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Summary

Myelin is composed primarily of lipids and diseases affecting myelin are associated with alterations in its lipid composition.
However, correlation of the spatial (in situ) distribution of lipids with the disease-associated compositional and morphological
changes is not well defined. Herein we applied high resolution matrix-assisted laser desorption ionization imaging mass
spectrometry (MALDI-IMS), immunohistochemistry (IHC), and liquid chromatography—electrospray ionization—mass
spectrometry (LC-ESI-MS) to evaluate brain lipid alterations in the dysmyelinating shiverer (Shi) mouse and cuprizone (Cz)
mouse model of reversible demyelination. MALDI-IMS revealed a decrease in the spatial distribution of sulfatide (SHexCer)
species, SHexCer (d42:2), and a phosphatidylcholine (PC) species, PC (36:1), in white matter regions like corpus callosum
(CC) both in the Shi mouse and Cz mouse model. Changes in these lipid species were restored albeit not entirely upon
spontaneous remyelination after demyelination in the Cz mouse model. Lipid distribution changes correlated with the
local morphological changes as confirmed by IHC. LC-ESI-MS analyses of CC extracts confirmed the MALDI-IMS derived
reductions in SHexCer and PC species. These findings highlight the role of SHexCer and PC in preserving the normal
myelin architecture and our experimental approaches provide a morphological basis to define lipid abnormalities relevant
to myelin diseases. (] Histochem Cytochem 67:203-219, 2019)
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membrane proteins such as myelin basic protein
(MBP) and proteolipid protein (PLP).®® Even subtle
alterations in lipid or protein composition can disrupt
the normal myelin structure and function.

Lipid-rich myelin membranes are the targets in
many CNS diseases, the most notable of which is
multiple sclerosis, a disease-associated with damage

Introduction

The central nervous system (CNS) is composed
primarily of lipids and the majority of these lipids are
present in myelin. Myelin is a mixture of lipids and
proteins arranged as lamellar membranes that wrap
around axons thus enabling high velocity neuronal
conduction. Myelin is composed of 70% to 85% lipid
based on the dry weight' and is constituted mainly of

the lipid classes: phospholipids, cholesterols, and
complex sphingolipids in an approximately equal pro-
portion.? The structural integrity of myelin largely
depends on the interaction between lipids and
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and loss of myelin and neuronal axons.®’ In human
patients as well as rodent models of multiple sclero-
sis, myelin damage is associated with alterations in
lipid composition.””® A decrease in the tissue levels
and a rise in cerebrospinal fluid levels of sulfatides/
sulfated hexosyl ceramides (SHexCer) was previ-
ously reported.”™ ' In addition, in multiple sclerosis
patients, SHexCer antibodies were detected in
serum,’™ and serum levels of phospholipids such as
phosphatidylcholine (PC) and lysophosphatidylcho-
line were also elevated.’''® Other neurodegenera-
tive and neurological lysosomal storage disorders
including Alzheimer’s,"'® Niemann-Pick’s diseases,
and metachromatic leukodystrophy?® are associated
with changes in composition and turnover of sphingo-
lipids such as SHexCer that make up nearly 5% of the
myelin lipid content.?"?? These findings implicate that
a widespread disruption in lipid composition occurs in
diseases affecting myelin. However, these studies all
employed classic “bind and grind” methods and con-
ventional mass spectrometry requiring tissue extracts
for lipid analysis; thus, tissue morphology is not pre-
served. To fully understand the role of lipids in myelin
and neuronal function, it is crucial not only to identify
but also map the disease-associated in situ lipid dis-
tribution in the context of tissue anatomy.

Lipids are diverse biomolecules and detection of lip-
ids using probes or antibodies is confined to the lipid
type and individual lipid species that differ in fatty acid
chain length, degree of saturation, and other modifica-
tions like hydroxylation cannot be distinguished. Newly
emerging technologies, such as imaging mass spec-
trometry (IMS), enable simultaneous in situ detection
of individual molecular species of lipids while preserv-
ing the tissue morphology.?*° The three major sample
ionization methods of IMS include secondary ion mass
spectrometry (SIMS), matrix-assisted laser desorption
ionization (MALDI), and desorption electrospray ion-
ization (DESI). Although SIMS is the first introduced
method, MALDI is the most widely used sample ion-
ization method.”® SIMS vyields highest resolution
(subcellular) and can also be used to map elemental
distribution on the tissue surface.®® It is, however, a
time-consuming method from perspectives of data col-
lection and analysis, due to the prevalence of fragment
ions in the individual mass spectra and is also limited
to a mass range below m/z 500. DESI is a simpler pro-
cess that does not require specific tissue preparation
steps, has good sensitivity, and can identify a wide
range of species from low to high m/z*’; however, it
yields a spatial resolution that is quite poor. MALDI
offers a wide range of molecular size detection,
medium to high spatial resolution, and high sensitivity.
Thus, the three ionization methods complement each

other, and the choice of ionization method depends on
the user’s preferred requirements such as spatial reso-
lution, m/z detection range, area to be imaged, and the
time required for sample preparation, data acquisition,
and analysis.

Recently, multiple studies have reported IMS derived
CNS profiles of lipids, proteins, and neuropeptides in
rodent and human tissues.?**** IMS has been increas-
ingly used as a promising tool to study distribution of
small molecules, drugs, and metabolites in various dis-
ease conditions including tumors, chronic inflammation,
and neurodegenerative diseases, and for biomarker dis-
covery and validation studies.?®***% However, IMS-
based methods have not been utilized to study lipids in
myelin disorders. In this study, we used Fourier-transform
ion cyclotron resonance (FTICR)-based MALDI-IMS to
demonstrate in situ brain lipid profiles associated with
dysmyelination (loss of biochemically abnormal myelin)
in the shiverer (Shi) mouse and in a mouse model of
cuprizone (Cz) induced reversible demyelination (loss of
normally formed myelin).

