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Abstract

Introduction

Multiple sclerosis (MS) is an inflammatory disease of the central nervous
system (CNS) and a leading cause of non-traumatic neurological disability in
young and middle aged adults.' Diagnosis, monitoring, and the study of MS all
rely heavily on magnetic resonance imaging (MRI) thanks to its ability to non-
invasively observe brain tissue pathology in-vivo. A variety of advanced imaging
techniques have been proposed to evaluate tissue and vascular properties
including water content, myelin content (to assess demyelination and
remyelination), vascular permeability (BBB breakdown in the case of
neuroinflammatory diseases), and vascular density in-vivo. In vivo magnetic
resonance imaging biomarkers of disease were developed in two separate

animal models of MS and subsequently extended to human studies.

Methods

The cuprizone model of demyelination in mice was used to investigate the
utility of magnetization transfer imaging (MT]I) in assessing myelin content in-vivo
in healthy controls, immediately after acute demyelination, and after a period of
spontaneous remyelination. MRI data were acquired using an 11.75T horizontal
bore instrument (Bruker Biospin, Billerica, MA) and custom built radio frequency
(RF) receive coils. Myelin content and other tissue changes were evaluated post-

mortem with histological and immunohistochemical analyses.

Xi



A multicenter study subsequently endeavored to create a reproducible,
standardized protocol for quantitative imaging in MS. One male subject with
clinically-definite MS traveled to seven participating North American sites and
underwent and underwent two distinct 3T MRI sessions at each site.
Magnetization transfer ratio (MTR) and quantitative T; imaging sequences were
developed, standardized, and acquired at all sites. Image quality and biomarker

reproducibility were evaluated within and across sites.

Japanese macaque encephalomyelitis (JME), a novel spontaneous
demyelinating disease in non-human primates was investigated as a potential
model of MS. JME Lesion distribution was characterized and compared to MS
and MS-like human demyelinating diseases. Quantitative dynamic-contrast-
enhanced (DCE) MRI experiments provided estimates of BBB permeability; a
subset of animals were observed in a short-term longitudinal study to evaluate
(1) lesion evolution, and (2) corticosteroid treatment efficacy. MRI data were
acquired on a 3T human instrument (Siemens, Erlangen, Germany) at the

Oregon National Primate Research Center.

Human DCE-MRI data were collected at 3T with either an 8-channel (n=4
healthy control (HC), 3 MS) or 24-channel (n = 3 HC, 14 MS) radiofrequency
head coil. Rapidly-sampled single-slice DCE-MRI data acquired during injection
of contrast agent capture the first-pass dynamics of contrast agent before
extravasation becomes appreciable. Estimates of water molecule lifetime in brain
capillaries (related to brain metabolism) and blood volume were obtained and
compared between HC and MS white matter and cortical gray matter.
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Results

In the absence of significant inflammation or axonal loss, as in the
cuprizone mouse model of demyelination, magnetization transfer ratio (MTR) is a
useful, semi-quantitative biomarker of myelin content in-vivo. MTR correlated well
with histological measurements of myelin content. Whole-brain coverage
obtained in MR images revealed a complex spatial pattern of demyelination in
the mouse corpus callosum that was previously not described. Additionally, even
after recovery, MTR values in treated animals did not return to levels comparable

to age matched controls.

Careful protocol standardization yielded highly reproducible MTR maps in
an MS subject imaged at seven North American imaging sites. One site
demonstrated unusually low session 1 gray matter MTR; all other sites showed
good agreement between sessions and values were consistent across sites in
normal-appearing brain tissue and in lesion areas. Quantitative T, maps obtained
using a variable flip angle (progressive saturation) approach demonstrated a high

degree of variability; this technique requires more work to ensure reproducibility.

Lesion distribution in JME shares many characteristics with not only MS,
but also its mimics. Cerebellar white matter is preferentially affected, followed by
spinal cord and brainstem. Lesion evolution is rapid, and disease progression is
aggressive. Treatment with anti-inflammatory doses of corticosteroids is
ineffective, but higher doses similar to what is used in to treat acute demyelinated

events in human disease shows promise as a method of slowing, if not stopping
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or even reversing disease progression. BBB permeability in JME is similar to

what has been reported in MS.

Blood volume and brain capillary water molecule lifetimes in normal-
appearing brain tissue were elevated in MS compared to controls. Parametric
maps demonstrate both focal and diffuse disease-related changes in
microvasculature and metabolic activity consistent with previous reports.
Importantly, these results demonstrate the feasibility of measuring disease
activity in the cortical gray matter. Segmentation of single-slice data is possible,

which allows cortical gray matter to be analyzed separately from white matter.

Discussion

Developing imaging biomarkers of disease using animal models, where
access to post-mortem tissue allows careful validation, is important in studying
and treating human disease. Non-invasive biomarkers, such that those presented
in this work, are perfectly suited for longitudinal investigations of progression and
treatment of disease. Standardization of quantitative and semi-quantitative
imaging protocols is essential for multi-site studies, and accurate comparison of
results across studies. Application of these biomarkers in larger human studies

will advance patient care and improve patient outcomes.
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Introduction to Multiple Sclerosis

Multiple Sclerosis (MS) is an inflammatory demyelinating disease of the
central nervous system (CNS), affecting an estimated 400,000 people in the U.S.
and 2 million people worldwide.? It is the leading cause of non-traumatic
neurological disability in young and middle-aged adults. Clinically, MS patients
present with highly varied neurological symptoms that may include sensations of
numbness, vision impairment, fatigue, failing coordination, and bladder
dysfunction. Cognitive decline, including memory impairment, attention deficits,
and reduced mental processing, is observed in 40%-65% of patients.*® MS-
related cognitive and physical disability frequently lead to unemployment, and

thus MS is a major health concern with considerable economic consequences.’

Diagnosing Multiple Sclerosis

Diagnosis of MS is generally achieved by a combination of clinical
assessments of cognitive'® and physical impairment (measured commonly with
the Expanded Disability Status Scale'!) followed by magnetic resonance imaging
(MRI) of the brain; years may elapse between initial symptoms and final
diagnosis of MS. Patients who experience an initial acute attack followed by a
period (often years) of remission before the next attack (relapse), and also
present with MRI-visible lesions, are classified as having relapsing-remitting MS
(RRMS). Approximately 50% of MS patients are diagnosed with RRMS after 2

years, 80% after 20 years. Over time, recovery from relapse is incomplete, and
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persistent symptoms accumulate. The disease eventually becomes progressive
in 65% of RRMS patients, indicating the transition from RRMS into secondary
progressive MS (SPMS).? Primary progressive MS (PPMS), in which disease is
progressive from onset with no periods of remission, is diagnosed in nearly 20%

of MS patients.?

Inflammation, demyelination, blood brain barrier (BBB) compromise, and
impaired microvascular function are common in multiple sclerosis (MS).***3
Other demyelinating diseases and syndromes such as acute disseminated
encephalomyelitis (ADEM), and neuromyelitis optica (NMO) present with clinical
symptoms that mimic MS, complicating differential diagnosis in these

patients.**

Clinically similar, each of these diseases has a unique
pathogenesis, and misdiagnosis can lead to use of inappropriate therapies that
may exacerbate symptoms and pathology The International Panel on Diagnosis
of MS have created the McDonald Criteria describing important clinical and MRI
features of MS.'® Dissemination in time (DIT) and dissemination in space (DIS)
are key characteristics of MS, demonstrated by new clinical presentation, new
lesions on MRI, or both.*® . Thus, MRI is an important diagnostic tool as it not
only demonstrates lesion distribution and morphology, but also is sensitive to
clinically silent lesions.*”*® Descriptions of lesion characteristics, including
morphology and spatial distribution, are included in diagnostic criteria for MS,

ADEM, and NMO to assist differential diagnosis and expedite treatment.*®*%%

Acute white matter lesions in MS are identified using contrast-enhanced

MRI.?? The typical MR contrast agents are FDA approved low molecular weight
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gadolinium (Gd) chelates (gadolinium based contrast agents, GBCA). The
combination of contrast agent administration and time series acquisition of T;-
weighted MR images is known as dynamic contrast enhanced MRI. Active acute
lesions with a compromised BBB appear bright on T;-weighted (Ti-w) MRI
images after GBCA injection, and are thus termed GBCA-enhancing lesions.
Recent revisions to the McDonald Criteria emphasize that presence of GBCA-
enhancing lesions coincident with non-enhancing lesions (assumed to be inactive
chronic lesions) during a single MRI examination reliably demonstrates DIS and
DIT, thus reducing time between onset and diagnosis.'® In addition to DIS and
DIT, MRI assessment of lesion distribution and morphology helps differentiate
MS from NMO and ADEM,?%**% and disease-specific characterization may

provide additional insight into disease pathogenesis.*

Importance of the blood-brain-barrier and myelin

Blood Brain Barrier

The brain requires a precisely regulated microenvironment to maintain
reliable neuronal signaling and to prevent neuronal damage. Nutrients, proteins,
and waste products move through the body through the blood; a special barrier,
the blood-brain-barrier (BBB), controls exchange between the blood and the
brain, protecting the central nervous system from blood-borne pathogens and
solutes. Tight junctions between endothelial cells of the capillary walls prevent

paracellular diffusion, but are sensitive to factors produced within the CNS. The



tight junctions forming the BBB are unique from the rest of the body, as most

endothelia readily allow paracellular diffusion.

While a wide range of lipid-soluble molecules, such as barbiturates and
ethanol, and small gaseous molecules including CO, and O,, are capable of
passively crossing the BBB, most transport is tightly regulated by specialized
solute carriers, transport proteins, and endocytotic mechanisms. In the presence
of inflammation, circulating monocytes, macrophages, and mononuclear
leukocytes are recruited to the site of inflammation, penetrate the barrier, and
respond to injury. Importantly, in the a state of pathological inflammation the tight
junctions may break down, allowing additional inflammatory cells and other
pathological substrates that may damage brain tissue and disrupt neuronal

function.3?

Endothelial cells in the BBB are supported externally by astrocytes,
pericytes, and microglia.*® Pericytes along the outside of the capillaries partially
surround the endothelial cells and contribute to the basement membrane (basal
lamina), which completely surround pericytes and capillaries, as illustrated in
Figure 1. Perivascular astrocytic endfeet communicate directly with the basement
membrane and pericytes, forming a communication link between the vasculature
and neurons, and also play a key role in maintaining the structural integrity of the
BBB3***°. Astrocytic signaling is involved in both tightening and opening the BBB,
both of which occur naturally in the healthy brain. In a pathological state of
inflammation, astrocytes will signal the BBB to open to allow more rapid passage
of ions and cells. Chronic inflammation can lead to permanent BBB dysfunction

4



resulting in irreversible tissue damage including demyelination and

axonopathy.3'3

Perivascular
space

Capillary
lumen

Astrocyte
foot process

Figure 1. Structure of the Blood Brain Barrier. Pericytes and astrocytic
endfeet tightly wrap around capillary walls forming an additional barrier beyond
endothelial cell tight junctions. Reproduced with permission from V. Anderson
and A. Rekito (Anderson, 2011%)

Myelin

Neuronal projections (axons) are surrounded by a protective multi-layered
cell membrane, the myelin sheath. CNS myelin is formed by oligodendrocytes,
whereas Schwann cells are responsible for myelin in the peripheral nervous

system. The myelin sheath provides trophic support to the neuron and enables



rapid signal transmission via saltatory conduction. Oligodendrocyte processes
extend from the cell body and wrap around axons in the CNS creating a tight
myelin sheath, as illustrated in Figure 2. The top panel shows processes from
one oligodendrocyte providing myelin for multiple axons. An electron micrograph
cross-section demonstrates many wraps creating a thick sheath around an axon.
lon channels are clustered in the nodes of Ranvier, small gaps between myelin
segments that are essential for saltatory conduction. The number of processes
extending from a single oligodendrocyte varies throughout the central nervous
system, and the number of wraps, or lamellae, created around an axon is related
to axonal diameter.®® For example, the so-called white matter in the brain is
heavily myelinated, denoted by a thick myelin sheath surrounding the majority of

axons, whereas axons in the gray matter are less frequently myelinated.

During myelination the leading edge of the oligodendrocyte process wraps
around the axon creating new layers by remaining in contact with the axon and
sliding underneath the previously generated layers of myelin. The inner tongue is
triangle-shaped, so lateral edges of each wrap are constantly in contact with the
axon. The wraps extend laterally throughout the wrapping process, ultimately
forming nodes of Ranvier. The layers of the myelin sheath are bound tightly
together by intracellular myelin basic protein (MBP), which ensures uniform and
reproducible spacing between layers. Compaction begins from the outer layers
(closest to the oligodendrocyte cell body) and works its way inward toward the
inner tongue. It is important that compaction proceed in an ordered and

coordinated fashion to avoid creating uncompacted pockets; the protein 2'- 3’-



cyclic nucleotide-3’-phosphodiesterase (CNP), appears to be important in this
process®’. Maintaining compactness in myelin sheaths is essential for both
myelin and neuronal function, and is also a marker of myelin health and quality.*®
The process of myelin sheath compaction is illustrated in the second panel of

Figure 2.

