was
observed between neurons of the spinal cord of WT (A) and LMNA KO (B) mice at PND 21.



60

O

Heterochromatin/Nuclear Area

I
©
o

T T
. N
o o
ealy/unlewolydso0ialaH

0.0



61

Figure 3.4. G ratios of myelinated axons were not different in the corpus callosum at PND21

Electron micrographs taken from the corpus callosum of WT (A) and LMNA KO (B) mice present
myelinated axons with no difference in myelin g ratios with regard to the entire population as presented
in a scatter plot (C) or based on mean g ratio value (D).
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Figure 3.5. PND 21 spinal cord myelinated axons show no difference in myelin thickness.

Quantitative analysis of myelinated axons in the spinal cord of WT (A) and LMNA KO (B) mice
revealed no difference in g ratios either by scatter plot analysis to compare g ratios versus axon caliber
(C) or by g ratio means (D) .
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Figure 3.6. Oligodendrocytes from the spinal cord or corpus callosum from WT and LMNA KO
mice revealed no difference in nucleus to cytoplasm ratio at PND 21.

The ratio of the nucleus to cytoplasm of oligodendrocytes has previously been used to assess
oligodendrocyte maturity. Here, this ratio was not different for the oligodendrocytes from either the
spinal cord (A) or the corpus callosum (B) of the WT and LMNA KO mice.
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Figure 3.7. Peripheral Heterochromatin was significantly reduced in the oligodendrocytes from
the corpus callosum of PND 35 LMNA KO compared to WT mice.

No difference in ratios of total heterochromatin to nuclear area between oligodendrocytes from WT (A)
and LMNA KO (B) mice was observed in the corpus callosum at PND 35 (C). In contrast, ratios of
peripheral heterochromatin to nuclear area (D) and peripheral heterochromatin to total heterochromatin
(D) were significantly different between oligodendrocytes from the WT and LMNA KO mice.
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Figure 3.8. PND 35 cortical neurons display no difference in heterochromatin distribution.

Cortical neurons from PND 35 WT (A) and LMNA KO (B) mice revealed no difference in the ratios of
total heterochromatin to nuclear area (C) , peripheral heterochromatin to nuclear area (D), or peripheral
heterochromatin to total heterochromatin (E).
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Figure 3.9. PND 35 optic nerve oligodendrocytes show no difference in heterochromatin
distribution.

Oligodendrocytes from the optic nerves of PND 35 WT (A) and LMNA KO (B) mice revealed no
difference in ratios of total heterochromatin to nuclear area (C) , peripheral heterochromatin to nuclear
area (D), or peripheral heterochromatin to total heterochromatin (E).
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Figure 3.10. No difference in heterochromatin of PND 35 Optic Nerve Astrocytes.

Astrocytes from the optic nerves of PND 35 WT (A) and LMNA KO (B) mice revealed no difference in
the ratio of heterochromatin to nuclear area. Astrocytes were identified by the presence of the
intermediate filament protein glial fibrillary acidic protein (*).
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Figure 3.11. Heterochromatin organization is altered in the spinal cord of PND 35 LMNA KO
mice.

No difference between total heterochromatin area to nuclear area ratios was observed in spinal cord
oligodendrocytes from PND 35 WT (A) and LMNA KO (B) mice (C). However, ratios of peripheral
heterochromatin to total nuclear area were significantly reduced in the oligodendrocytes of LMNA KO
mice (D). Additionally, ratios of peripheral heterochromatin to total heterochromatin were significantly
lower in the LMNA KO oligodendrocytes (E).
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Figure 3.12. PND 35 spinal cord neurons show no difference in heterochromatin distribution.