The Shi mouse is a deletion mutant of the gene
encoding MBP, an integral myelin membrane protein
that maintains myelin stability through its interaction
with lipid head groups.*® Lack of MBP in Shi mice
causes dysmyelination as a result of improper myelin
compaction. Cz is a copper-chelating agent when fed
at a concentration of 0.2% to 0.3% in diet selectively
induces oligodendrocyte apoptosis.®® Loss of oligoden-
drocytes results in demyelination that accompanies
reactive responses by the CNS-resident microglial and
astroglial cells. Demyelination resolves and remyelin-
ation occurs after removal of Cz from the diet. The Shi
and Cz mouse models thus provided the opportunity to
explore changes in the situ distribution and composi-
tion of brain lipids associated with myelin lesions. As
the most extensive dynamics of lipid regulation is
expected in the myelin-rich white matter (WM), we
focused our analyses to the prototypical WM region,
the corpus callosum (CC). In situ lipid profiles of both
the mouse models were correlated with local morphol-
ogy by immunohistochemistry (IHC) and verified by lig-
uid chromatography—electrospray ionization—mass
spectrometry (LC-ESI-MS) analysis of lipid extracts
prepared from affected brain regions.

Materials and Methods

Chemicals and Reagents

Methanol, acetonitrile, trifluoroacetic acid (TFA),
sodium trifluoroacetate (NaTFA), 50 mM triethylam-
monium bicarbonate (TEAB), bicinchoninic acid (BCA)
protein assay kit, Optimal Cutting Temperature (OCT)
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embedding medium, 10% neutral-buffered formalde-
hyde, and hematoxylin and eosin (H&E) were pur-
chased from Thermo Fisher Scientific (Waltham, MA).
The internal standards for LC-ESI-MS including
galactosyl(B) ceramide (d18:1/12:0) and mono-sulfo
galactosyl(B) ceramide (d18:1/17:0) were purchased
from Avanti Polar Lipids (Alabaster, AL). Bis-
cyclohexanone oxaldihydrazone (Cz), ammonium
bicarbonate, dichloromethane, 1, 5-diaminonapthalene
(DAN), Urea, and luxol fast blue (LFB) were obtained
from Sigma-Aldrich (St. Louis, MO). The following rab-
bit polyclonal primary antibodies were used: glial fibril-
lary acidic protein (GFAP; Agilent Technologies,
Carpinteria, CA), ionized calcium-binding adapter mol-
ecule 1 (IBA1; Wako Chemicals, Richmond, VA), and
PLP (Sigma-Aldrich, St. Louis, MO). Antirabbit horse-
radish peroxidase (HRP) secondary antibody was
purchased from Sigma-Aldrich (St. Louis, MO).

Animals

All animal experiments were performed in an Asso-
ciation for Assessment and Accreditation of Laboratory
Animal Care (AAALAC)-accredited vivarium at Biogen
according to the Institutional Animal Care and Use
Committee (IACUC) approved protocols. Six to 8 weeks
old, male C3HeB/FeJ-shiverer (also known as C3Fe.
SWV-Mbpshi/J; referred here as “Shi”) mice and age-
matched wild type (WT) controls (C3HeB/Fed) were
obtained from The Jackson Laboratory. To induce demy-
elination, 8 weeks old, male C57BL/six mice (obtained
from The Jackson Laboratory) were fed with standard
chow diet (CD) mixed with 0.2% Cz (Research Diets,
Inc, NJ) for 6 weeks. Age-matched control mice were
fed with CD. After 6 weeks, Cz was removed from the
diet and replaced with CD. The study was continued for
additional 6 weeks to allow remyelination. Cz- and
CD-fed mice were sacrificed at 6- and 12-week study
time points.

Tissue Preparation

Following carbon dioxide euthanasia, mouse brains
were harvested and immediately dissected into two
equal halves along the mid sagittal plane. One half
was shap-frozen on dry ice and stored at —-80C. The
other half was fixed in 10% neutral-buffered formalin.
Cryosections (10 um thick) were prepared at —20C lat-
eral to the midline at approximately sagittal level 69
(1.5 mm distal to Bregma) based on Allen’s reference
atlas for mouse brain.*” Sections were thaw-mounted
on indium tinoxide (ITO)-coated glass slides (Bruker
Daltonics, Billerica, MA). OCT was used to hold the
tissue block on the cryostat chuck with only a minimal

contact between the tissue section and OCT was con-
fined to the periphery to avoid interference in the MS
signal. Sections were vacuum dried in a desiccator for
10 min before washing or stored at —80C for later use.
For washing, sections were carefully dipped in ice-cold
25 mM ammonium bicarbonate (pH 7.2) for 15 sec.
The optimal wash conditions were chosen based on
previously reported recommendations.®® Excess wash
buffer was wiped off the slides and allowed to air-dry.

Matrix Application and MALDI-IMS

An optical image (4800 dpi) of the tissue section was
obtained after washing using an Epson Perfection
V500 photo scanner. DAN matrix, that has been
reported to facilitate excellent detection sensitivity for
lipid analysis in both positive and negative polarities,*
was applied as matrix using a custom-built sublimation
apparatus based on previously described devices in
the literature.*®*' Matrix slurry was prepared in metha-
nol and allowed to sublime at 110C to 120C in a vac-
uum chamber below 50 mTorr for 5 min resulting in a
uniform matrix deposition on the tissue surface. The
deposited matrix was allowed to recrystallize with
vapors of solvent containing 95% acetonitrile and
0.3% TFA at 37C for 30 min.***' The estimated coat-
ing density of the matrix was 300 pg/cm?.