Myelinated axons become dependent on their oligodendrocyte
counterparts for maintenance of proper cytoskeletal arrangement, ion channel
organization, and axonal transport. Disrupted ion channel organization leads to
improper ion flux that impairs signal transduction and can lead to neurotoxicity
and cell death. Oligodendrocytes are additionally critical in regulating slow and
fast transport mechanisms within the axon. Dysfunction in axonal transport
results in inefficient clearance of metabolic byproducts, slows nerve transmission,
and can impair metabolic function.®**®> Demyelinated axons typically have an
increased demand for ATP to overcome inefficiencies in both transport and
transmission, and to maintain proper ionic homeostasis. It is this increased
metabolic demand that may make these axons more vulnerable to

degeneration.>*°



Myelin structure in the CNS
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Figure 2. Myelin Structure in the CNS. Oligodendrocytes processes form
myelin sheath segments on axons in the central nervous system; one
oligodendrocyte will wrap segments on several axons as shown in the top panel.
Nodes of Ranvier form between myelin segments where ion channels cluster to
allow rapid signal transduction via salutatory conduction. The oligodendrocyte
process forms a flat, triangle shaped sheet that wraps around the axon several
times to create the multi-lamellar structure of the myelin sheath (bottom panel).
Myelin layers are then bound tightly together in the process of compaction, which
is a critical processes dependent on myelin proteins including MBP and CNP.
Adapted from Snaidero, et al (2014),*® with permission.



Remyelination after an acute injury or inflammatory event is possible in
humans, but is variable and typically incomplete. Formation of a glial scar creates
a physical and chemical barrier that reduces the ability of oligodendrocyte
precursors and neural progenitor cells to respond to injury and differentiate into
mature myelinating oligodendrocytes.®*® Remyelinated axons typically have
thinner, less compact myelin sheaths than healthy tissue,** likely increasing their
vulnerability to damage in the event of another inflammatory insult.*? The central
nervous system’s capacity to repair diminishes both with age and disease
duration. Progressive loss of oligodendrocytes and axons results in accumulation

42,43

of disability.

Pathology of Multiple Sclerosis

Focal demyelinated lesions, or plagues, on a background of inflammation
within the CNS are the pathological hallmark of MS.*? Lesions within the white
matter exhibit varying degrees of inflammation depending on the age of the
lesion and stage of disease. Demyelinating lesions also occur in the cortex,
although they are believed to be less inflammatory than white matter lesions and

are more difficult to identify on MRI.®444°

Acute active lesions in the white matter are heavily infiltrated by myelin-
laded macrophages uniformly distributed across the lesion, forming the so-called
“sea of macrophages.” Proliferating astrocytes and cytotoxic T lymphocytes

contribute to the pathology and inflammation in acute lesions. The extensive



inflammation in acute lesions leads to BBB damage that allows infiltration of
additional imflammatory cells into the brain tissue. Oligodendroglial and axonal
injury is variable in these lesions, leading to the suggestion from Lucchinetti and
colleagues that pathological mechanisms of injury may vary between MS
patients.*® While areas of demyelination are frequently clearly demarcated,
myelin damage can extend beyond the lesion border and affect normal-
appearing white matter. Prolonged inflammation eventually leads to axonal injury,
increasing with the number of lymphocytes and activated microglia present within

a lesion.

As a lesion ages, the core of the lesion may become inactive and even
remyelinate, forming a remyelinated shadow plaque with reduced myelin density

1247 \while the border of the lesion remains inflamed and

and thin myelin sheaths,
demyelination expands centrifugally with macrophage infiltration. Lesions
demonstrating this combination of inactive core and active border are considered
chronic active lesions.***"*® The inactive core in these lesions has an intact BBB,
while BBB permeability remains elevated in the active rim. Chronic inactive
lesions are characterized by limited or no inflammation, complete demyelination,
axonal damage, and formation of a glial scar. In the absence of inflammation,
BBB remains intact and neurodegeneration decreases to sub-pathological

levels.t?4°

Early in disease, the CNS is capable of repairing damaged tissue and
replacing lost myelin. Remyelination in lesions is incomplete, producing only a

thin myelin sheath that remains highly vulnerable to future injury. Lesions with
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inactive cores recruit oligodendrocyte precursor cells and attempt remyelination
even if the border of the lesion remains actively demyelinating. Older
remyelinated lesions that are not subsequently re-injured may eventually produce
myelin sheaths nearly as thick as normal white matter. More frequently,
remyelination of inactive lesions remains incomplete and shadow plagues form
that are clearly distinct from normal white matter. Shadow plaques are most
prevalent in progressive stages of MS (PPMS or SPMS) but are also seen in
RRMS, consistent with ongoing remyelination attempts. However, remyelination

gradually becomes less effective, concomitant with disease progression.*>*°

It is clear that both the BBB and myelin are essential in maintaining brain
health and are important areas of research in neurodegenerative disease. The
molecular mechanisms of remyelination and its eventual failure are not entirely
understood. It is critical that non- and/or minimally-invasive in-vivo biomarkers of
pathological changes in the BBB and myelin, in both healthy and diseased
brains, be developed to increase understanding and improve treatment of
neurodegenerative conditions. This work will explore development, application,
and validation of magnetic resonance imaging biomarkers of both myelin content

and BBB permeability in vivo.
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Magnetic Resonance Imaging in Multiple Sclerosis

Introduction to Magnetic Resonance Imaging

Magnetic resonance imaging plays an important role in diagnosis,
monitoring, and the study of MS. MRI is unique from other imaging modalities in
that the signal is derived from magnetic properties of hydrogen atom nuclei, or
protons, which are abundant in the body in water, lipids, and proteins. A variety
of advanced imaging techniques have been proposed to evaluate tissue
properties including water content (e.g., increased interstitial water as in edema),
myelin content (to assess demyelination and remyelination), vascular
permeability (BBB breakdown in the case of neuroinflammatory diseases), and
vascular density, all based on the unique signals produced by protons in various

chemical environments within the body.

Fundamental MRI Contrast Mechanisms

MRI contrast mechanisms that are exploited to create standard clinical MR
images are proton density (PD), and longitudinal (T;) and transverse (T»)
relaxation time constants of protons in a magnetic field. While it is possible to
create MR images using a variety of nuclei, hydrogen is the most abundant atom
in the body (mostly in water molecules) and thus produces the strongest
magnetic resonance signal. Modern MRI instruments are composed of a
superconducting electromagnet, magnetic field strength measured in Tesla (T),
and radiofrequency (RF) coils that are used to transmit and receive signals that

ultimately create the MR image. Hydrogen nuclei (protons) have a net magnetic
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moment that will align either with (parallel, along the z-axis) or against (anti-
parallel) a strong external magnetic field as in an MRI instrument. However, the
magnetic moments do not align exactly with the external magnetic field (Bo) and
instead will precess around the direction of By at the Larmor, or resonant,
frequency. The Larmor frequency is determined by a physical property known as

the gyromagnetic ratio, y, and the magnetic field strength, Bo:
w=Yy" BO! (1)

where y is measured in 10° rad s T, or

f= (L).BOI (2)

2T

where y / 217 is measured in MHz T2,

For example, the Larmor frequency of protons in a 7T instrument is
approximately 300 MHz (= 42.576 (MHz TY) * 7 (T)). Protons aligned parallel to
By are in a low energy and stable state, whereas those aligned anti-parallel are in
a higher energy and thus less stable state. The lower energy (parallel) state is
slightly favored, so slightly more protons are aligned parallel to the field than anti-
parallel, creating a small net magnetization vector, Mo, in the direction of Bo. The
magnitude of My is determined by the number of protons in the sample, and the
difference in number of protons aligned parallel versus antiparallel, which
increases with magnetic field. Subsequently, the maximum available MR signal

(So) in a tissue is proportional to My. However, the net magnetization vector
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provides a small signal compared to By and is undetectable while at equilibrium

and aligned with By.

RF pulses applied at the Larmor frequency are capable of manipulating
the net magnetization vector by inducing a secondary magnetic field, B, typically
orthogonal to the direction of By, which then rotates My into an orthogonal
orientation compared to By, known as the transverse plane. As soon as the RF
pulses are turned off the net magnetization vector will begin to precess around
the direction of By at the Larmor frequency, inducing a voltage in the nearby
receiver RF coil aligned perpendicular to By. The signal detected in the receive
coil varies with time and oscillates at the Larmor frequency. Eventually the net
magnetization vector will relax, or slowly realign with By. The time constant
required for the magnetization to realign with Bo and reach thermal equilibrium is

called T, (measured in s), or the longitudinal relaxation time constant:

M, () = My — [Mo — M, (0)]e(7), 3)

where M,(t) is the magnitude of the net magnetization vector along the z-axis at
time t after excitation (M,(0) = Mg). The inverse of Ty, or Ry (measured in s™), is
the longitudinal relaxation rate constant.

When the magnetization vector is initially tipped into the transverse plane,
all of the protons are rotating around By at the same speed and in the same
alignment: they are in phase. As the protons precess they experience small
magnetic fields of their own that cause neighboring protons to temporarily

precess at slightly higher or lower rates. The protons then precess at the Larmor
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frequency, but are now out of phase. Dephasing of proton spins reduces the net
magnetization vector in the transverse plane (My,), causing the signal to decay
due to incoherent summation, which is one type of transverse relaxation called
To*. The amount of time it takes for the transverse signal to decay is called T, or

the transverse relaxation time constant:

My (8) = Moel®), @
It is important to note that T relaxation of tissue *H,O typically occurs faster than
T, relaxation, and unlike T, relaxation, T, does not vary greatly with magnetic
field strength.>*

As mentioned previously, the density of protons in a tissue will determine
the total available signal, So. In a PD-weighted image, bone and tendon will
appear darker than fatty tissue, which are darker than fluids due to differences in
tissue water content.>* Image contrast in T;-weighted (T:-w) and To-weighted (T,-
w) images are similarly influenced by PD, and more importantly by tissue-specific
properties that modify T; and T, relaxation time constants. The key property to
consider here is known as the correlation time constant of a molecule, t.. The
correlation time relates to how rapidly a molecule tumbles or rotates, translates,
and vibrates, which is dependent on temperature, molecular size, and chemical
environment. Water protons in free liquids such as cerebral spinal fluid (CSF) or
blood have small 1. (*3x10™*? s) and are considered “mobile” protons. Protons in
macromolecules and proteins have larger . (=1x10® s) and are considered
“bound” or “restricted” protons.’* T, relaxation is dependent on dipole-dipole

interactions between molecules that create local field inhomogeneity that
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subsequently dephase proton rotation resulting in transverse signal decay. The
magnitude of effect created by local field inhomogeneities is directly related to
correlation time constants.>>?> Free protons with small time constants tumble
very rapidly and, due to motional averaging, experience a relatively
homogeneous local field and minimal dephasing, resulting in a large T,. On the
opposite end, restricted protons have large correlation time constants and tumble
slowly, thus the local field inhomogeneities are not as subject to motional
averaging and rotational dephasing occurs quickly, which produces a very small
T,. In fact, T, is so small for these protons that they are not MRI-visible using

standard imaging techniques.>*~>*

Clinical Standards: T4, T,, and Contrast-Enhanced MRI

Fluids and tissues with large T, (e.g. CSF) will appear bright on T,-
weighted images, while tissues with smaller T, appear dark. Accordingly, MRI
sequences are sensitive to changes in tissue water content (e.g., edema) and
are commonly used in neuroimaging, particularly in diagnosing MS. Inflammatory
demyelinating lesions typical of MS demonstrate bright, or hyperintense, signal
on T,-weighted MRI due to increased water content in inflamed tissue. These
scans are highly sensitive, but lack specificity. Idiopathic white matter signal
hyperintensities (WMSHSs) are commonly found in healthy adults, and incidence
increases with age. Thus, T, WMSHs can be indicative of a number of
pathologies that induce edema, or may be of little clinical significance. Image

contrast in T1-weighted images is entirely different: fluids and tissues with long *H

16



T1 will appear dark, while tissues with short *H T, give a stronger signal and
appear bright. Heavily myelinated white matter has a short *H T, thus appears
bright on T;-w images. In MS lesions, demyelination, edema, and axonal loss
simultaneously reduce macromolecular content and increase free water content,
both of which lead to a longer *H T; and decreased signal intensity on T;-w MRI.
Examples of T1-w, T,-w, and PD-w images in an MS subject are shown in Figure
3. Note the bright WMSHs on the T,-w image correspond to the hypointense
signal on the T1-w image.