Spinal cord neurons from PND 35 WT (A) and LMNA KO (B) mice revealed no difference in the ratios
of heterochromatin to nuclear area (C), peripheral heterochromatin to nuclear area (D), or peripheral
heterochromatin to total heterochromatin (E).
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Figure 3.13. G ratios of myelinated axons were not different in between genotypes in the corpus
callosum at PND35

Quantitative analysis of myelinated axons in the spinal cord of PND 35 WT (A) and LMNA KO (B)
mice revealed no difference in g ratios either by scatter plot analysis to compare g ratios versus axon
caliber (C) or by g ratio means (D) .
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Figure 3.14. G ratios of spinal cord myelinated axons were significantly thinner in the LMNA KO
mice compared to the WT animals at PND35

Quantitative analysis of myelinated axons in the spinal cord of PND 35 WT (A) and LMNA KO (B)
mice revealed significantly greater mean g ratios in the KO animals (D) although the distribution of g
ratios a assessed by a scatter plotter revealed no obvious difference between genotypes (C).
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Figure 3.15. Oligodendrocytes from the optic nerve, spinal cord or corpus callosum from WT and
LMNA KO mice revealed no difference in nucleus to cytoplasm ratio at PND 35 mice.

The ratio of the area of the nucleus to the cytoplasm was not different for the oligodendrocytes from the
optic nerve (A), the spinal cord (B) or the corpus callosum (C) of WT and LMNA KO mice.
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DISCUSSION

Multiple sclerosis is a demyelinating disorder of the CNS that results in impaired motor,
sensory and cognitive dysfunction (Ma et al., 2014). In order to develop novel remyelinating
clinical strategies, it is imperative to elucidate mechanisms that regulate myelin formation. In
this study, | postulated that the nuclear envelope proteins, lamins A and C, play a role in
regulating oligodendrocyte development and myelin formation. The data gathered through
electron microscopic analyses suggest that LMNA plays a temporal and spatial role in
heterochromatin distribution in the oligodendrocyte nucleus and subsequently may regulate
myelin thickness in the CNS. However, ratios of total heterochromatin to nuclear area did not
differ significantly, suggesting LMNA does not impact heterochromatin formation itself. An
effect of LMNA was not observed when nuclear area to cytoplasm area ratios were compared
between WT and KO mice. No difference between LMNA KO and WT was seen in any analysis
at PND 21, but differences in oligodendrocytes and myelination in certain CNS regions were
observed by PND 35. Lamins A and C proteins are undetectable in the murine brain prior to
PND 15 (Roeber et al., 1989). This suggests that there is a delay in the impact of A type lamins
on oligodendrocytes and myelination. Ablation of LMNA affected peripheral heterochromatin in
both the spinal cord and corpus callosum of PND 35 mice, but not in the optic nerve.
Oligodendrocytes in the optic nerve are primarily a population of type I and 11 oligodendrocytes,
which myelinate smaller caliber axons (Butt et al., 1994). Since larger caliber axons are
myelinated first, with smaller caliber axons being myelinated after PND 20, it is possible that the

effect of LMNA on optic nerve oligodendrocytes is not yet observable at PND 35 (Hildebrand et
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al., 1993). However, the possibility remains that A type lamins play a different role in
oligodendrocytes of the optic nerve, or that optic nerve oligodendrocytes have compensatory

mechanisms not found in oligodendrocytes of the corpus callosum or spinal cord.

Because myelination proceeds in a rostral to caudal gradient beginning in the spinal cord (Foran
and Peterson, 1992) the timeline of myelination is different between the spinal cord and corpus
callosum, with the spinal cord reaching peak myelination at PND 20 and achieving peak
myelination by PND 45 in the corpus callosum (Benjamins and Morell, 1978; Sturrock, 1980).
Thinner myelin was observed in the spinal cord of LMNA KO mice at PND 35, but was not
statistically significant in the corpus callosum (Figure 3.23). Potentially, A type lamins play
distinct roles in myelination in the spinal cord and corpus callosum. However, it is possible that
the impact of A type lamins on corpus callosum myelination is not yet identifiable at PND 35.
Overall, this study presents novel findings for the role of A type lamins in a previously unstudied

cell type.