The glass slide was then mounted onto the MALDI
adapter plate and a wite-out correction pen was used
to mark three teach points for aligning the slide and
tissue images. IMS was performed with a 7 Tesla
SolariX XR FTICR mass spectrometer (Bruker
Daltonics, Billerica, MA). Before scanning images, the
instrument was calibrated through masses of NaTFA
clusters. The laser beam was set to raster randomly
across the entire tissue surface to be imaged. During
the acquisition process mass spectra are generated
from each laser spot (pixel) covering the entire area of
interest. Mass spectra within the m/z range of 200 to
2000 were acquired in negative and positive modes in
separate experiments from two serial sections of the
respective samples both with spatial resolution of
80 um and mass resolution of 200,000. Each mass
spectrum was obtained as the sum of 20 laser shots
with the laser beam set to small or minimum. The fol-
lowing software tools (versions 4.0) from Bruker
Daltonics (Billerica, MA) were used: FlexControl for
acquiring mass spectra, Flexlmaging for visualizing
and processing MS images, and Data Analysis for pro-
cessing mass spectra and generating the peak list.
The list of identified lipid species, mass spectra of
negative and positive lipid ions, and the normalized
MS images of various lipid species revealing anatomi-
cal features of the WT mouse brain WM and gray
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matter regions are provided in supplementary informa-
tion (Table S1 and Figs. S1-S3).

Histology and Immunohistochemistry

After MALDI-IMS, matrix was removed from the slide
by washing in absolute ethanol for 2 min followed by
clearing in 70% ethanol an additional 30 sec. Sections
were then stained with H&E using ST5020-CV5030
Stainer Integrated Workstation from Leica Biosystems
Inc. (Buffalo Grove, IL). Tissue slices were trimmed
from the formalin-fixed mouse brain halves approxi-
mately 1.5 mm lateral to the midline, processed and
embedded in paraffin. Sagittal sections (5 um thick)
were collected at the same approximate level as the
frozen samples analyzed by MALDI-IMS. After depar-
affinizing and rehydrating, serial sections were used
for LFB/H&E co-staining and IHC. Deparaffinization
and rehydration steps for were done as a part of auto-
mated H&E staining protocol on the ST5020—-CV5030
Stainer Integrated Workstation from Leica Biosystems
Inc. (Buffalo Grove, IL). Briefly, slides were placed in
three different containers with xylene for 5 min each.
This was followed by rehydrating steps: first, slides
were kept in two different containers with 100% etha-
nol for 10 min each; second, in two different containers
with 95% ethanol for 10 min each; and last, in two dif-
ferent containers with deionized water for 5 min each.
This was followed by automated H&E staining. For
LFB staining, sections were stained with 0.1% LFB
(prepared in 95% ethanol) for 24 hr at 60C. Excess
stain was washed with 95% ethanol and distilled water.
Sections were differentiated in 0.05% lithium carbon-
ate for 30 sec and in 70% ethanol for 30 sec followed
by automated H&E staining as described above. IHC
was performed using the XT/Ultra-automated IHC
research platform (Ventana Medical Systems, Tucson,
AZ) with the manufacturer provided buffers and
reagents. The following polyclonal rabbit primary anti-
bodies were used: GFAP (1:2000), IBA1 (1:2000), and
PLP (1:1000); and antirabbit HRP (1:5000) was used
as the secondary antibody. After IHC, slides were
scanned using Aperio Scanscope (Leica Biosystems,
Buffalo Grove, IL) or VS-120 (Olympus Life Science,
Waltham, MA) scanners for whole slide imaging.

Lipid Extraction and LC-ESI-MS Analysis

The CC region from the frozen WT and Shi mouse and
from the Cz-fed and CD-fed mouse brain tissue sam-
ples were dissected with a razor blade inside the cryo-
stat chamber at —20C and homogenized in a buffer
composed of 4 M urea and 50 mM TEAB. The total
protein concentration of the cleared tissue lysates was

measured by BCA assay. Equal amount of total protein
(3 pg and 10 pg for positive and negative ion analysis,
respectively) per sample were reconstituted with 30 pL
of dichloromethane/methanol (2:1), vortexed and cen-
trifuged. The water phase was discarded and the
organic phase was speed vacuum dried. The dried
samples were resuspended in 15 pL (for negative
mode) or 20 pL (for positive mode) of methanol con-
taining an internal standard. The internal standards:
galactosyl(B) ceramide (d18:1/12:0) and mono-sulfo
galactosyl(3) ceramide (d18:1/17:0) were used for
analysis in the positive mode (4 pmol/pL) and negative
mode (6 pmol/uL), respectively. In all, 1 to 2 yL per
sample was loaded into a high-performance liquid
chromatography (HPLC) Scherzo SM-C18 column
(Imtakt, Portland, OR) for lipid separation using the
gradient of 65% to 100% B (20 min) at 3.5 pl/min flow
rate. Eluting solutions were composed of (1) water
(70%)/methanol (30%) and 0.1% formic acid; and (2)
water (10%)/90% 2-propanol/acetonitrile (3:2), 0.1%
formic acid, and 100 mM ammonium acetate.
Chromatography was performed on an Acquity UPLC
System (Waters Corp., Milford, MA) in-line with a 7
Tesla SolariX XR FTICR mass spectrometer (Bruker
Daltonics, Billerica, MA). Mass spectra were collected
in the range of m/z 150 to 3000 in the positive and
negative modes with a mass resolution of 200,000.

Lipid Identification

Identification of lipid species observed in MS images
and LC-ESI-MS spectra was based on accurate mass
matching using the Lipid Maps database®®** taking
advantage of high mass accuracy of the FTICR-
instrument with less than three parts per million (ppm)
mass errors. The ion forms [M*H]*, [M+NH4]*, [M*Na]",
and [M*K]" were considered for mass matching in the
positive mode, and ion forms [M-H]™ and [M+ClI]” were
used in the negative mode. Identities of selected lipids
were confirmed by tandem mass spectrometry (see
Table S2), wherein precursor ions were fragmented by
Quadrupole collision-induced dissociation (QCID).
Mass spectra (m/z range of 50-3000) of generated
fragments were evaluated with a mass resolution of
70,000. Additional confirmation of lipid identities was
based on comparisons with published reports.?444°