The use of intravenously-delivered low molecular weight paramagnetic
gadolinium based contrast agents (GBCA, e.g. gadoteridol molecular weight
~560 Da) in combination with serial T;-w imaging, called contrast-enhanced MRI,
is used clinically to identify acute, active white matter lesions with a leaky blood-
brain-barrier (BBB). GBCAs bind transiently to water molecules, effectively
shortening both T; and T, relaxation time constants of protons within the
immediate vicinity of the contrast molecule. In healthy brain tissue, the BBB limits

hydrophilic molecules from entering the brain, so extravasation of GBCAs is slow

Figure 3. Image Contrasts in MRI. White matter lesions in MS
appear dark (hypointense) on Ti-w images. The same lesions will
appear bright (hyperintense) on both T,-w and PD-w images. Images
are from a 30 v/o male with RRMS.
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and extremely limited.>® In a state of pathological inflammation the BBB is
compromised and GBCA leaks out of the vasculature and into the extravascular
space where it accumulates and creates T;-w hyperintensities shortly after
administration.’®® Contrast-enhanced MRI may be used as a purely qualitative
technique in which two T;-w images are collected, one pre-contrast and one ~10
minutes post-contrast, and the differences in signal intensity are observed. T;-w
hypointensities that do not enhance after GBCA-administration are thought to be
chronic, persistent lesions characterized pathologically by demyelination, axonal
loss, and an intact BBB. T; lesions that are contrast-enhancing are in an acute,
inflammatory stage, typically indicating formation of a new lesion, or continued
activity in a persistent, smoldering lesion.>"®

However, as discussed previously, lesion pathology is highly
heterogeneous both within and across MS patients and these qualitative
measurements do not adequately address underlying pathology and disease
mechanisms. Quantitative and semi-quantitative imaging techniques provide
imaging biomarkers of disease with high pathological specificity, enabling more
complete and non-invasive means of studying disease in-vivo. Two primary
imaging biomarkers are investigated in this work: magnetization transfer ratio
(MTR), a semi-quantitative measurement of macromolecular proton fraction,

which is thought to be sensitive to demyelination, and K"™", a measure of GBCA

extravasation obtained via quantitative contrast-enhanced MRI.

18



Magnetization Transfer (MT) Imaging

Magnetization transfer imaging (MTI) produces a unique tissue contrast by
taking advantage of the chemical exchange and 'H T; relaxation coupling
observed between normally MRI-invisible protons of macromolecules and
macromolecule-interacting water, and the MRI-visible free water protons in tissue
and fluid. Protons in environments with long effective correlation time constants
and extremely short transverse relaxation time constants (T, < 0.1 ms, ‘restricted
pool’) have broad spectral lines, while protons with small correlation times have
relatively large T, (> 10 ms, ‘free pool’) and narrow spectral lines; both pools
have approximately the same resonant frequency, as shown in Figure 4. A
saturation pulse applied sufficiently far off-resonance will selectively saturate
(reduce net magnetization to zero) the restricted pool, while having no effect on
the free pool. Saturated magnetization from the restricted pool transfers to the
free pool causing reduced free pool MR signal. Wolff and Balaban® accidentally
discovered this imaging contrast and first demonstrated its use in 1989. In the
more than 25 years since their initial observation, MTI has gained attention for its
ability to indirectly quantify the fraction of protons within a sample that are bound
to and/or interacting with macromolecules. This measurement has been applied
as a surrogate imaging biomarker for myelin content in-vivo in patients with

MS 60-65

The so-called free pool includes mobile protons in free bulk water and
some lipids with short correlation times and transverse relaxation times

sufficiently long (T, > 10ms) to be MRI-visible with conventional imaging
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methods. The restricted pool is composed of protons associated with
macromolecules, proteins, and cell membranes with long correlation times and
extremely short T, (< 1ms). Equilibrium chemical exchange between the so-
called hydration layer, water molecules bound to the macromolecular surface, is
thought to be sufficiently fast to treat the hydration layer as part of the bulk free
pool. Dipole-dipole interactions transfer magnetization between macromolecular
protons and hydration layer protons, which then diffuse into the bulk water.>#°®

Magnetization transfer ratio (MTR), a semi-quantitative biomarker, is trivial

to calculate from only two images: Msy, acquired with the off-resonance

Free pool

Saturation Pulse

Restricted pool

-5000 0 5000
A (Hz)
Figure 4. Simulated Spectral Linewidths. Protons in the free pool have a
narrow peak (red line) at the Larmor frequency. Due to extremely short T,

the restricted pool has a broad line (blue line) that is sensitive to off-
resonance RF pulses.
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saturation RF pulse applied; and My, the steady state image collected with
identical imaging parameters except with the saturation pulse either disabled or
so far off resonance (e.g., 100 kHz) as to have essentially no effect. MTR is

calculated as follows:

MTR = Yo~ Msat (5)
Mo

where Mgy is the net magnetization after a saturation pulse has been applied.
MTR values are highly sensitive to By, and image acquisition parameters,
specifically the amplitude and offset of the off-resonance pulse. Saturation pulses
applied too close to the Larmor frequency will necessarily introduce some direct
saturation on the free pool, which will artificially increase the observed MT effect.
Conversely, saturation pulses too far off resonance will produce little or no
appreciable MT effect. Agar gel phantoms are routinely used to optimize MT
experiments for a variety of tissue types, with increasing agar concentrations
representing higher macromolecular content.>*°":%8

A phantom containing pure saline (1% phosphate buffered saline) in one
compartment and 4% agar by weight in another was constructed to characterize
the MT response of a custom built surface receive RF coil on our 11.75 T
horizontal bore instrument (Bruker Biospin, Billerica MA) equipped with a high-
performance gradient coil (9 cm inner diameter). Magnetization transfer images
were acquired using 3D gradient-recalled echo (GRE) sequences with 2.5ms
echo time (TE), 30 ms recycle time (TR), 10° FA, and a pulsed MT saturation

pulse of Gaussian shape, 20ms duration, 0.01lms interpulse delay, 137 Hz

bandwidth, field of view (FOV) 1.44 cm x 1.92 cm x 0.96 cm, matrix size 144 x
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192 x 96. In an effort to remain reasonably consistent with other work in

humans®+©8:6°

and mice.”® " | collected MT images at two B; field strengths: 4.7
and 7.8 pT (corresponding to effective flip angles of 600° and 1000°,
respectively). Twelve off-resonance frequencies were evaluated between +100
Hz and +100 kHz, for B; = 7.8 uT, and eight off-resonance frequencies between
+1.5 kHz and +100 kHz for B; = 4.7 uT. The images collected with a 100 kHz off-
resonance saturation pulse were used as M. Representative cross-sectional MR
images of the phantom acquired with 7.8 uT B; and saturation pulse offsets of +3
kHz and +100 kHz are shown along with the resulting MTR image in Figure 6.
Regions of interest (ROIs) were placed in the saline and agar; normalized ROI

average net magnetization values (M, = Msa/Mg) are plotted in Figure 5. Solid

lines are added to guide the eye.

Normalized Net Magnetization
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Figure 5. ROl average net magnetization. Data points indicate actual collected
data; solid lines are drawn to guide the eye. Direct saturation is evident by
decrease in saline M;; offset frequencies greater than 1 kHz show no direct
saturation (M; = 1). MT effect is observed at 12 kHz offset with both B;
amplitudes; however, higher B; amplitude increases the MT effect.
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Figure 6. MT characterization at 11.75T in saline and agar phantom. MT
images acquired with 7.8 uT B;, and saturation pulses 100kHz (left) and 3kHz
(middle) off-resonance. Calculated MTR image is shown on the right. Saline in
the inner compartment appears identical between the two scans, and shows
essentially zero MTR, except for noise. MRI signal in 4% agar in the outside
compartment is appreciably darker with the 3 kHz off-resonance pulse applied
compared to My (100 kHz offset). Note that signal-to-noise ratio drops off with
distance from the surface coil (positioned above the phantom).
Dynamic-Contrast-Enhanced MRI (DCE-MRI)

The advent of DCE-MRI provided a unique method of quantitatively
characterizing tissue vascular properties in-vivo. Serial MR images are acquired
before, during and after a bolus injection of contrast reagent (CR) to monitor the
pharmacokinetics of the contrast reagent passage through tissues.
Pharmacokinetic modeling of DCE-MRI data allows quantification of vascular
properties (PK parameters) including blood volume, BBB permeability and
transendothelial and transcytolemmal water exchange kinetics. These surrogate
biomarkers are sensitive to disease state.”® This work will focus on the CR

K" which is a biomarker for CR

transendothelial transfer constant,
extravasation (and thus a surrogate marker for BBB permeability). Early
pharmacokinetic models’’ are commonly used in the study of MS; however, the

early models inadvertently included a systematic error that ignored the indirect

nature of CR detection and the differential distribution of CR and water (the MR
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signal molecule), implicitly assuming that trans-compartmental water exchange
kinetics in tissue occur effectively infinitely fast. Our group has derived a
pharmacokinetic model, the Shutter-Speed Model (SSM),”®"® that accounts for

finite water exchange rate constants. The efficacy of our model has been shown

80-82 83,84

in the study of many disorders including MS (white matter), and breast
and prostate cancer.®

Quantitative Ry (£1/T1) maps can be calculated based on an inversion
recovery experiment employing multiple magnetic prepared rapid acquisition
gradient echo (MPRAGE) sequences with variable inversion times (Tl). R; maps
are then calculated by fitting the multi-T1 signal intensity (S, where S «< M) to a
potentially multi-exponential inversion recovery equation:

S =kp (1—2eCTHRD 4 ¢ CTRRD), (6)
where k is a proportionality constant and p is the proton density.

Contrast extravasation in the normal, healthy brain is nearly negligible at
all time points after GBCA injection, certainly within the first few minutes of
administration. However, extravasation is appreciable even at early time points
(within 10 minutes post-injection) in pathologic brain tissue where the BBB is
compromised. A schematic diagram of a capillary illustrating contrast
extravasation is shown in Figure 7. Concentration of contrast reagent in the
blood plasma is denoted by [CRp]; concentration of contrast reagent in the
interstitium is labeled [CR,], for CR outside. In homogeneous solution, R; has a

linear dependence on [CR]:

Ry = 11 [CR] + Ry, (7)
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where Ry is the pre-CR rate constant, and r; is the CR relaxivity. However, CR
in blood is restricted to the plasma, so the equation is modified to account for the
hematocrit (h):

Rip = T1p " Dp- [CRp] + R1po, (8)
where Ry, is the relaxation rate constant of blood, ri, is relaxivity of CR in
plasma, and p, (= 1-h) is the mole fraction of extracellular blood water (i.e.,
plasma water). When CR extravastates from blood into interstitium the tissue
relaxation rate constant (Rj;) calculation requires modification of Equation (7) to
include a term that accounts for the fractional population of extracellular tissue
water (po) available to interact with CR:

Rit = T10 " Do " [CRo] + Ryto, 9)
Equation (9) assumes that the extravascular space, including interstitial and
cellular spaces, can be represented as a homogeneously mixed compartment,
requiring that equilibrium water exchange between intra- and extracellular space
is effectively infinitely fast, and ignores the intravascular space. This is physically
impossible in tissue, and the intracellular or intravascular water molecule lifetime
(ti or 1, respectively) can be calculated using the Shutter-speed model, which

accounts for transcytolemmal and transendothelial water exchange: 8687

1
Rue(®) = 5| (Ricw + Rup (8) + 757 + Py /[ (1 = )]} (10)

— (Ruew = Rap(®) = 15" + /[ (0 = )1 + 49 /7,1 =) |

where py is the mole fraction of tissue water in blood (=1 — pPex), and Rieyx IS the

intrinsic, extravascular Rj.
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Equations (7-9) reflect a constant concentration of CR; however, in
DCE-MRI studies [CR,] is a time-varying function dependent on [CR,] and
transendothelial CR extravasation, expressed by the Kety-Schmidt
pharmacokinetic rate law:

[CR,](T) = Ktransy 1 fOT[CRp](t)e’KrmnSve—l(T_t)dt, (11)
where K" js the plasma volume fraction CR rate constant product, and ve is the
interstitial volume fraction ( = pofw, Where f,, is the volume fraction accessible to
mobile aqueous solutes).

Values for Ry; and Ry, are obtained from R; maps, which can then be
used to estimate [CRp] with Equation (8), and [CR,] using modified Bloch
equations as described elsewhere.’®888 Estimates of extracellular, extravascular

trans
K

space (Ve) and CR extravasation ( ) can then be obtained by fitting Equation

(11), where K™ and v, are the optimization parameters.
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—-blood

Figure 7. Schematic of CR extravasation. Contrast reagent administered
intravenously extravasates from the blood into the extravascular space via tight
junctions where it remains in the interstituium and does not enter the intracellular
space. Modified from Anderson, 2011,* and reproduced with permission from V.
Anderson and A. Rekito.
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Animal Models of Multiple Sclerosis

A wide variety of animal models have been developed to study human
diseases, providing access to crucial controlled studies of disease mechanism,
pathology, and potential therapies that would otherwise be difficult or impossible
to achieve clinically. Particularly important are studies aimed at validating
potential imaging biomarkers that promise non-invasive methods of assessing
disease state and pathology, and evaluating treatment strategies in-vivo; these
have been thoroughly reviewed.®**° Post-mortem tissue dissected from
euthanized animals can be analyzed using gold-standard histopathological and
immunohistochemical techniques and retrospectively correlated with biomarkers
obtained from imaging studies performed in-vivo. However, each model
recapitulates only a subset of pathologic or clinical characteristics of MS, so care
must be taken when designing and interpreting studies.