LMNA affects heterchromatin architecture in the oligodendrocyte nucleus temporally and

spatially

The distribution and architecture of chromatin is a prominent factor in epigenetic
regulation of gene expression (Bartova et al., 2008). Typically, transcriptionally active genes
localize to the nuclear interior, while inactive genes are frequently targeted to heterochromatic
regions of the nuclear periphery as a method of silencing gene expression, as the compact nature

of heterochromatin makes it generally inaccessibly to DNA binding factors (Heitz, 1928; Cockell
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and Gasser, 1999; Nielsen et al., 2002; Copray et al., 2009). Because of this, it was of interest to
determine if the loss of LMNA, a gene encoding lamins A and C intermediate filaments that
associate with peripherally located heterochromatin, altered the distribution of heterochromatin

in the oligodendrocyte nucleus (Nikolova et al., 2004).

It was hypothesized that, in the absence of A type lamins, peripheral heterochromatin
would be reduced. Consistent with the findings of Harr et al. (2015), the association of
heterochromatin with the nuclear periphery was affected, with heterochromatin localizing to the
nuclear interior, creating an inverted distribution. However, this difference was only observed in
the older mice as no difference in heterochromatin distribution was observed between WT and
LMNA KO at PND 21. This is likely due to the early time point, as lamins A and C proteins are
not detectible until PND 15 (Roeber et al., 1989). Of the time points studied, the effects of
LMNA on peripheral heterochromatin were only seen in PND 35 animals, and restricted to
oligodendrocytes of the corpus callosum and spinal cord. Compensatory mechanisms for LMNA
ablation have been identified, including functions of B type lamins (Galiova et al., 2008; Imai et
al., 1997). Oligodendrocytes of the optic nerve may have compensatory mechanisms not
present in those of the corpus callosum and spinal cord, or it could be that differences in
heterochromatin distribution are not yet observable, due to later myelination of smaller caliber
axons, like those found in the optic nerve (Hildebrand et al., 1993). Because total
heterochromatin to nuclear area ratios were not changed in oligodendrocyte nucleus, the data
suggest that levels of euchromatin were not increased. Nikolova et al. (2004) suggested that in
the absence of LMNA, gene expression is altered due to a disruption of heterochromatin
architecture, based on the rationale that gene silencing can be achieved by localization of a gene

to heterochromatin (Francastel et al., 1999), however they did not postulate as to whether
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expression is increased or decreased. This could indicate that myelin gene expression is altered
in the oligodendrocyte nucleus of LMNA deficient mice, due to the disruption of peripheral

heterochromatin.

LMNA plays a temporal role in spinal cord myelination

With the reduction in peripheral heterochromatin observed in oligodendrocytes of the
corpus callosum and spinal cord, it was proposed that myelination would be increased in the
absence of A type lamins. Using in situ hybridization, Nielsen et al. (2002) observed that the
myelin specific gene encoding proteolipid protein (PLP) preferentially localized to the nuclear
periphery. PLP is upregulated during differentiation from immature oligodendrocyte to mature
myelinating oligodendrocyte (Dubois-Dalcq et al., 1986). Because of this, it was of interest to
study if reduction in peripheral heterochromatin lead to increased myelination; however, this
result was not observed. No effect on myelin thickness was observed in either the spinal cord or
corpus callosum at PND 21. This is potentially due to the timeline of myelination in the murine
CNS. Myelination begins in the spinal cord, and continues in a rostral to caudal gradient, and is
mostly complete in the mouse by PND 60 (Foran and Peterson, 1992). It is possible that no
difference in myelin thickness between the WT and LMNA KO was observed at PND 21,
because the myelination process was ongoing and the postnatal timeline of the onset of LMNA

expression.

Thinner myelin was observed in the spinal cord of PND 35 LMNA deficient mice, but not in the
corpus callosum. This indicates A type lamins may play a role in myelination in a region specific
manner, or that the effect is not seen in the corpus callosum as early as PND 35. Because

peripheral heterochromatin architecture is affected by the absence of A type lamins in PND 35
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corpus callosum oligodendrocytes, it could be hypothesized that the effect of LMNA on corpus
callosum myelination may have an impact at a time point later than those studied, as myelination
in the corpus callosum occurs later than in the spinal cord, with peak myelination continuing to
PND 45 (Sturrock, 1980). If possible, studying a time point after peak myelination, ideally when
the majority of myelination is completed at PND 60 (Baumann and Pham-Dihn, 2001), would
elucidate whether or not the effect of A type lamins on myelin thickness is region specific.. To
address how ablation of A type lamins results in thinner myelin, it would be of interest to study
the effect of LMNA on PLP and other myelin gene transcription through g-RT-PCR. From the
results obtained, we propose that the alteration in heterochromatin organization in the
oligodendrocyte nucleus potentially results in a reduction in myelin gene expression, impacting

the thickness of the myelin sheath in the spinal cord of mice.