Data Analysis and Statistics

For visualizing spatial distribution of lipids across the
tissue sections, MS images were root mean squared
(RMS; vector) normalized, which is the default of the
fleximaging software (Bruker Daltonics) for FTICR
MALDI-IMS data. We used a total ion current (TIC) and
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mass window-based normalization procedure for semi-
quantitative comparison of different phenotypes with
both MALDI-IMS and LC-MS generated data.
Normalized peak intensities were calculated as inte-
grated values across either the region of interest
(MALDI-IMS) or the LC elution space (LC-ESI MS). For
this purpose, integrated peak intensities were extracted
by the Data Analysis software (Bruker Daltonics,
Billerica, MA) or by an in-house developed script (for
LC-MS peak extraction) enforcing peak matching
across pixels or LC-MS scans within a mass tolerance
of 3 ppm in a retention time window of 1.5 min (LC-MS
only). Subsequently the peak list and peak intensities
were exported to Microsoft Excel. lon intensities of indi-
vidual lipid species were then normalized to TIC calcu-
lated as the sum of intensities of all lipid species ranging
from 400 to 920 m/z. Normalized intensities of individual
lipid species obtained from biological replicates were
averaged to evaluate differences between WT and Shi
mice (n=5), and between Cz-fed and CD-fed mice
(n=4). For LC-MS data, ratios of individual peak intensi-
ties to the intensity of internal standard were calculated
to correct for signal fluctuation during data acquisition. A
detailed comparison of the (pixel-by-pixel) RMS and
TIC-based normalization demonstrated convincingly
that the impact of different numerical procedures had no
significant effect on quantification and conclusions from
this study (see Fig. S4).

To analyze the IHC data, regions of interest (ROI’s)
within the CC and cerebral cortex (CerC) were anno-
tated and positive staining was quantified by applying
computer-generated algorithms (Visiopharm,
Hoersholm, Denmark). Unpaired Student’s t-test with
Welch'’s correction and two-way ANOVA with Bonferroni
post hoc test were used for statistical analysis. Data
were expressed as mean + SD. Differences were con-
sidered statistically significant at p<0.05. The p values,
bar charts, correlation coefficients, and regression best-
fit lines were generated with GraphPad Prism version 6
(GraphPad Software Inc., La Jolla, CA).

Results

Altered In Situ Distribution of Sulfatide and
Phosphatidylcholine Species in the CC of Shi
Mouse and Cz-Fed Mouse

MALDI-IMS revealed differences in the spatial distribution
of individual SHexCer and PC species in the CC and
other regions including mid brain, thalamus, hypothala-
mus, pons, and cerebellar WM of the Shi mouse brain
compared with the WT mouse (Fig. 1). The spatial distri-
bution of SHexCer (d42:2) (m/z 888.623) and PC (36:1)
(m/z 788.615) was decreased; whereas, spatial

A SHexCer (d42:2)
m/z 888.623

Clwr
[ shi
2. T
_j;; 10-
B  SHexCer (d36:1)
m/z 806.545
=
C PC (36:1)
m/z 788.615
£ -

0% 100%

Figure |. Changes in the spatial distribution of SHexCer and
PC species within white matter regions like the CC of Shi mouse
brain. (A—C) Normalized MS images of SHexCer (d42:2), SHexCer
(d36:1), and PC (36:1), respectively. The spatial distribution of
SHexCer (d42:2) and PC (36:1) was reduced in the Shi mouse
brain compared with the WT in myelin enriched white matter
regions like the CC; whereas, spatial distribution of SHexCer

(continued)
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Figure 1. (continued)

(d36:1) was increased within the affected regions. Lipid anno-
tation and the corresponding m/z are listed above each image.
Charts next to each image show normalized intensities (plotted
as %) calculated from the selected ROI in the CC (dashed out-
line in each image). The normalized intensities of SHexCer (d42:2)
were significantly decreased; whereas, there was a nonsignificant
reduction in the normalized intensities of PC (36:1) in the CC of
the Shi mouse compared with WT mouse. Normalized intensities
of SHexCer (d36:1) were significantly increased in the Shi mouse
compared with WT mouse (n=5, five Shi mice and five WT mice
animals were evaluated; unpaired two-tailed t-test; spatial resolu-
tion, 80 um; and scale bar, 5 mm). Abbreviations: CC, corpus cal-
losum; Shi, shiverer; MS, mass spectrometry; SHexCer, sulfatide;
PC, phosphatidylcholine; WT, wild type; ROI, region of interest.
*<0.05, *p<0.01.

localization of SHexCer (d36:1) (m/z 806.545) was
increased within the affected regions (Fig. 1A-C). For a
semiquantitative comparison of their tissue levels, TIC
normalized ion intensities were calculated from selected
ROl in the CC (Fig. 1A—C; dashed outlines) of the Shi and
WT mouse. Consistent with the decreased spatial distri-
bution, the normalized intensities of SHexCer (d42:2) and
PC (36:1) were lower in the CC of the Shi mouse indicat-
ing their reduced tissue levels compared with the WT (Fig.
1A and C). Furthermore, in agreement with the increased
spatial signals, the normalized intensity of SHexCer
(d36:1) was elevated in the CC of the Shi mouse com-
pared with WT (Fig. 1B). Changes were statistically sig-
nificant for SHexCer (d42:2) and SHexCer (d36:1) with an
average 4-fold decrease and 2-fold increase in their inten-
sity levels, respectively (Fig. 1A and B).

MALDI-IMS also depicted temporal changes in the
spatial distribution pattern of SHexCer and PC spe-
cies in the CC of Cz-fed mouse compared with the
CD-fed mouse. Similar to what was observed in the
Shi mouse, there was a decrease in the spatial distri-
bution of SHexCer (d42:2) and PC (36:1) and a rise
in distribution of SHexCer (d36:1) upon demyelin-
ation in the CC of Cz mouse at 6 weeks (Fig. 2A—-C;
dashed outlines). Spatial distribution of both lipid
species was restored albeit not completely back to
baseline during remyelination after the removal of Cz
at 12 weeks (Fig. 2A—C). Normalized intensities of
SHexCer (d42:2) and PC (36:1) significantly lowered
after 6-week Cz-feeding indicating their reduced tis-
sue levels (Fig. 2A and C). Alternatively, normalized
intensity of SHexCer (d36:1) was significantly ele-
vated after 6-week Cz-feeding (Fig. 2B). The ion
intensities restored at 12 weeks, although not com-
pletely but significantly compared with the 6-week
Cz-fed mouse (Fig. 2A-C). Intensities of the Cz-fed
mouse were not significantly different compared with
the CD-fed mouse at 12 weeks.