Perhaps the most widely used model of MS in animals is experimental
autoimmune encephalomyelitis (EAE), which has been demonstrated across
several species including rodents and non-human primates.?®? EAE provides a
model of chronic inflammation and can be designed to exhibit monophasic,
relapsing-remitting, chronic-progressive, and chronic relapsing disease courses.
Homogenized CNS components or purified myelin proteins injected into the CNS
induce an autoimmune response that targets myelin. Key common features
between MS and EAE include demyelination, inflammation, axonopathy, and the

variable development of numerous lesions disseminated in space and time.
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Another model induces focal demyelinating lesions by injecting lysolecithin
(lysophosphatidylcholine), an activator of phospholipase A2, into the area of
interest in the CNS. Magnetization transfer imaging has been used to study
demyelination and remyelination in rat and non-human primate lysolecithin
models. An ongoing study at OHSU is using lysolecithin in mice to explore
thyroid hormone (T3) treatment as a potential therapy to reduce demyelination
and increase remyelination. MRI studies using T,-w images and MTR readily
visualize lesions created in the corpus callosum (CC) via lysolecithin injection.
Preliminary analyses suggest that lesion volume estimates from MT imaging
correlate well with those obtained by histology, which will provide an important in-
vivo method of tracking lesion volume throughout treatment in this model. A
potential benefit of the lysolecithin model is that each animal theoretically serves
as its own control assuming that damage is completely localized to the lesion
area. However, this model is extremely sensitive to needle placement during
injection: injections penetrating the lateral ventricles have been seen to cause
widespread edema and pathology throughout the entire corpus callosum
(unpublished data).

The cuprizone model of MS demonstrates demyelination and spontaneous
remyelination, the extents of which are variable across tissue types and depend
on species, dose, sex, and age.***® Cuprizone is a copper chelator that induces
CNS demyelination when administered via chow, with spontaneous remyelination
occurring upon removal of cuprizone from the diet. Acute, reversible

demyelination is achieved in adult mice after 4-5 weeks of treatment, while a
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chronic, permanent condition is induced after 12-13 weeks of continuous
treatment. Axonopathy and inflammation are limited during acute demyelination
in this model, but become appreciable in the chronic state. Disruption of the
blood-brain-barrier is not observed in the cuprizone model. Demyelination in mice
is most significant in the corpus callosum, though evidence of myelin loss has
been observed throughout the brain. Interestingly, spinal cord white matter is
preserved in this model despite systemic administration. The next chapter will
explore the use of magnetization transfer imaging in studying demyelination and
remyelination in this model and will provide new insight into the spatio-temporal
pattern of cuprizone-induced demyelination in adult C57BL/6 mice.

All of the current animal models of MS provide valuable insight into
disease pathological mechanisms, validation of non-invasive biomarkers, and
potential therapeutic targets. However, none of these models capture the truly
spontaneous nature of the disease as observed in humans. Japanese Macaque
encephalomyelitis (JME) is a spontaneous inflammatory demyelinating disease
affecting Japanese macaques (JMs) at the Oregon National Primate Research
Center that demonstrates pathological, clinical, and imaging characteristics
remarkably similar to MS.?*"*%' Work presented in this thesis will endeavor to
define imaging characteristics typical of JME including T, and contrast-enhancing
lesion distribution, BBB permeability measured by quantitative DCE-MRI, and
lesion evolution in individuals. Careful consideration of imaging features typical of
JME will contribute to the ongoing description of this novel disease as well as its

development as a potential model of human demyelinating disease.
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Abstract

Cuprizone administration in mice provides a reproducible model of
demyelination and spontaneous remyelination, and has been useful in
understanding important aspects of human disease, including multiple sclerosis.
In this study, we apply high spatial resolution quantitative MRI techniques to
establish the spatio-temporal patterns of acute demyelination in C57BL/6 mice
after 6 weeks of cuprizone administration, and subsequent remyelination after 6
weeks of post-cuprizone recovery. MRI measurements were complemented with
Black Gold Il stain for myelin and immunohistochemical stains for associated
tissue changes. Gene expression was evaluated using the Allen Gene
Expression Atlas.

Twenty-five C57BL/6 male mice were split into control and cuprizone
groups; MRI data were obtained at baseline, after 6 weeks of cuprizone, and 6
weeks post-cuprizone. High-resolution (100um isotropic) whole-brain coverage
magnetization transfer ratio (MTR) parametric maps demonstrated concurrent
caudal-to-rostral and medial-to-lateral gradients of MTR decrease within corpus
callosum (CC) that correlated well with demyelination assessed histologically.
Our results show that demyelination was not limited to the midsagittal line of the
corpus callosum, and also that opposing gradients of demyelination occur in the
lateral and medial CC. T2-weighted MRI gray/white matter contrast was strong at
baseline, weak after 6 weeks of cuprizone treatment, and returned to a limited
extent after recovery. MTR decreases during demyelination were observed

throughout the brain, most clearly in callosal white matter.
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Myelin damage and repair appear to be influenced by proximity to
oligodendrocyte progenitor cell populations and exhibit an inverse correlation
with myelin basic protein gene expression. These findings suggest that
susceptibility to injury and ability to repair vary across the brain, and whole-brain
analysis is necessary to accurately characterize this model. Whole-brain
parametric mapping across time is essential for gaining a real understanding of
disease processes in-vivo. MTR increases in healthy mice throughout
adolescence and adulthood were observed, illustrating the need for appropriate
age-matched controls. Elucidating the unique and site-specific demyelination in
the cuprizone model may offer new insights into in mechanisms of both damage

and repair in human demyelinating diseases.

33



Introduction

Cuprizone [bis-cyclohexanone-oxaldihydrazone] is a low molecular weight
copper chelator that induces reversible demyelination in both gray and white
matter in the murine brain when added to chow in low concentrations for short
periods. First described as a neurotoxin in rodents in the 1960’s, cuprizone
reliably produces toxic effects including demyelination, hydrocephalus, and
astrogliosis.'%%1% Over the last two decades the cuprizone mouse model been
widely accepted as an animal model capable of capturing some aspects of
multiple sclerosis (MS), providing a model of demyelination and spontaneous
remyelination. Non-focal demyelinating lesions in this model occur in the
presence of microglial activation and oligodendrocyte apoptosis without
lymphocytic infiltration, which can occur in some MS lesions.***’ Increased
doses of cuprizone intensify both demyelination and mortality as severe liver
damage occurs at doses above 0.3% (wt/wt).** Accordingly, 0.2% cuprizone
(wt/wt) delivered in chow is the established optimal dose for inducing acute
demyelination in the C57BL/6 mouse strain.

While cuprizone administration in the mouse has become a common
approach used to study demyelination and remyelination processes relevant to
human disease, the mechanism of cuprizone action and subsequent
oligodendrocyte death is not well understood. Recent reports suggest cuprizone
toxicity inhibits respiratory chain complex-2 in the mitochondria, leading to a
cellular stress response and ultimately oligodendrocyte death.?®'%* Aged CD-1

mice given a copper-deficient diet showed a significant reduction of several key
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metal ions (Fe, Al, Zn, and Ca) in the frontal areas of the brain and in the
cerebellum.'® A separate study in CD-1 mice demonstrated that cuprizone is not
absorbed by the intestines, does not accumulate in the brain or the liver, does
not cross neuronal plasma membranes (in-vitro), nor does it have any effect on
viability or proliferation of cultured neurons.!®® Together, these results suggest
that copper is chelated in the gut and the toxic effects are due to a copper-
deficient diet rather than direct toxicity of the cuprizone molecule.

Copper is an essential cofactor for many integral enzymes involved in iron
metabolism and the homeostasis of other key ions including Al, Zn, Mg and Ca.
Cuprizone toxicity extensively modifies copper and zinc distribution in the brain,
thereby potentially disrupting the function of the mitochondrial enzyme
cytochrome ¢ oxidase.'®’ Pasquini, et al, demonstrated a marked decrease in
cerebral mitochondrial complexes I, I-1I, I-lll, and II-lll of the respiratory chain
after cuprizone intoxication, strongly indicating mitochondrial dysfunction is
associated with demyelination.?® One study demonstrated that copper deficiency
for 8 weeks alters gene expression of proteins involved in iron metabolism, and
deficiency for 12 weeks results in anemia.’® Since the brain has the greatest
metabolic demands of all organs one would expect any deficiency or metabolic
dysfunction to be observed in the central nervous system earlier and with greater
severity than elsewhere in the body.

Microglia and macrophages appear around week 2 of treatment, even
before gross demyelination is apparent. Notable demyelination is detected at 3

weeks of treatment, with peak demyelination occurring around the 5" week.**
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Morphological changes occur in astroglia around week 3, concurrent with onset
of demyelination. The level of astrogliosis and microglial/macrophage
involvement increase until around the 5" week when demyelination is nearly
complete.”** Oligodendrocyte density drops dramatically upon cuprizone
exposure, then increases beginning at week 3. Remyelination becomes notable

during the 5™ week of treatment,*®®

and within two weeks of cuprizone removal
oligodendrocyte density is similar to pre-treatment levels.” Electron microscopy
reveals that the G-ratio (mean ratio of axon thickness to total fiber diameter
including myelin) increases significantly after 6 weeks cuprizone challenge and
then returns nearly to normal after 4-6 weeks recovery.”**%® Continued cuprizone
exposure leads to a cycle of demyelinating and remyelinating events that
ultimately result in a state of chronic demyelination. Upon 10 weeks of
continuous exposure a second episode of near-complete demyelination occurs,
followed by incomplete remyelination two weeks later. At week 16 a third and
final demyelinating episode persists until animals become moribund or are
euthanized.'® The role(s) of astrocytes and microglia in both demyelination and
remyelination have been debated as it has been unclear how much each is
responsible for damage or repair.****! Astrocytes have been shown to signal
microglial activity and thus modulate myelin debris clearance.'*? Indeed, without

debris clearance oligodendrocyte precursor migration and differentiation, along

with other repair mechanisms, are significantly impaired.**°
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Pathological heterogeneity in the cuprizone model has been

demonstrated.70-72:95.113-115

and the mechanism of demyelination may vary across
structures. For example, it has been suggested that demyelination in the cerebral
cortex is not associated with microglial activation,'** but that demyelination in the
corpus callosum is microglia-mediated.”® Cortical demyelination and
oligodendrocyte loss may be directly related to energy deficient
oligodendrocytes.'®** Oligodendrocyte death and subsequent demyelination
occur in the cerebral cortex with little or no microglial activation or T-cell
infiltration, which suggests that cuprizone directly interferes with mitochondrial

function in oligodendrocytes.**®

Conversely, demyelination in the corpus
callosum likely involves microglia activation and is induced by pro-inflammatory
cytokines.’®**? While the full mechanism of cuprizone toxicity as a source of
demyelination is not fully understood, it is generally accepted that metabolic
aberrations in oligodendrocytes are downstream effects of treatment with
cuprizone that eventually lead to caspase-independent, apoptosis-inducing,
factor-mediated cell death.''® Perhaps due to structural and genetic variations,**’
response varies markedly across animals and is sex-, dose-, and age-
dependent.®**® While inflammation and axonal loss are minimal, if not entirely
negligible, during acute demyelination in young mice,”* axonal loss is significant
in aged (6-8 months) mice. Additionally, macrophage and astrocyte responses
are different in aged mice than in young (8-10 weeks) mice.’'® Because

histological analyses are invasive and time-intensive, non-invasive imaging

techniques are well suited to complement histology and provide a more
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comprehensive perspective of pathophysiology, particularly with respect to
longitudinal studies. Careful histological analyses are important to validate
emerging quantitative and semi-quantitative in-vivo imaging techniques.