LMNA does not impact oligodendrocyte maturity

As oligodendrocytes mature, their cytoplasm area is reduced and the nuclei become more
heterochromatic (Mori and Leblond, 1970). Immature oligodendrocytes do not yet form myelin
sheaths (Pfeiffer et al., 1993). Because heterochromatin architecture is altered in spinal cord and
corpus callosum oligodendrocytes and myelin is thinner in the spinal cord in the absence of A
type lamins at PND 35, it was of interest to determine if LMNA has an impact on
oligodendrocyte maturity. To study this, ratios of oligodendrocyte nuclear area to cytoplasm
area were measured and compared. No difference in oligodendrocyte nuclear area to cytoplasm

ratios was observed between WT and LMNA KO in either PND 21 or PND 35 mice in the corpus



90

callosum, spinal cord, or optic nerve. Therefore, the data indicate that oligodendrocyte maturity
IS not impacted in the absence of A type lamins. It is important to realize that this approach for
analyzing oligodendrocyte state of maturation provides only a gross assessment and more sublte
differences in maturation states would not be observed by this method. To further test
oligodendrocyte maturity, western blots could be conducted looking at markers of mature

myelinating oligodendrocytes like MBP and MAG in the absence of LMNA.

Future directions

The purpose of this study was to identify if LMNA was a potential therapeutic target for
altering myelination, which could be used to facilate myelin repair or replacement in
demyelinating diseases such as Multiple Sclerosis. Ablation of LMNA resulted in a decrease in
peripherally located heterochromatin, but not total heterochromatin, and thinner myelin sheaths
temporally and in a potentially region specific manner. It would be interesting to determine if A
type lamins impact myelin gene expression, using q-RT-PCR, and to see how levels of myelin
related proteins are impacted through western blot studies. Additionally, if overexpression of
LMNA results in upregulation of myelin genes, LMNA may make for a therapeutic target for MS

treatment.

Because LMNA total knockout mice typically do not survive past 4-6 weeks of age, using
an oligodendrocyte specific promoter to create a conditional knockout would allow for further
studies to determine specific effects of A type lamins on oligodendrocytes at later time points. It

is presumed that the reduced life span of the total LMNA KO results from compromised gene
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regulation in cells other than oligodendrocytes. In collaboration with the laboratory of Dr.
Casaccia, our laboratory has begun preliminary studies on two LMNA conditional KO mice, an
inducible PLP-cre estrogen receptor (ER) KO and a CNP-cre KO. These mice have a longer life
span, and allow us to see the oligodendrocyte specific effects of the absence of A type lamins.
The PLP promoter drives expression in cell types other than oligodendrocytes during embryonic
and early postnatal development (Michalski et al., 2011). However, to avoid this confounding
factor, tamoxifen injections in this preliminary study are not performed until the mice are 8
weeks of age. Completing the electron microscopy analyses presented in this study with these
oligodendrocyte specific conditional knockouts would clarify whether the observed effects of
LMNA are truly region specific, or if they are dependent upon the timeline of postnatal

development.

Concluding remarks

The observations made in this thesis represent novel findings for the role of A type
lamins. While expressed in nearly all cell types postnatally, | show that LMNA plays roles
specific to oligodendrocytes and myelination, in a potentially region specific manner. These
results provide an initial understanding of the role that A type lamins play with regard to CNS
myelination, and serve as a foundation for further studies to elucidate mechanisms of LMNA on
oligodendrocyte gene expression, and provide an epigenetic target for impacting myelin gene

expression.
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