In both, the Shi and Cz-fed mice, changes occurred
in a few other SHexCer species located in the WM.
The normalized intensity of SHexCer (136:1) was ele-
vated; whereas, normalized intensity of SHexCer
(t42:2) was reduced in the CC of Shi mouse compared
with the WT (Fig. 3A). However, these differences were
not statistically significant. Cz-fed mouse exhibited a
significant rise in the normalized intensity of SHexCer
(t36:1) and significant decrease in the normalized
intensity of SHexCer (t42:2) within the CC at 6 weeks
(Fig. 3B). By 12 weeks, the intensities of both lipid spe-
cies restored (Fig. 3B). However, the intensity of
SHexCer (t42:2) remained significantly lower com-
pared with the CD-fed mouse.

Other PC as well as phospholipids belonging to
phosphatidylinositol (Pl), phosphatidic acid (PA), and
phosphatidylethanolamine (PE) did not differ signifi-
cantly between the Shi and WT mouse as well as
between the Cz-fed and CD-fed mouse (Fig. 3A and
B). Normalized intensities for these lipids were calcu-
lated from the CerC because they were localized in the
gray matter regions. Profiles of additional phospholipid
and SHexCer species are shown in the supplementary
information (Fig. S5 and S6).

MALDI-IMS Derived Changes in Sulfatide and
Phosphatidylcholine Species in the CC of Shi
Mouse and Cz-Fed Mouse Correlated With the
Local Morphological Changes

It is known that the severity and progression of dysmy-
elinating phenotype of the Shi mouse correlates with
the myelin and axon pathology.*® Also, many studies
have reported demyelination and the associated
microglial and astroglial responses in the CC of Cz-fed
mouse that were restored during remyelination after
the removal of Cz in diet.®***™*° To determine if the
MALDI-IMS derived distribution changes in SHexCer
and PC correlate with the regional brain histopathol-
ogy in the Shi and Cz-fed mouse, IHC of sagittal brain
sections was performed using established myelin and
glial cell markers.

There was a decrease in the LFB positive staining
within the CC, mid brain, thalamus, hypothalamus,
pons, and cerebellar WM confirming hypomyelination
in the Shi mouse compared with the WT (Fig. 4A and B).
Also within these regions, there were increased num-
ber of microglia and astrocytes in the Shi mouse as indi-
cated by the increased IBA1 and GFAP positive staining,
respectively (Fig. 4A and B). Quantitative comparison of
staining levels in the CC revealed significant hypomy-
elination and a significant reactive microgliosis and
astrogliosis in the Shi mouse compared with the WT
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A SHexCer (d42:2)
m/z 888.623

12w

254 *kk ns

Normalized Intensity (%)

B SHexCer (d36:1)
m/z 806.545
12w

sk
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C PC (36:1)
m/z 788.615
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Figure 2. Altered spatial and temporal distribution of SHexCer and PC species in the CC of the Cz-fed mouse. (A—C) Normalized
MS images of SHexCer (d42:2), SHexCer (d36:1), and PC (36:1), respectively. Shown in each panel are the MS images acquired from
sagittal brain sections collected from CD-fed mouse (upper row) and Cz-fed mouse (bottom row) at 6w (demyelination) and 12w
(remyelination) study time points. Compared with the CD-fed mouse, the spatial distribution of SHexCer (d42:2) and PC (36:1) was

(continued)
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Figure 2. (continued)

reduced within the CC (dashed outline) of Cz-fed mouse after 6w demyelination; whereas, the spatial distribution SHexCer (d36:1) was
increased within the affected areas of the CC. Spatial distribution changes of all three lipid species restored albeit not completely during
remyelination (12w) in the CC of Cz-fed mouse. Lipid annotation and the corresponding m/z are listed above each image. Charts next
to each image show normalized intensities (plotted as %) calculated from the selected ROI in the CC (dashed outline in each image).
Normalized intensities of SHexCer (d42:2) and PC (36:1) were significantly lower after the 6w Cz-feeding indicating their reduced tissue
levels compared with the CD-fed mouse. Alternatively, normalized intensities of SHexCer (d36:1) were significantly elevated after the
6w Cz-feeding indicating a rise in their tissue levels compared with the CD-fed mouse. The ion intensities restored at | 2w although not
completely but significantly compared with the 6w Cz-fed mouse. Intensities of the Cz-fed mouse were not significantly different com-
pared with the CD-fed mouse at 12w (n=4, four Cz-fed mice and four CD-fed mice were evaluated per time point; two-way ANOVA;
spatial resolution, 80 um; and scale bar, 5 mm). Abbreviations: CC, corpus callosum; Cz, cuprizone; MS, mass spectrometry; SHexCer,
sulfatide; PC, phosphatidylcholine; ROI, region of interest; CD, chow diet; w, weeks. ¥p<0.05, *p<0.01, **p<0.001.
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Figure 3. Changes occurred in other SHexCer species located in the white matter but phospholipid species localized in gray matter
regions did not differ significantly either in the Shi or Cz-fed mouse. (A) The normalized intensity of SHexCer (t36:1) was elevated;
whereas, normalized intensity of SHexCer (t42:2) was reduced in the CC of Shi mouse compared with the WT. However, these dif-
ferences were not statistically significant. PC shown here as well as phospholipid species that belong to PI, PE, and PA did not differ
significantly between the Shi and WT mouse. Additional species belonging to these lipid types are shown in the supplementary informa-
tion. (B) There was a significant rise in the normalized intensity of SHexCer (t36:1) and significant decrease in the normalized intensity
of SHexCer (t42:2) in the CC of Cz-fed mouse at éw. By 12w, the intensities of both lipid species restored. However, the intensity
of SHexCer (t42:2) remained significantly lower compared with the CD-fed mouse. Like observed in the Shi mouse, the normalized
intensities of PC, Pl, PE, and PA species did not differ significantly between the Cz-fed and CD-fed mouse at 6w and |2w. Additional
species of the above listed lipid types are shown in the supplementary information. Unpaired two-tailed t-test or two-way ANOVA.
Differences were considered as significant when p<0.05. Abbreviations: Shi, shiverer; Cz, cuprizone; SHexCer, sulfatide; CC, corpus
callosum; WT, wild type; PC, phosphatidylcholine; Pl, phosphatidylinositol; PE, phosphatidylethanolamine; PA, phosphatidic acid; CD,
chow diet; w, weeks.