Several magnetic resonance imaging (MRI) based methods of non-
invasively quantifying demyelination in-vivo in the cuprizone mouse model have
been explored including diffusion tensor imaging (DTI),****%° diffusion kurtosis
imaging, T, and T, quantitative parametric mapping,’*** and MR
elastography.'?® Magnetization Transfer (MT) has been widely used as a fast and
precise measurement capable of semi-quantitative estimation of macromolecular
content by calculating the MT ratio (MTR). Myelin content correlates with MTR,
but, axonal density and other tissue components can also influence MTR
values.®® Quantitative magnetization transfer (QMT) techniques have been
proposed to obtain quantitative measures of macromolecular proton fraction in
tissue in an attempt to overcome the potentially non-specific nature of MTR.%%
0469124 However, gMT relies heavily on extensive image sets, additional
guantitative R; imaging, or a number of assumptions regarding intrinsic tissue
properties, and are thus prohibitively time or labor intensive. Quantitative R;
(E1/T1) acquisitions are necessarily time intensive as parametric modeling and
mapping requires excellent signal-to-noise ratio (SNR), thus adding to the
complexity and scan time burden of gMT experiments. However, QqR;
measurements may provide more comprehensive information in their own right

and warrant further investigation.*?
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Due to SNR limitations, particularly when imaging small rodents, in-vivo
MRI experiments tend to utilize single-slice acquisitions, or multi-slice
acquisitions with thick slices (0.5 — 1.0mm) and limited coverage.’*!?!122126
Mouse brains are roughly 10mm across compared to 120mm in humans. A voxel
size of 100um® or less is thus required to achieve resolution comparable to the
1mm? voxel size in human neuroimaging. Some recent work has obtained 3D

0

whole-brain MT images with good resolution (200x200x230um*"® or 117pm

isotropic’*"

), although results presented included only either single-slice or
region-of-interest (ROI) analysis. While ROI analysis is useful for boosting SNR
and performing coarse regional evaluations, it necessarily introduces
exaggerated partial-volume dilution and obscures fine regional and structural
variations. This latter point is of particular interest because pathology and
morphology are known to be highly heterogeneous both regionally and across
animals in the cuprizone model.”®72:9395.113.115.127.128

In this study we investigated non-invasive methods of characterizing
demyelination and remyelination in-vivo. We employed T,-weighted and
magnetization transfer imaging sequences, established semi-quantitative MRI
techniques designed to achieve whole-brain coverage with exceptional spatial
resolution (100pum isotropic), to elucidate the spatial distribution of acute
cuprizone-induced demyelination, and subsequent remyelination, in adult
C57BL/6 male mice. Acute demyelination was induced by 6 weeks of cuprizone

diet; spontaneous remyelination was observed after 6 weeks of recovery on

normal chow post-cuprizone. Changes in MRI contrast in cuprizone-treated
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mouse brains were interrogated in-vivo using T,-weighted and MTR imaging
sequences. Gold-standard histological analyses were used to evaluate the extent
to which MTR was a specific measure of myelin content in-vivo. We thus confirm
and expand upon earlier work’®® as we present the first comprehensive
overview of spatially varying cuprizone-induced demyelination in the mouse

corpus callosum (CC) and external capsule (EC).

Materials and Methods

This study was specifically reviewed and approved by the Oregon Health
& Science University (OHSU) Institutional Animal Care and Use Committee
(IACUC), as protocol 1S00001282. All animal handling, care and treatment was
carried out in strict accordance with the OHSU IACUC regulations. C57BL/6 mice
were obtained from Charles River. Mice (n = 12 controls, 14 cuprizone) were
studied longitudinally for up to twelve weeks. Mice were monitored daily for signs
of distress including lethargy, hunching, and self-mutilation. Each mouse was
weighed weekly and values recorded. Sustained weight loss, failure to recover
from anesthesia, and general poor health were defined as humane end points. A
malocclusion led to malnourishment and eventual humane euthanasia in one
mouse during the acclimation period. One cuprizone-treated mouse died of
unknown causes the day after successfully recovering from Week 6 MRI. No

other adverse events occurred in this study.
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Twenty-six male C57BL/6 mice were received at 4 weeks of age and
singly housed on-site under normal light/dark cycle conditions. After a 3-week
acclimation period, 14 mice began a 0.2% (wt/wt) cuprizone diet (Sigma-Aldrich,
St Louis, MO) with free access to food. All animals were given pelletized chow for
the duration of the study (Purina Mills, LLC, TestDiet division). MRI examinations
were performed longitudinally at three time points: (1) immediately prior to
initiation of cuprizone diet (age 7 weeks; Baseline), (2) at the end of treatment
(age 13 weeks; Week 6) and (3) 6 weeks later (age 19 weeks; Week 12 for
controls, Week 6+6 for cuprizone animals: i.e., 6 weeks on cuprizone and 6
weeks normal chow post-cuprizone administration). After 6 weeks of treatment a
subgroup (n = 9 treatment and 6 age-matched controls) were sacrificed
immediately following MRI for histological analyses. The remaining mice were
returned to a normal diet for 6 weeks of recovery at which time a final MRI was
obtained and all remaining subjects were sacrificed for histology. Euthanasia was

accomplished by isoflurane overdose followed by cervical dislocation.

MRI

MRI data were collected using an 11.75 Tesla (T) instrument (Bruker
Biospin, Billerica MA) equipped with a high-performance gradient coil (9cm inner
diameter), and radiofrequency (RF) volume coil transmitter and surface receiver.
The RF coils are sequentially detuned to reduce interactions between the
transmitter and receiver RF coils. The surface coil was custom-built and had an
oval geometry with 1.2cm long axis and 0.8cm short axis. Prior to image

acquisition, a gradient-based magnetic field optimization routine was performed
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to adjust electrical currents in first, second, and third-order room-temperature
shims. Mice were initially sedated via an intraperitoneal injection of a
xylazine/ketamine cocktail, and then maintained with 1-2% isofluorane, adjusted
to maintain respiration (approx. 90+10 breaths/min), in 100% oxygen for the
duration of the MRI (approx. 2.5 hrs). Rectal temperature and respiration rate
were monitored throughout the study using a small animal physiological monitor
(SA Instruments, Inc., Stony Brook, NY). The magnet bore was heated with
forced warm air using the rectal thermometer as controller. Core body
temperature was maintained at 37° £ 1° C. Custom-built head-holders restrained
the sedated animal to minimize respiration-induced motion artifacts.

A two-dimensional multislice T,-weighted RARE sequence was acquired
(refocus flip angle (FA) 180°, field-of-view (FOV) 1.3cmx1.6cm (132x160 matrix,
100x100pum? in-plane resolution), 25 0.5mm thick coronal slices). Magnetization
transfer (MT) MRI data were acquired using whole-brain 3D gradient-recalled
echo (GRE) sequences with 2.5ms echo time (TE), 30ms recycle time (TR), 10°
FA, and a pulsed MT saturation pulse of Gauss shape, 20ms duration, 0.01ms

interpulse delay, 137Hz bandwidth.

Tissue processing

Brains were extracted whole within 10 minutes of sacrifice, immediately
immersed in 4% paraformaldehyde and microwaved for 75 min using the PELCO
BioWave® Pro (Ted Pella, Inc., Redding, CA). The entire brain was sectioned

into 30um slices using a Leica VT1000s Vibratome. About 20 representative
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sections between bregma -2mm and bregma +1.5mm were stained with Black

Gold Il and imaged using a Zeiss Axiolmager M2 bright field microscope.

Myelin staining and analysis

Brain sections (30um) were stained with Black Gold Il (AG105, Millipore
Corp, Billerica, MA) according to manufacturer’s instructions. Briefly, the sections
were dehydrated for 60-90 minutes on a slide warmer and then rehydrated with
purified water (“Milli-Q” water purified using a Millipore system). Pre-warmed
Black Gold II solution was added onto sections and incubated at 60°C. The
average incubation time was 15 min. The slides were rinsed with Milli-Q water
twice. Pre-warmed 1% sodium thiosulfate was added to the slides and incubated
for 3 min. The slides were rinsed thrice with Milli-Q water before 3-minute
incubation with cresyl violet stain. Sections were rinsed again and dehydrated
using a series of gradated alcohols and finally in a xylene substitute for 2 min and
coverslipped with mounting media. The area of demyelination in the corpus
callosum was manually measured using MetaMorph (ver 7.7.5, Molecular
Devices, CA) and represented as percent demyelination. Analysis of
demyelinated area was restricted to the MRI-visible extents of the corpus

callosum.

Immunohistochemical studies

Fixed brain tissue was used to prepare 6 uym paraffin-embedded sections.
After deparaffinization and antigen retrieval (5 min treatment at room temperature
with 95% formic acid, followed by 30 min incubation in citrate buffer, pH 6.0, at

90 degrees C. Tissue sections were blocked with 5% nonfat dry milk in
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phosphate-buffered saline and labeled with antibodies to GFAP (G9269 from
Sigma, St. Louis, MO), microglia (Ibal from Wako USA, Richmonda, VA), and
PDGFR-alpha (R&D systems, Minneapolis, MN). Development was
accomplished with either diaminobenzidine-based Elite (for Ibal) or Vector Red

(other immunostains) kits (Vector Laboratories, Burlingame, CA).

Data Analysis

Pre-processing and Coregistration

An elliptical 3D Gaussian apodization filter (sigma = 0.42) was applied to
raw k-space data to improve SNR by down-weighting high-frequency signals and
noise. Filtered k-space data were reconstructed to create magnitude and phase
images using custom software written in Python'? scripting language. Magnitude
images were coregistered using a multi-step process. Briefly, images from each

animal were skull-stripped with FSL's BET**°

and then linearly registered to a
single high-quality reference data set using FSL's FLIRT**. A population
average image was created and all data sets were linearly registered to the
population average. Final registration to the population average was achieved via

FSL’s nonlinear registration tool, FNIRT®, with the affine matrix from the second

linear registration step as a starting estimate.
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Corrections and Parametric Mapping

All skull-stripped, coregistered images were corrected for inter-day
variation in receiver gain settings by linearly scaling histogram intensities — while
preserving native contrast - to match the reference images used in the initial
coregistration step. The magnetization transfer ratio (MTR) was calculated as:

MTR = (Mo —Msa) / Mo, (12)

where Mgyt and Mg are magnetization obtained from 3D GRE sequences with and
without the saturation RF pulse, respectively (see MRI above). MTR maps were
calculated for all animals and timepoints individually, and then pooled according
to timepoint (Baseline, Week 6, Week 6+6) to create population averages. All
corrections and parametric estimations were performed with code written in-

house.

Statistical Analysis

Non-parametric permutation-based analyses were performed using FSL’s
RANDOMIZE tool employing Threshold-Free Cluster Enhancement!®! with
corrections for repeated measures consistent with our longitudinal design. No
assumptions were made regarding distribution of means or variances. Paired and
un-paired non-parametric t-tests compared voxel-wise MTR values in cuprizone-
treated mice between Baseline and Week 6, Baseline and Recovery, and Week

6 and Recovery to identify significant changes at each time point.

Gene Expression
The Allen Institute for Brain Sciences Anatomic Gene Expression Atlas

(AGEA)™?#1*3 was used to assess relative genetic homogeneity within the CC.
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“Seed” voxels were chosen at multiple points within the CC along the
rostrocaudal and mediolateral axes. Both correlation and cluster maps for each
seed voxel were visually inspected. The Gene Finder utility was then used to
identify genes of interest (those with highest correlation or highest fold change
compared to other structures) in our seeds in the CC. In situ hybridizaton (ISH)
slides for the returned genes were then manually reviewed to ensure accuracy.
Candidate genes were identified based on a visual inspection of anatomical
distribution of gene expression energy. Three-dimensional renders of candidate
gene expression energy and density***** throughout the C57BL/5 P56 male
mouse brain were then visualized using the Allen Institute’s Brain Explorer 2
desktop application. Expression energy distribution was qualitatively compared to

patterns of demyelination observed in our 3D MTR maps.

Results

Longitudinal MTR data were obtained from eleven controls and fourteen
cuprizone-treated animals immediately prior to initiation of cuprizone
administration (7 weeks old; Baseline), after 6 weeks of cuprizone (13 weeks old;
Week 6). Immediately after week 6 MRI, a subgroup (n = 9 treatment and 6 age-
matched controls) were sacrificed for histological analyses. The remaining mice
were studied by MRI 6 weeks later (19 weeks old; Week 6+6 for treatment, Week
12 for controls), and immediately sacrificed for histology (Figure 8).

Black Gold Il stain for myelin was used at Week 6 and Week 6+6 to

histologically assess myelin content in both cuprizone and healthy control mice,
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and to provide additional validation of the MTR measurements. Whole-brain MRI
coverage revealed a complex spatial pattern in MRI contrast during acute
demyelination in the medial corpus callosum (CC) and lateral CC/external
capsule (EC) that is a combination of gradients along the caudal-to-rostral and
medial-to-lateral axes. Mild MTR decrease was also observed in the
caudoputamen, thalamus, cortex, and cerebellum (CBLL). MTR correlated well
with histological quantification of myelin content in the CC. Visual inspection of
myelin basic protein (MBP) gene expression revealed an inverse correlation
between MBP and areas of significant demyelination and decreased MTR in the

CC.

Reduced weight gain is associated with cuprizone diet

Animals lost approximately 5% of their body weight during the first week of
cuprizone feeding (p<0.005) followed by gradual weight gain over the next 5
weeks, consistent with previous observations.?* "¢ Non-cuprizone fed mice
gained weight roughly 3 times faster (0.65g/wk vs 0.23g/wk) than cuprizone-fed
mice during treatment, and group weight averages were significantly different
until one week after the treatment group returned to normal chow as shown in

Figure 8.
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Figure 8. Weight Gain and Study Design. Average weight of animals over the
course of the study (error bars represent one standard deviation). Cuprizone diet
was administered for 6 weeks (shaded area) beginning 3 weeks after delivery.
After one week on cuprizone the treatment group (Cz) exhibited lower weight
than healthy controls (HC; *p<0.005); weight gain increased one week after
cuprizone was removed from the diet, and two weeks into recovery no difference
can be seen between the two groups’ weights.