(Fig. 4C). No significant difference was observed indicated by a significant rise in the IBA1 and GFAP
between the WT and Shi mouse in the staining levels  positive staining, respectively (Fig. 5B and C). After Cz
of the tested markers in the gray matter regions such removal in diet, PLP staining was significantly restored
as CerC (Fig. 4C). These morphological changes cor-  at 12 weeks compared with 6 weeks and did not signifi-
related with the changes in spatial distribution and  cantly differ compared with the CD-fed mouse (Fig. 5A).
intensities of SHexCer and PC species in the Shi Cz removal significantly reduced the microglial and
mouse (Fig. 1A-C). astroglial response at 12 weeks compared with 6
A significantly lower positive staining for PLP, the  weeks, but IBA1 and GFAP staining levels remained
major myelin-specific protein, was noticed in the CC of significantly higher than the CD-fed mouse (Fig. 5B
Cz-fed mouse at 6 weeks confirming demyelination  and C). These morphological changes overlapped with
(Fig. 5A). In addition, within these foci, there were  the temporal changes in spatial distribution of SHexCer
increased numbers of microglia and astrocytes as  and PC species in the Cz-fed mouse (Fig. 2A-C).
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Figure 4. Altered spatial distribution patterns of sulfatide and phosphatidylcholine species correlated with reduced myelin staining,
reactive macrogliosis and reactive astrocytosis in the CC of Shi mouse brain. A full view of digital scanned images from the WT and Shi
mouse sagittal brain sections stained with LFB, IBAI, and GFAP (A, top row, and B, bottom row). (A) Bottom row and (B) top row mag-
nified views of CC and CerC of the corresponding image shown in the column. (C) Whereas the LFB positive staining was significantly
decreased, the IBA| and GFAP positive staining was significantly increased in the CC of Shi mouse. There was no significant difference
between the mice of either genotype in the levels of all markers in the CerC. Unpaired two-tailed t-test; n=5; spatial resolution, 80 um;
white scale bar, 90 um; and black scale bar, 3 mm. Abbreviations: CC, corpus callosum; Shi, shiverer; WT, wild type; LFB, luxol fast blue;
IBA, ionized calcium-binding adapter molecule; GFAP, glial fibrillary acidic protein; CerC, cerebral cortex. *p<0.05.

LC-ESI-MS Analysis Confirmed the

Reduced Abundance of Many Sulfatide and
Phosphatidylcholine Species in the CC of Shi
Mouse and Cz-Induced Demyelination but No
Species With Elevated Abundance Were Found

To qualify whether the spatial distribution changes in
SHexCer and PC species occurring in the Shi mouse
and Cz-fed mouse correspond to their actual local tis-
sue levels, LC-ESI-MS analysis was performed using
the dissected brain tissue. As the in situ lipid profiles in
the CC correlated with the associated histopathologi-
cal changes, segments of brain tissue were meticu-
lously dissected from CC of the Shi and WT mouse,
and from the Cz-fed and CD-fed mouse. Lipid extracts
were prepared from the tissue homogenate and lipid
levels were measured using an internal standard (see
methods). Consistent with the MALDI-IMS results,
LC-ESI-MS derived normalized intensities for SHexCer
(d42:2) and PC (36:1) were significantly decreased in
the Shi mouse compared with the WT mouse (Fig. 6A).
The intensities of SHexCer (142:2), SHexCer (d40:1),
SHexCer (d42:1), and SHexCer (t42:1) were also sig-
nificantly decreased in the Shi mouse (Fig. 6A).
However, in contrast to the MALDI-IMS derived eleva-
tions (Figs. 1B and 2B), LC-ESI-MS reported a signifi-
cant decrease in the normalized intensities of SHexCer
(d36:1) and SHexCer (t36:1) in the Shi mouse (Fig.
6A). The levels of SHexCer species were reduced by a
greater fold change compared with PC (36:1), and the
SHexCer (d42:2) and SHexCer (t42:2) exhibited a
greater fold reduction compared with other SHexCer
species (Fig. 6A). Similar changes in the profiles of
above described lipid species were observed upon
demyelination at 6 weeks in the Cz-fed mouse (Fig. 6B).
In addition, lipid levels were partially restored at 12
weeks after removal of Cz from the diet (Fig. 6B).

Discussion

The purpose of this study was to define myelin dam-
age associated changes in lipid distribution and com-
position combining FTICR-based MALDI-IMS, IHC,
and LC-ESI-MS analyses. In both the Shi mouse and
Cz mouse models, most notable lipid distribution

changes occurred in well-myelinated WM regions such
as the CC. The spatial distribution and abundance of
SHexCer (d42:2) and PC (36:1) were reduced in the
CC of Shi mouse compared with WT mouse (Fig. 1A
and C and Fig. 6A), and upon Cz-induced demyelin-
ation compared with the CD-fed mouse (Fig. 2A and C
and Fig. 6B). The abundance of additional SHexCer
species was also reduced in the Shi mouse CC (Fig.
6A) as well as upon Cz-induced demyelination (Fig.
6B). These changes resolved but not entirely after
removal of Cz from the diet. Consistent with the
changes in SHexCer and PC (36:1), IHC confirmed
reduced myelin staining and reactive gliosis in the CC
(Figs. 4 and 5). No differences were observed in PI,
PE, PA, and PC lipid species that predominantly dis-
tributed in the gray matter, in both the Shi and Cz
mouse models (Fig. 3A and B; and Fig. S1 and 2).

It is noteworthy that both the Shi and Cz mouse
models suffered a significant decline in the CC levels
of SHexCer (d42:2), the most abundant SHexCer spe-
cies in myelin sheaths. Myelinating oligodendrocytes
are the major sources of SHexCer in the CNS.*
SHexCer-s are crucial for maintaining the myelin struc-
ture,® regulating oligodendrocyte development and
survival, and for axon-glial signaling.**® They are sul-
fated-glycosphingolipids synthesized downstream of
ceramides and cerebrosides by the enzymes UDP-
galactose:ceramide galactosyltransferase (CGT) and
cerebroside sulfotransferase (CST).>*® Three struc-
tural variants of SHexCer species include chain length,
hydroxylation, and degree of unsaturation of the fatty
acid chain.®® Fatty acid chains containing at least 40
carbons are considered as “very long” (VLCFA) and
fatty acid chains with 36 to 38 carbons are referred as
“long” (LCFA). For example, SHexCer (42:2), which
contains a total of 42 carbons (monounsaturated fatty
acid chain 24C:1 and sphingosine group 18:1) is a
SHexCer-VLCFA; whereas, SHexCer (36:1) is a
SHexCer-LCFA that contains 36 carbons (18C:0 fatty
acid chain and 18:1 sphingosine group). The annota-
tions d and t represent hydroxylation and nonhydroxyl-
ation of the fatty acid chain, respectively. Following
synthesis, the SHexCer-VLCFA mainly SHexCer
(42:2), are incorporated into the myelin membranes
where they stabilize myelin structure in association
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Figure 5. Spatial and temporal distribution changes of sulfatide and phosphatidylcholine species correlated with reduced myelin stain-
ing, reactive macrogliosis, and reactive astrocytosis in the CC of Cz-fed mouse brain. (A—C) CC region of brain sections collected from
the CD-fed (upper row) and Cz-fed mouse (bottom row) at éw and |2w study time points and stained with PLP, IBAI, and GFAP,
respectively. Chart next to each image show positive staining area (plotted as %). There was a significant decrease in the PLP-positive
staining; whereas, IBA| and GFAP positive staining was significantly increased in the CC of Cz-fed mouse after 6w demyelination.
Consistent with remyelination, PLP staining was restored at 12w and there was no significant difference in the staining levels compared
with the age-matched CD-fed mouse. By 12w, IBA and GFAP positive staining also resolved significantly compared with the 6w Cz-fed
mouse. However, staining levels remain significantly elevated compared with the age-matched CD-fed mouse. Two-way ANOVA, n
ranged from five to eight animals per time point, and scale bar, 90 um. Abbreviations: CC, corpus callosum; Cz, cuprizone; CD, chow
diet; PLP, proteolipid protein; IBA, ionized calcium-binding adapter molecule; GFAP, glial fibrillary acidic protein; w, weeks. *p<0.05,
*##¥p<0.001, **¥H<0.0001.
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Figure 6. LC-ESI-MS analysis confirmed the reduced abundance of SHexCer and PC species in the CC of Shi mouse brain and upon
Cz-induced demyelination but no lipid species were elevated. (A) LC-ESI-MS-derived normalized intensities (plotted as %) for SHexCer
(d40:1), SHexCer (d42:2), SHexCer (t42:2), SHexCer (d42:1), SHexCer (t42:1), and PC (36:1) were significantly decreased in the Shi
mouse. Normalized intensities of SHexCer (d36:1) and SHexCer (t36:1) were also significantly decreased in the Shi mouse. There was
no significant difference in intensities of SHexCer (t40:1) between the Shi and WT mouse. Unpaired two-tailed t-test, five animals of
each genotype were evaluated. (B) LC-ESI-MS-derived normalized intensities (plotted as %) for SHexCer (d40:1), SHexCer (d42:2),
SHexCer (t42:2), SHexCer (d42:1), SHexCer (t42:1), and PC (36:1) were significantly decreased after éw in Cz-treatment. Intensities of
all these lipid species partially restored at 12 weeks after removal of Cz from the diet. Normalized intensities of SHexCer (d36:1) and
SHexCer (t36:1) were reduced after 6w of Cz-feeding but the intensities these lipid species completely restored by 12w. There was a
small reduction in the intensities of SHexCer (t40:1) in the Cz-fed mouse at both éw and 12w but the intensities were not significantly
different compared with the age-matched CD-fed mouse. Two-way ANOVA, five to eight animals of each type were analyzed per time
point. Abbreviations: LC-ESI-MS, liquid chromatography—electrospray ionization—mass spectrometry; CC, corpus callosum; Shi, shiverer;
Cz, cuprizone; SHexCer, sulfatide; PC, phosphatidylcholine; WT, wild type; CD, chow diet; w, weeks. *p<0.05, *p<0.01, ***p<0.001,
HEH<0.0001.

with MBP and PLP.*® SHexCer are degraded in lyso-
somes by the enzyme arylsulfatase A (ASA).”
Disturbances in the synthesis of SHexCer secondary
to abnormal expression of CGT or CST,; defective
assembly of SHexCer into the myelin membranes, or
their degradation results in alterations in their levels
thereby leading to impaired conduction of nerve
impulses.®*°

Prior studies have reported a decrease in the total
SHexCer content in CNS myelin fractions evaluated
using traditional lipid analysis methods.®®¢' Here, we

showed decreased local composition of individual
SHexCer species including the myelin-specific
SHexCer-VLCFA. No associated changes in the
expression levels of SHexCer metabolizing enzymes
like CGT, CST, or ASA were reported in the Shi mouse
brain®® indicating that loss of MBP does not impact
SHexCer synthesis or degradation. Therefore, we pre-
sume that lack of MBP in Shi mice results in paucity of
compact myelin and subsequent defective assembly
into myelin membranes eventually reducing their
amounts. Reduced amounts of SHexCer (d42:2) and
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other SHexCer-VLCFA has also been reported in the
brain tissue from rodent models and human patients
with multiple sclerosis.” Conversely, there was a rise in
their levels in the cerebrospinal fluid as well as pres-
ence of antibodies to SHexCer in serum from multiple
sclerosis patients indicating that myelin loss results in
loss of SHexCer from tissue and a subsequent
increase in their outflow into the extracellular milieu."