Longitudinal ROI analysis of MTR demonstrates regional heterogeneity in
demyelination and remyelination

We pooled callosal structures into two categories for ROI analysis: medial
and lateral corpus callosum, referred to here as med-CC and lat-CC,
respectively. Caudal med-CC likely includes adjacent structures such as fornix,
dorsal hippocampal commissure, and cingulum. Figure 9 shows the distinction
used here for lateral and medial corpus callosum. Three coronal slices were
selected representing genu of CC (gCC, Bregma +1mm), isthmus of CC (iCC,
Bregma -1mm), and splenium of CC (sCC, Bregma -2mm). Briefly, the med-CC
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corresponds to the center-most region demarcated by the apex of the lateral
arches, consistent with similar studies; lat-CC thus includes all MRI-visible white
matter distal to the apex of the lateral arches. We adopted this approach for two
primary reasons: (1) various atlases disagree on location and extent of EC; (2)
while distinguishable on histology, MRI partial volume effects limit differentiation
of CC from small adjacent white matter structures. Longitudinal changes in
population-average MTR values are demonstrated in Figure 10 for all cuprizone
mice (solid lines) and healthy controls (dashed lines) at Baseline, Week 6, and

Week 6+6.

Figure 9. ROI Selection on Coronal MR Images. Coronal sections of the mouse
brain with colored ROIs used in scatter plots below. Medial CC is red, lateral CC
(including EC) is colored in green. A sagittal view with arrows corresponding to the
locations of the coronal slices shown in (a-c), corresponding to genu (gCC),
body/isthmus (iCC), and splenium (sCC), respectively, is shown in panel (d).
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Substantial reductions in MTR were seen along the entire length of the CC
midline after 6 weeks of cuprizone (iCC p < 0.5x10°, sCC p = 0.001), with an
increase in absolute change following a rostro-caudal gradient. Lateral CC MTR
decrease was significant in the genu (p=0.0005) and isthmus (p < 0.05).
Importantly, a striking rostro-caudal gradient of decreasing effect is observed in
the lat-CC — opposite of med-CC. Indeed, only a small change was seen in lat-
CC at the level of the isthmus, and caudal lat-CC appears essentially preserved.
MTR returned to near-baseline values in all regions after 6 weeks recovery on
normal chow (Week 6+6). MTR values at Week 6+6 generally hover right
between those obtained at Baseline and Week 6, suggesting gradual return to
some level of contrast at Week 6+6 that resembles Baseline.

MTR in all structures in control mice matched well with those of the
cuprizone group at baseline. However, by week 6, MTR in control mice had
increased in all ROIs compared to baseline, and generally continued to increase
throughout the 12 week study. Figure 10 compares MTR changes in controls

versus cuprizone mice at Baseline, Week 6, and Week 6+6 (recovery).
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Figure 10. Longitudinal ROl-average MTR Compared to Healthy Age-
Matched Controls. ROI-average MTR scatter plots for the medial- and lateral-CC
ROls illustrated in Figure 2 (a-c). Values represent population average within an
ROI. Dashed lines/hollow markers represent data from healthy age-matched
controls (n = 10, 4, 5, for Baseline (age postnatal (P) 49), Week 6 (P91), Week
6+6 (P133), respectively); data from cuprizone treated animals are shown with
solid lines/filed markers (n = 14, 14, 5, for Baseline, Week 6, Week 6+6,
respectively). Error bars represent mean standard error for each group. The
shaded bands illustrate the 95% confidence interval for baseline values (x0.01)
for medial (red) and lateral (green) ROI%l



MTR parametric maps reveal complex pattern of demyelination across whole
brain

Population average MTR maps for Baseline, Week 6, Week 6+6
(cuprizone recovery) and Week 12 (control) are compared in Figure 11. Baseline
images for one control animal were discarded due to incomplete image
acquisition. An MTR intensity projection along the midsagittal CC (Figure 11a,b)
shows natural variance in MTR along the CC in healthy animals at baseline (blue
line). This caudal-rostral gradient is entirely eliminated after 6 weeks cuprizone
(red line), and only partially recovers after 6 weeks of normal chow post-
cuprizone (green line). At Cz Week 6, rostral lat-CC/EC and caudal med-CC
have become isointense with surrounding gray matter, suggestive of distinct
demyelination (Figure 11c, yellow arrows). Limited corpus callosum contrast
returns at Week 6+6, but remains hypointense compared to control (white
arrows). Figure 12 shows the population average baseline MTR map with the
statistically significant (paired t-test p < 0.01) average AMTR (= MTRgaseline —
MTRweeks) Vvalues overlaid in color. Panel (a) shows a horizontal slice
demonstrating decreased MTR in the rostral lat-CC. A midsagittal view is shown
in panel (b); the caudal-rostral pattern of decreased MTR in the medial CC is
evident (yellow arrow: caudal demyelination; white arrow: rostral myelin
preserved). A coronal slice (approximately bregma -1mm) is shown in panel c;
here the medial CC displays decreased MTR whereas the lateral CC was
unaffected. MTR at recovery was not significantly different from either Week 6 or

Baseline, suggesting substantial yet incomplete recovery. Consistent with
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previous reports, ventricular enlargement occured at week 6 but was largely
resolved after 6 weeks of recovery.”?9319213 MTR depressions scattered
throughout the ventral cerebral cortex may be artifactual and can be attributed to
SNR decreasing with distance from the surface receive coil. Decreased MTR
was observed in the CBLL peduncles and limited diffuse decreases throughout
deep gray matter and cortex were seen in parametric maps (p < 0.05; not

shown).
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Figure 11. Population Average MTR Parametric Maps. (a,b) Population
average MTR projection along midsagittal CC from Caudal (splenium) to Rostral
(genu) at Baseline (blue), Week 6 (red), and Week 6+6 (green). (c) Population-
average MTR maps at baseline, Cz Week 6, Cz Week 6+6, and HC Week 12.
Note that SNR decreases with fewer number of images averaged, resulting in
poorer image quality in Cz Week 6+6 and HC Week 12 images.
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Figure 12. Population Average Week 6 AMTR Parametric Maps. Horizontal
(a), sagittal (b), and coronal (c) views of the mouse brain. Color overlay
represents areas of MTR decrease (paired t-test, p<0.01) after 6 weeks of
cuprizone as compared to baseline. The caudal-rostral pattern of demyelination
along the midline is illustrated in panel b (arrows).
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Baseline Cz Week 6 Cz Week 6+6 AMTR
(n=24) (n=14) (n=5) Baseline — Wk6

Figure 13. Population Averaged Coronal MTR Maps. MTR maps at the level
of gCC (top row), iCC (middle row), and sCC (bottom row). AMTR (p < 0.01)
values are overlaid in false color (see Fig 5 for color bar) in the far right column.
Note reduced image quality at Cz Week 6+6 due small number of images
included in the average (n=5) compared to Baseline (n=24) and Cz Week 6
(n=14).

Quantitative histological analyses correlate well with MTR

Quantitative analyses of tissue samples with BGII stain for myelin are
summarized in Table 1. Any part of lat-CC/EC that was not MRI-visible, and thus
not included in the green ROIs shown in Figure 9, was excluded from this
analysis. Demyelination is evident and variable along the length of the CC. Both
MTR and AMTR average ROI values correlated well with the percentage of
demyelinated area; Pearson’s correlation coefficients (r) are shown in Table 2
along with linear regression parameters. Overall, AMTR was more highly
correlated with percent demyelinated area than was MTR. Sections obtained at

bregma +1mm stained with BGIlI shown in Figure 14 illustrate myelination in the
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lat-CC in a healthy control (a), after 6 weeks cuprizone challenge (b), and 6
weeks cuprizone + 6 weeks recovery (c). Complete demyelination is evident in
the rostral lat-CC after 6 weeks of cuprizone, yet med-CC myelin is preserved.
Comparing panels a and c it is evident that remyelination in the lat-CC is
incomplete after 6 weeks recovery following 6 weeks of cuprizone. Panels d-f
demonstrate patterns of myelination at bregma -1.5mm in healthy control (d),
after 6 weeks cuprizone (e), and after 6 weeks recovery post-cuprizone (f).
Caudal med-CC is heavily demyelinated (arrowhead, e), and lat-CC/EC show
moderate demyelination compared to control (d). All structures show dense stain
for myelin after 6 weeks of recovery (f). Hybrid images created from BGIl and
MTR images in Figure 15 demonstrate that MTR contrast reflects BGII staining
in gCC, iCC, and sCC at Baseline, Cz Week 6, and Cz Week 6+6. Limits of MRI-

visible EC compared to the full extent of the structure are clearly evident.
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Table 1. BGIl stain for myelin in corpus callosum - demyelination as
percent area

% BGIl Demyelination (SD)
Group Section Whole CC Medial CC Lateral CC
gccC 9.7 (+0.6) 2.3 (+1.9) 17.2 (+3.6)
6 Weeks Cz icC 8.2 (+0.9) 20.7 (+4.8) 3.4 (+0.8)
sCC 16.3 (+2.6) 30.7 (+8.5) 8.9 (+3.0)
6 Weeks Cz + gcc 2.6 (+0.3) 0.9 (+0.4) 4.0 (+0.6)
6 Weeks icC 4.9 (+0.9) 6.5 (+2.4) 4.3 (+0.9)
Recovery sCC 2.3 (+1.0) 3.6 (+2.1) 1.8 (+1.0)

Table 2. BGII-MTR linear regression

BGll vs MTR BGIl vs AMTR
Equation r p Equation r p
Whole CC |y=-1.7x+0.1 -055 0.26 |y=21x+0.04 0.63 0.18
Medial CC |y=-33x+1.8 -058 0.23 |y=4.8x+0.02 0.82 <0.05
Lateral CC | y=-24x+13 -0.87 <0.05 |y=24x+0.03 0.83 <0.05

Pearson’s correlation coefficients (r) demonstrate BGIl % demyelination is
negatively correlated with MTR, and positively correlated with AMTR. Linear
regression parameters: y represents BGIl % demyelination; x is either MTR % or
AMTR (%).

Region
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Figure 14. Black Gold Il Stain for Myelin in Rostral and Caudal CC. BGII
stains roughly corresponding to gCC (a-c) and sCC (d-f) ROIs in Fig. 2. Age-
matched control with normal myelinated lat-CC/EC (a); substantial demyelination
in rostral lat-CC/EC (arrows) after 6 weeks Cz (b); lat-CC/EC partially recovered
after 6 weeks on regular chow (c). Reduction in myelinated fibers in
caudoputamen is observed both at Week 6 and Week 6+6 compared to control.
Stark demyelination is evident in the caudal med-CC (e, arrowhead), while lat-
CC/EC (arrow) is only mildly demyelinated after 6 weeks cuprizone (e) compared
to control (d). Remyelination in lat-CC/EC and med-CC is substantial yet
incomplete after 6 weeks recovery (f). Blue arrows indicate demyelination in EC
beyond the extents of MRI-visible lat-CC/EC.
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Figure 15. BGII/MTR Hybrid Images. BGII sections compared to MTR maps in
gCC, iCC, and sCC. Hybrid BGII/MTR images demonstrate MTR contrast and
corresponding BGII staining at the level of gCC (first row), iCC (second row), and
sCC (third row) at Baseline (left), Cz Week 6 (middle.), and Cz Week 6+6 (right).
Loss of MTR contrast at Week 6 matches changes in BGII staining, representing
demyelination (yellow arrows). The black circle in the cortex above gCC at Cz
Week 6 is a coverslip bubble and should be ignored.

To-weighted images provide qualitative estimates of myelin content

To-weighted (T,-w) images give excellent GM/WM contrast in-vivo. In age-
matched healthy controls, the med-CC and lat-CC both are clearly hypointense
compared to GM as shown in Figure 16a,c. After 6 weeks of cuprizone treatment
the GM/WM contrast is eliminated as callosal regions are isointense with GM,
consistent with loss of myelin as shown via histology in Figure 16b inset.

Remyelination is indicated by increased GM/WM contrast in T,-w images (Figure
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16d) 6 weeks after removal of cuprizone. Black Gold Il stain for myelin is fairly
homogenous in the CC in healthy controls (panels a,c insets) compared to the
disorganized and inhomogeneous appearance in demyelinated CC (panel b
inset). Myelination appears somewhat more organized and homogenous after 6

weeks of recovery (panel d inset), indicating partial, yet incomplete remyelination.

e . =
Figure 16. T,-w MRI Compared to BGIIl. T,-w RARE coronal images and
pathologic sections stained with Black Gold Il for myelin (insets, scale bar
200um) from mice fed normal chow (a and c), after 6 weeks on cuprizone chow
(b) and 6 weeks after stopping cuprizone chow (d). MRI from age-matched
control mice (a and c) show low signal intensity in the corpus callosum and
corresponding normal myelin on histology. After 6 weeks of cuprizone exposure
(b), the corpus callosum has increased signal intensity (now isointense with
cortex) and corresponding decreased staining for myelin on histology. Six weeks
after being taken off of cuprizone, MRI shows return of hypointensity in the
corpus callosum and corresponding increased staining for myelin on histology

(d).
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Figure 17. Immunohistochemical Analyses of gCC. OPCs stained with
PDFRa appear red (red arrows), often in a tight line with other cells, in the top
row (25um scale bar applies to all images). Note that neurons (blue arrowheads)
expressing PDGFRa exhibit large, round nuclei. Activated astrocytes, stained
red, are identified by an enlarged cell body and stalky processes in the second
row (arrows). Microglia appear brown in the bottom row (arrows).

We performed additional immunohistochemical analysis of baseline, Cz
Week 6, and Cz Week 6+6 mice using antibodies to glial fibrillary acid protein
(GFAP, an astrocyte marker), microglia (Ibal), and PDGFRa (a marker of
proliferating oligodendroglial precursors). Microglia were markedly increased in
affected areas of the corpus callosum after cuprizone treatment compared to
baseline animals, with incomplete normalization of microglial signal after 6 weeks
recovery. Microglial burden at Cz Week 6 corresponded approximately to the
degree of demyelination at various sites: greater microglial burden in lateral gCC
than medial gCC, and less microglial burden in lateral iCC and sCC than in
medial iCC and sCC, respectively. Oligodendroglial proliferation, as assessed by

PDGFRa expression, was modestly increased after cuprizone treatment, and
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more strikingly so in the recovery phase, throughout all affected areas of the
corpus callosum. Figure 17 shows representative high-magnification images of
medial and lateral gCC stained for GFAP, PDGFRa, and Iba1, at Baseline, Cz

Week 6, and Cz Week 6+6.

Gene expression in the CC is heterogenous and aligns with patterns of
demyelination and MTR depression

Distinct zones of unique gene expression are evident within the CC,
exhibiting caudo-rostral and medio-lateral gradients of regional gene expression
correlation. Example seed positions in AGEA: 7.113, 1.873, 5.620 for caudal
medial CC; 4.477, 3.302, 5.620 for rostral medial CC. Myelin basic protein (MBP)
in-situ hybridization (ISH) expression energy (experiments 112202838 and
79632288)132133.135 oy hihits the opposite rostro-caudal and medio-lateral patterns
of decreased MTR — and demyelination — observed after 6 weeks of cuprizone
exposure. That is to say, less demyelination and MTR decrease was observed in
the CC where MBP expression is greatest, demonstrating an inverse correlation

between MBP mRNA expression and demyelination/MTR decrease.

Discussion

The primary findings of this study were: (i) acute cuprizone-induced
demyelination is region-specific and varies along both rostrocaudal and
mediolateral gradients; and, (ii) histological estimates of myelin content
correlated well with MTR values obtained in-vivo in this model. We further

showed that MTR increases in healthy mice throughout adolescence and

63



adulthood, which may indicate continued myelin development and maturation,
demonstrating the need for appropriate age-matched controls in these studies.

Cuprizone induced demyelination showed marked spatial heterogeneity
with strong caudal-to-rostral and medial-to-lateral patterns. The caudal-to-rostral
pattern of cuprizone-induced demyelination in the medial corpus callosum is
knownhas previously been described.[11,16,23,38] Less known is the medial-to-
lateral demyelination pattern that we observed in conjunction with the caudal-to-
rostral pattern. We are among the first to perform report in-vivo 3D MTR mapping
in the cuprizone mouse model and here present the highest resolution 3D
characterization of spatial patterns of cuprizone-induced demyelination in medial
and lateral CC to date.

Histological estimates of myelin content correlated well with MTR values (r
= -0.58 and -0.87 in medial and lateral CC, respectively) obtained in-vivo. While
MTR changes associated with demyelination were modest (~5-10%) compared
to histological assessment of myelin loss (up to 30%), AMTR was more highly
correlated with demyelination throughout the CC (r = 0.82 and 0.83 in medial and
lateral CC, respectively).

We demonstrated that acute cuprizone-induced demyelination is not
uniform across the mouse brain, or even within individual brain structures. The
corpus callosum is the most heavily studied brain structure in the cuprizone
model of demyelination in mice. Much previous work has focused on only one
subsection of the CC (primarily caudal med-CC) that exhibits a unique spatio-

temporal pattern of demyelination that differs from the rest of the structure. The

64



caudal-rostral gradient of demyelination along the midline of the CC is well
defined in the literature; however, substantial discussion of the medial-lateral
gradient is lacking. Whole-brain coverage in our MRI experiments clearly shows
that the lateral CC/EC experiences a pattern of demyelination essentially
opposite of the medial CC, following a rostral-caudal gradient of demyelination
rather than caudal-rostral. When viewed together, it becomes evident that the
cuprizone-induced injury-repair dynamic is complex and highly varied across the
brain. Perhaps varying genetic niches within the corpus callosum, and likely in
other regions in the central nervous sytem, contribute to the region-specific
nature of demyelination in this model. Gene expression is heterogeneous
throughout the CC, and patterns of demyelination may coincide with patterns of
basal gene expression. This regional heterogeneity may be essential in not only
understanding the mechanisms involved in this model, but also in appropriately

and effectively applying it to study human disease.

MTR is a sensitive, but not specific, measure of demyelination in-vivo

MTR is sensitive to demyelination but is not specific: MTR values are
substantially changed, typically decreased, by demyelination, but also by
inflammation and edema.®®’* Because the cuprizone model does not induce
substantial edema or axonopathy, we can be confident that the changes
observed in MTR here are reflective more of demyelination than any other
pathology. Preserved axonal density combined with increased astrocyte
infiltration and activated microglia (Figure 17) will contribute to MTR values and

likely obscure MTR decreases due to demyelination alone. So, AMTR may be
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viewed as a measure of injury outpacing repair and development in this model.
Histological staining with BGII (Figure 14) and subsequent quantification (Table
1) match well with patterns of MTR changes shown in Figure 10 - Figure 13,
thus validating MTR as a good measure of demyelination in this model.
Attenuated MTR in multiple sclerosis lesions may be an effect of a
degraded macromolecular matrix, damaged myelin or axonal membranes, or by
inflammatory edema, all of which tend to dilute the macromolecular pool.”* We
have also seen extensive MTR changes in the lysolecithin model of
demyelination that extend well beyond the lesion boundary, are unrelated to
demyelination, and are most likely due to edematous inflammation (unpublished).
Interpretation of MTR measurements in other rodent models of MS is more
complex than in cuprizone: lysolecithin induces substantial global edema, and
EAE involves significant inflammation and axonopathy with limited demyelination.
MTR decreases in cerebellum, thalamus, cerebral cortex have been
reported;’® we observed similar patterns but did not focus on these tissues in this
analysis. That pathological mechanisms in the CBLL are distinct from the CC
seems clear, but the exact nature of each is yet unknown. Zaaouri, et al, used
thalamus as a reference tissue for nomalization and reported lower MTR values
in the CC (35-25% compared to 55-45%) than in the present work. However, the
thalamus is not a suitable reference region as demyelination and reduced MTR
after 6 weeks of cuprizone treatment have been demonstrated in this area.”
Thiessen, et al, report MTR at 7T in rostral CC with slightly lower baseline (50%)

and greater depression at Week 6 (38%) than what is shown in this paper.
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Thicker slices used in that work may lead to understimated MTR due to partial
volume effects. Fjeer, et al (2013), performed a similar longitudinal MTR study
using a horizontal bore 7T instrument and MT imaging parameters similar to
ours. However, because absolute MTR values were not reported, their findings
cannot be directly compared to our results. Instead, AMTR values are reported,
which are in excellent agreement with our findings. Rates of demyelination and
remyelination calculated with a Linear Mixed Effects Regression vary across
structures and support the theory that multiple mechanisms of damage and
repair exist in the cuprizone model. Their work also demonstrated that MTR was
correlated with myelin content in both CC and deep gray matter, but MTR did not
appear to be influenced by oligodendrocyte density in the CC. Magnitude of
response to demyelination is substantially lower in MTR compared to histology,
but is nevertheless clear and significant. The attenuation in MTR effect may be
due to infiltration of astrocytes, microglia and macrophages, which may increase
observed MTR and confound the measurement. The correlation we observed
between MTR and myelin content is consistent with previous reports.”

MTR values varied slightly between mice and across days, likely due to
natural biological variance, and fluctuation in the MRI hardware. Deviations of
approximately 5% (Figure 10 a-c, shaded bands) are consistent with what has
been previously reported at 2.35T,"%® 7T,° and 9.4T.” Myriad data
normalization techniques have been proposed to overcome instrument variation.
Here, a basic global histogram matching approach was selected as it limits the

assumptions required of a reference tissue and still allows for evaluation of
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absolute MTR values. Histogram shapes were preserved during scaling, thus
preserving tissue contrasts. The histogram matching technique is not perfect: all
images are necessarily biased toward the signal intensities of the reference
images. Calculated MTR values are dependent upon experimental methods
(magnitude and offset of saturation pulse), thus will vary across studies unless
acquisition parameters are identitical. Regardless of differing acquisition details,
the trend of significantly decreased MTR corresponding to demyelination is
consistent across studies. Figure 10 MTR values show some variance across
structures at baseline, most notably in the splenium of the CC. Lateral CC/EC
MTR values are significantly lower than medial CC (p < 0.01) in both splenium
and isthmus of CC, which can be attributed to partial volume effects inherent in
selecting narrow structures that are on the order of 1-2 voxels wide. That the
medial sCC shows significantly higher baseline MTR (p < 0.01) than isthmus or
genu is surprising, but may be attributed to the inclusion of other heavily-
myelinated structures including the dorsal hippocampal commisure, fornix, and
cingulate.

In addition to the corpus callosum, MTR decreases in cerebellum,
thalamus, cerebral cortex have been reported;’® we observed similar patterns but
did not focus on these brain regions in this analysis. Zaaouri, et al, used
thalamus as a reference tissue for normalization and reported’® lower MTR
values in the CC (0.35-0.25 compared to 0.55-0.45) than in the present work.
However, the thalamus is not a suitable reference region as demyelination and

reduced MTR after 6 weeks of cuprizone treatment have been demonstrated in
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this area.’”® Thiessen, et al,*?* reported MTR at 7T in rostral CC with slightly lower
baseline (0.5) and greater depression at Week 6 (0.38) than what is shown in this

paper. Fjeer, et al,”

performed a similar longitudinal MTR study using a 7T MRI
instrument and MT imaging parameters similar to ours, and report AMTR that are
in excellent agreement with our findings. The correlation we observed between
MTR and histologically-determined myelin content is consistent with the work of
Fjeer and others.”> The magnitude of response to demyelination is substantially
lower in MTR compared to histology, but is nevertheless clear and significant.
The attenuation in MTR effect size may be due to MTR’s sensitivity to axonal

density and infiltration of astrocytes, microglia and macrophages, which may

increase observed MTR and confound the measurement.

Acute demyelination is region-specific and expresses heterogenous pathology

Estimates of percentage of myelinated axons present in the adult CC vary
greatly due to inconsistencies in definitions of ‘mature,” and application of
minimum axonal diameter thresholds. Early studies reported only roughly 30% of
mature axons in CC are myelinated;[44] conversely, more recent studies indicate
that 80-90% of axons are myelinated in the healthy mouse CC.[16,17,45] Our
method of quantifying myelination assesses the area of tissue that stains for
myelin compared to total area of interest. Using this technique we report baseline
as 100% myelination and then demyelination is reported as a fractional area in
the CC that does not stain for myelin.

Quialitatively, microglial burden tracked with severity of demyelination and

MTR reductions. Microglial infiltration was observed in all CC ROIs, with higher
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burden in areas exhibiting greatest demyelination. Reactive astrocytes were
identified by their GFAP-positive cytoplasmic processes. This morphologic
feature of reactive astrocytes is more difficult to assess quantitatively and is
further complicated by subtle variations in astrocyte morphology in the relatively
loose lateral corpus callosum compared to the more dense medial tissue.
Additionally, given the regional differences in astrocyte morphology, making
comparisons between lateral and medial CC astrocyte infiltration is challenging.
Quantitative analysis of PDGFa receptor stains can also be ambiguous due to (1)
non-specific staining of OPCs and neurons, (2) often only a small number of
positive oligodendroglia were observed, so sampling variation can lead to gross
under- or overestimation of effect, and, (3) the staining of oligodendroglia, in
contrast to neurons, was quite variable and sometimes light in these sections.
This may be due to the fact that as oligodendrocytes mature they lose expression
of this antigen, thus reflecting biological phenomenon rather than a technical
problem.

Some investigators have suggested that regional vulnerability to
demyelination is related to the order of maturation, and thus the age of
oligodendrocytes and myelin sheaths.'*® The CC and dorsal hippocampal
commissure are among the last white matter tracts to reach maturity and become
fully myelinated.*®**” Newly formed oligodendrocytes myelinate an increasing
number of axonal segments as the animal ages, and as such have extremely
high metabolic demands, leaving them particularly vulnerable to damage.**® This

suggests that oligodendrocytes in the CC and dorsal hippocampal commissure
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should be equally vulnerable to damage, and more so than any other structure in
the brain. However, the timing of myelination is not uniform: the caudal parts of
the CC are myelinated earlier in development than are rostral regions. If we
accept that the newer oligodendrocytes (rostral CC) wrap more axonal segments
than older oligodendrocytes (caudal CC), we would expect the rostral medial CC
to experience greater demyelination than the caudal medial CC. However, we
observe the opposite pattern, so this explanation is unsatisfactory.