Studies with Cz model have shown a decrease in
the expression of CGT as well as of the cholesterol-
synthesizing enzyme, HMG-CoA reductase in mouse
brain upon demyelination.®®® As a result, the levels
of cerebrosides and cholesterol were reduced.
Cz-treatment also upregulated the expression of ser-
ine palmitoyl transferase (SPT), the rate limiting
enzyme required for de novo synthesis of ceramides,
in reactive-astrocytes.®* However, in our study, choles-
terol, ceramide, or cerebroside species were not
detected by MALDI-IMS probably due to their weak
ionization efficiency. Cholesterol ions were detected by
LC-ESI-MS and there was a small reduction in the ion
intensities of 6-week Cz-fed mouse compared with
CD-fed mouse (Fig. S7) but the changes were not sta-
tistically significant. Therefore, these were not evalu-
ated further, and we limited semiquantitative analysis
to lipid species detected in common by both MALDI-
IMS and LC-ESI-MS. However, cholesterol being one
of three major lipid species in myelin plays an impor-
tant role in myelin formation and myelin stability; map-
ping of cholesterol species in future studies using
other ionization methods like SIMS or specific sample
preparation optimized for the detection of cholesterol®
may provide more insights into understanding lipid
alterations associated with myelin damage.

For mostlipid species, MALDI-IMS and LC-ESI-MS
results were congruent in both the mouse models.
However, opposite fold differences were observed
with a few lipid species. For example, in contrast to
the MALDI-IMS derived rise in the spatial distribution
and normalized intensities of SHexCer-LCFA like
SHexCer (d36:1) and SHexCer (t36:1) (Fig. 1B and
2B and Fig. 3A and B), LC-ESI-MS reported a signifi-
cant decrease in the abundance of SHexCer (d36:1)
and SHexCer (136:1) in both the Shi mouse and
Cz-induced demyelination (Fig. 6A and B). The distri-
bution and abundance of both species recovered
after removal of Cz from the diet (Figs. 2B, 3B, and
6B). In another instance, MALDI-IMS did not yield dif-
ference in signal intensities of SHexCer-VLCFA like
SHexCer (d40:1), SHexCer (d42:1), and SHexCer
(t42:1) in the Shi mouse (Fig. S5A) as well as
SHexCer (d40:1) in Cz model (Fig. S6A). However,
LC-ESI-MS inferred a significant reduction in the lev-
els of these SHexCer species in both mouse models

(Fig. 6A and B). We speculate these differences are
an outcome of the differences in matrix effects and
dynamic range of detection between the two
methods.3°‘32’66’67

Normally, CC is mainly composed of myelinating
oligodendrocytes that are enriched in very-long chain
fatty acid containing sulfatides (SHexCer-VLCFA)
compared with long chain fatty acid containing sulfa-
tides (SHexCer-LCFA). We presume that highly abun-
dant SHexCer-VLCFA might have minimized the signal
from or suppressed detection of less abundant
SHexCer-LCFA in the control mouse. However, upon
Cz-induced demyelination or in dysmyelinating Shi
mouse, SHexCer levels were reduced in CC. It is note-
worthy that the levels of SHexCer-VLCFA were
reduced to a greater degree than the levels of SHexCer-
LCFA (per LC-ESI-MS). As a result, it is possible that
IMS detection of SHexCer-LCFA improved thereby giv-
ing a false impression of an increase in their spatial
distribution. It is also likely that SHexCer-LCFA were
better exposed to MALDI laser beam thus allowing
improved detection compared with otherwise complex
(SHexCer-VLCFA enriched myelin) tissue environ-
ment in control tissue.

During remyelination in the Cz model, myelin and
tissue complexity as well as SHexCer-VLCFA levels
were restored although not to the condition of normal
myelin. Therefore, this poses a greater interference to
the detection of SHexCer-LCFA by MALDI-IMS com-
pared with their detection from demyelinated samples.
LC-ESI-MS analysis revealed that the levels of above
listed both lipid species were reduced upon myelin
loss. This was probably because, both the lipid species
were better separated and detected when lipid extracts
prepared from normal or diseased myelin were
evaluated.

Alternatively, it is possible that other dominant lipid
species in myelin like cholesterols may impact the
detection of other lipid species. Previous reports using
SIMS have shown that cholesterol migrates to surface
and form crystals during the process of sublimation
thereby decreasing their levels within the tissue.®®
Consequently, this decreases the suppression of yield
of other lipid ions including the less abundant SHexCer-
LCFA thus increasing their detection. Quenching effect
on IMS signals of certain lipid species by other abun-
dant lipid species within the ROI has been previously
reported.®® SHexCer in kidney medulla and papilla
quenched the IMS signal of Pl species such as PI
(38:4). The quenching effect was minimized when lipid
extracts from these regions were analyzed by
LC-ESI-MS. Future development and availability of
improved analytical approaches combining use of deu-
terated or isotope-labeled reference lipid standards’®"2
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should distinguish the effects of ion suppression and
signal variations due to local tissue environment.

In summary, we demonstrated that lack of MBP in
the Shi mouse and demyelination in Cz-fed mouse
mainly impacts the SHexCer composition and to a
lesser extent the PC species. Among the SHexCer
species, the levels of SHexCer-VLCFA were reduced
to a greater extent than SHexCer-LCFA. These altera-
tions were restored upon remyelination following
removal of Cz from the diet. By applying MALDI-IMS
for the first time in myelin disease mouse models, we
could convincingly demonstrate the representative
spatial as well as temporal distribution of brain lipids
with histological correlation. A broader application of
this technique complementing with LC-ESI-MS and
other morphology-based assays to study lipids in other
myelin diseases might provide new insights in under-
standing disease mechanisms.
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