Axonal caliber varies along a rostrocaudal gradient in the human CC,*3%4
and may influence susceptibility to demyelination and capacity for future
remyelination. While true in humans, ultrastructural studies have demonstrated
that initial axon caliber does not vary significantly across the mouse CC,%11?
and remains constant with age,™*” and thus does not predict demyelination in this
model. However, a more thorough characterization of axon caliber across the
whole CC as the brain ages will be necessary to adequately address this
possibility.

Histopathological heterogeneity between the small white matter structures
adjacent to CC has been observed at a variety of time points and illustrates the
importance of distinguishing between structures such as CC and dorsal
hippocampal commissure, among others.® This distinction is interesting
histologically, but is challenging to detect using MRI. Despite having collected the
highest resolution in-vivo MRI to date, our resolution was too low to reliably
distinguish these structures. Thus, separate comparisons between histology and

MRI for these structures were not performed. ROI analysis separating lat-CC and
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med-CC reveals a complex pattern of demyelination both histologically (Table 1)
and via MRI (Figs. 2-5): rostral CC demyelinates laterally but is relatively
unaffected medially; caudal CC demyelinates medially, but is preserved laterally.
So, there is a clear caudal-to-rostral and medial-to-lateral pattern of
demyelination within the CC. A very recent study demonstrated a rostro-to-
caudal pattern of demyelination in the cortical gray matter similar to what is
shown here in lateral CC, wherein demyelination occurs earlier and with greater
severity in motor cortices (rostral, proximal to gCC) than in the somatosensory
cortices (caudal, proximal to iCC).**! This result supports our observation of a
complex pattern of demyelinating gradients throughout the mouse brain. We
stress the importance of obtaining parametric maps to reveal the intricate and
subtle spatial patterns of demyelination that correspond to those seen on
histology, as shown in Figs 7-8.

It has been suggested that the lateral and medial CC can be combined for
analysis in the rostral CC;"* our results establish that the distinction between
medial CC and lateral CC/EC is critical in accurately evaluating extent of
demyelination and remyelination. Loss of myelin in the rostral lateral CC/EC
adjacent to unaffected med-CC consistent with our observations has been

98.134 though little analysis has been provided. Clearly, pooling

previously shown,
medial CC and lateral CC in ROI analysis obscures underlying pathological
heterogeneity and neglects essential model characteristics.

We observed few OPCs in demyelinated CC ROIls after 6 weeks of

cuprizone treatment, consistent with the modest remyelination attempts prior to
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removal of cuprizone. Accordingly, greater numbers of OPCs were observed in
the recovering CC 6 weeks after cuprizone removal (Fig. 10). Oligodendrocyte
precursor migration and differentiation is determined by a complex system of
long-range and short-range cues and growth factors expressed during

development, 44144

and the process of progenitor migration and fate in the adult
brain, particularly in disease state, is still unclear. Neural progenitor cells (NPCs)
reside primarily in the subventricular zone (SVZ) in adult brains, located along
the lateral wall of the lateral ventricles, and are also found in the subgranular
zone (SGZ), adjacent to dentate gyrus.**>**® A number of studies have explored
the roles of the SVZ and SGZ in responding to cuprizone-induced
demyelination.*"~**? The results from these studies combined with the patterns
of demyelination and remyelination observed in the present work suggest that the
rostral med-CC is preferentially supported by progenitor cells from the SVZ via
the rostral migration stream, while the SGZ responds to injury in the caudal med-
CC. Additional histopatholigical studies achieving more complete brain coverage
are needed to elucidate how the different populations of progenitor cells

contribute to repair and regeneration in this model, particularly with respect to the

lat-CC/EC.

Caudal-rostral gradients are reduced in chronic demyelination

The rostro-caudal gradient of demyelination in the midline of the CC is
distinct and well-known under acute demyelination. Interestingly, demyelination is
much more uniform along the midline when chronic demyelination is achieved.

Xie, et al, demonstrated that sCC contains similar levels of myelinated fibers in
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both acute and chronic stages of demyelination, whereas the differences
between acute and chronic demyelination are striking in both the iICC and gCC.
This indicates that demyelination is substantially delayed in iICC and gCC
compared to sCC, but, given enough time, the caudal-rostral gradient becomes
appreciably less severe. Additionally, myelin thickness is not different from
baseline after 4 or 12 weeks of cuprizone challenge.**®

Axonal diameter and myelin thickness do not vary significantly
rostrocaudally or mediolaterally in the healthy mouse CC. However, a moderate
caudal-rostral gradient in axonal diameter is observed after 4 weeks cuprizone
challenge and persists with a slightly increasing gradation after 12 weeks
cuprizone.®'?° Caudal CC experiences the greatest reduction in axonal
diameter, consistent with severity of demyelination. Perhaps the temporal
variations are indicative of some underlying mechanism of protection or repair in

rostral CC that is either not present or is less effective in caudal CC.

Cerebral white matter may continue to develop in healthy mice throughout
adolescence and adulthood
Previous DTI studies of maturation in the mouse brain suggest

development plateaus around 5-6 weeks after birth,**

and maturation is spatially
and temporally heterogeneous throughout development.*® Other work has
suggested that MTR maps in the healthy mouse brain do not change with age
and that age-matched controls may be superfluous.”* However, a very recent

study demonstrated age-related changes in T,-w and diffusion kurtosis imaging

in the medial sCC, body of CC, gCC, and cortex between eight and twenty weeks
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of age.**! Our results also indicate that age-matched controls are in fact essential
in this model, particularly for quantitative MRI studies. Figure 10 shows MTR
increases after Baseline in both medial and lateral CC in healthy controls,
suggesting ongoing development and maturation. Indeed, the Week 6 MTR
effect size increased when values were compared to age-matched controls
rather than Baseline (average Cohen’s d = 1.5 [range 0.5-3.3] compared to
Baseline; d = 2.7 [range 1.7-5.2] compared to age-matched controls). Further, it
is clear that even 6 weeks after cuprizone cessation, MTR remains abnormally
low compared to healthy age-matched controls. These data suggest that
recovery to Baseline MTR does not represent true normalization with respect to

healthy age-matched controls.

Proximity to sources of neural progenitor cells may determine extent of
demyelination and remyelination

As an alternate to previous theories of region-specific demyelination and
remyelination, one may look to the origin and migration of oligodendrocyte
progenitor cells (OPCs), neural progenitor cells (NPCs), and neural stem cells
(NSCs) in the adult brain for some clarity. NPCs reside primarily in the
subventricular zone (SVZ) in adult brains, located along the lateral wall of the
lateral ventricles, and are also found in the subgranular zone, adjacent to dentate

145,146

gyrus. Oligodendrocyte precursor migration and differentiation is

determined by a complex system of long-range and short-range cues and growth

142,143

factors expressed during development, and the process of progenitor

migration and fate in the adult brain, particularly in disease state, is still unclear.
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Mason, et al, (2000)**" demonstrated a significant increase in OPCs and
NSCs in the SVZ and posterior fornix in under 4 weeks of cuprizone exposure,
prior to accumulation within the adjacent demyelinated med-CC. Their conclusion
that these progenitor cells migrate to the adjacent CC and presumably contribute
to the eventual remyelination and repair of damaged tissue was later
confirmed.**®  Guglielmetti, et al, labeled SVZ neuroblasts in-vivo and showed
that while progenitors from the SVZ do not contribute to remyelination in the
splenium of the CC, rostral migration of neuroblasts from the SVZ increases
following cuprizone treatment.**® The majority of neuroblasts in the SVZ are
oriented to migrate along the rostral migration stream.™® So, in agreement with

recent reports,*>1°?

we suggest that the splenium of the CC is too far caudal to
receive support from cells labeled in the SVZ but that remyelination in rostral
medial CC is likely supported by this cell population. Progenitor cells originating
in the SGZ rather than the SVZ may be responsible for repairing the splenium of
the CC. Additional studies achieving more complete brain coverage are needed

to elucidate how the different populations of progenitor cells contribute to repair

and regeneration in this model.

Regional differences in gene expression may contribute to region-specific
vulnerability

Regional heterogeneity in resistance and vulnerability to demyelination in
the cuprizone model almost certainly involves complicated interactions of
numerous enzymes, proteins, cofactors, and signaling pathways. Heterogeneous

gene expression in the mouse CC suggests genetically distinct zones within the
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CC that coincide with varying degrees of demyelination. It was initially surprising
to us that MBP is most abundant in those parts of the CC/EC that are most
resistant to cuprizone-induced demyelination. MBP associated with the myelin
membrane is responsible for the multilamellar structure of myelin and is highly
sensitive to metal ion concentrations. Cuprizone administration can create
imbalances in copper and zinc ion concentration, which could subsequently
destabilize the MBP-membrane association, reduce myelin compaction, and
degrade myelin quality. Perhaps it is the regionally increased expression of MBP
that is responsible for, or at least an important contributor to, resistance to
cuprizone-induced demyelination.

Heterogeneous gene expression in the mouse CC suggests genetically
distinct zones within the CC that coincide with varying degrees of demyelination.
MBP most certainly plays an important role in this model, but it is likely not the
only factor at play; however, a complete proteomic analysis is beyond the scope
of this paper. We recommend additional, more complete proteomic studies of the
healthy CC and surrounding structures to thoroughly characterize the genetic
environment that may affect demyelination and remyelination in

neurodegenerative disorders.

Regional heterogeneity may hold the key to understanding the model

Compelling evidence has been given to suggest that the primary action of
cuprizone is metabolic disruption, which leads to oligodendrocyte death. Our
findings suggest a more complex story. Regional heterogeneity in demyelination

and remyelination suggests distinctly varying microenvironments exist in the CC.
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Perhaps it is the varying spatial proximity to various NPC niches!#%143.145-152

coupled with heterogeneous expression of MBP RNA that determines, at least
partially, the regional and site-specific nature of demyelination and remyelination
in the cuprizone mouse model. A better understanding of spatial and temporal
pathological patterns in the model is essential to determining how and why
damage and repair occur. Thus, further study employing imaging techniques that
are sensitive to demyelination and are capable of whole-brain coverage is
necessary. MRI is ideal for longitudinal studies to examine temporal progression
of demyelination and subsequent remyelination in-vivo, and obtaining
comprehensive histological data will help to better understand these processes.
MRI studies can indicate when and where to focus histological analyses, thus
increasing both efficiency and effectiveness of histological comparisons.

To date, few studies have commented on the medio-lateral patterns of
demyelination, and its importance is certainly underappreciated. Demyelination is
significant in the rostral lateral CC by week 6 and possibly even earlier. We
suggest that only through true 4D studies, assessing the changes in the whole
brain as a complete 3D organ over time, will we be able to paint a thorough
picture of the cuprizone model of demyelination and remyelination. A similar
comprehensive study of spatial patterns of demyelination in the chronic state has
yet to be completed and will help to answer many of the questions raised here
regarding mechanisms of both damage and repair. Understanding the patterns

and mechanisms of site-specific damage and repair in the cuprizone model can
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be helpful in understanding and treating human diseases, such as multiple
sclerosis.

The ROI analysis in this study is informative, but has limitations. At first
glance it appears that MTR is more sensitive to demyelination in lateral iCC than
in lateral sCC when comparing ROI analysis in Fig. 3 to BGII results from Table
1. However, two primary factors may obfuscate results from ROI analysis of MRI
data in these regions: (1) partial volume effects from surrounding gray matter
could artificially decrease MTR at all time points, effectively reducing sensitivity to
subtle MTR changes within the CC; (2) enlarged ventricles observed at Week 6
could exaggerate MTR decreases in lateral ICC more than in other regions,
giving the appearance of high sensitivity in iCC and no sensitivity in sCC. Lateral
CC is quite narrow (2-3 voxels) in both iICC and sCC, thus increasing the
potential for partial volume effects in ROI analyses. Although, average MTR
maps indicate clear preservation of contrast in all periventricular regions of all
slices (Fig 6), which supports our ROI results. Nevertheless, potential for partial
volume effects emphasizes importance of high-resolution parametric mapping to
demonstrate fine regional variations that may be obscured by ROI analysis
alone. Additionally, our BGII quantification approach introduces limits in
interpretation of histological results. In some cases only a small number of
mounted tissue sections were useable for analysis. Demyelination calculated as
percent area as we have done here requires the observer to estimate the extents
of CC, which is particularly challenging in heavily demyelinated lateral CC and

EC. Limited tissue coverage and biological variation are likely sources of error in
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myelin content estimation and will contribute to apparent inconsistency in
matchup between BGII and MTR values in the narrow lateral extents of the iCC
and sCC.

Our results support previous findings that MTR correlates well with
demyelination and is a sensitive, if not specific, marker of myelin content in-vivo.
We expanded upon previous knowledge of the cuprizone model through a more
complete characterization of the spatial pattern of demyelination in the corpus
callosum after 6 weeks of cuprizone challenge and demonstrate the importance
of appropriate age-matched controls. While the caudal-rostral pattern of
demyelination has been shown, this study demonstrates an additional medio-
lateral pattern of demyelination in the cuprizone model. This site-specific
demyelination may be related to regional gene expression variation and/or spatial
proximity to distinct sources of progenitor cells. It is evident that the unique and
site-specific demyelination in the cuprizone model has much to teach us about

the complex mechanisms of both damage and repair in demyelinati