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The molecular composition of myelin membranes determines their
structure and function. Even minute changes to the biochemical
balance can have profound consequences for axonal conduction and
the synchronicity of neural networks. Hypothesizing that the ear-
liest indication of myelin injury involves changes in the composition
and/or polarity of its constituent lipids, we developed a sensitive
spectroscopic technique for defining the chemical polarity of myelin
lipids in fixed frozen tissue sections from rodent and human. The
method uses a simple staining procedure involving the lipophilic
dye Nile Red, whose fluorescence spectrum varies according to the
chemical polarity of the microenvironment into which the dye
embeds. Nile Red spectroscopy identified histologically intact yet
biochemically altered myelin in prelesioned tissues, including mouse
white matter following subdemyelinating cuprizone intoxication, as
well as normal-appearing white matter in multiple sclerosis brain.
Nile Red spectroscopy offers a relatively simple yet highly sensitive
technique for detecting subtle myelin changes.

lipids | fluorescence spectroscopy | spectral confocal microscopy | multiple
sclerosis | cuprizone

yelin is a highly ordered, lipid-rich extension of glial cell

membrane that facilitates rapid and efficient saltatory
conduction of action potentials along axons in the central and
peripheral nervous systems. The stability of myelin membranes
critically depends on its molecular composition (1-3). Although
myelin is maintained roughly at a ratio of 70:30% lipid to protein
(4), lipid membranes are highly fluid; changes in lipid composi-
tion are defining characteristics of myelin development (5), ho-
meostasis in the adult, and aging in rodents (6, 7), as well as
primates (8). Shifts in lipid composition also occur in inflam-
matory demyelinating disorders like multiple sclerosis (MS) (9,
10). Lipids are even theorized to be targets of immune attacks in
autoimmune disorders, a role previously ascribed to proteins
(11). Key roles for lipids notwithstanding, tools to interrogate
biochemical changes to myelin lipids have largely been restricted
to in vitro systems.

Once thought to be inert, myelin is now known to be a chem-
ically and structurally dynamic element (12). Specific combina-
tions of proteins and lipids induce formation and compaction of
multilamellar vesicles that resemble myelin (13), underscoring the
importance of correct chemical composition for assembly. Con-
versely, alterations in these molecular proportions promote
decompaction and myelin vesiculation (3, 14). The polarity of lipid
species in cell membranes influences their packing properties and
therefore stability (15). Governed by competing thermodynamic
forces of lipid curling and hydrocarbon packing (16), myelin
sheaths lie at the critical edge of bilayer stability and thus are
susceptible to factors in the environment. Indeed, the myelin in-
tegrity theory of MS rests on the outsized influence of environ-
mental forces on myelin stability and function (17). Therefore,
methods for detecting physicochemical changes in myelin lipid
composition in situ would greatly enhance our understanding of
early events in myelin development, as well as myelin damage in
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disease states, with important implications for therapies designed
to prevent myelin loss in MS and other demyelinating disorders.

The study of myelin lipid biochemistry poses unique challenges
(18). Traditional analytical methods, such as thin-layer chroma-
tography and high-performance liquid chromatography (19), de-
pend on tissue homogenization that eliminates informative spatial
relationships. Imaging lipid mass spectrometry (20) preserves
spatial relationships, but submicron resolution has yet to be real-
ized, and reproducibility at the level of sample preparation re-
mains problematic (21). Coherent anti-Stokes Raman scattering
microscopy provides high-resolution, label-free imaging of lipids in
histological samples (22), but this method lacks sensitivity and
requires expertise in nonlinear optics as well as highly specialized
hardware. Finally, fluorescent lipophilic dyes, though widely
available and easy to use, have traditionally been employed to
detect lipid-rich structures in only a qualitative manner. Conven-
tional fluorescence microscopy is therefore unable to detect subtle
shifts in lipid biochemistry. By contrast, Nile Red (NR) is a fluo-
rescent dye that is well situated to report changes in the chemical
polarity of cell membranes and myelin, being both lipophilic (23,
24) and differentially fluorescent depending on solvent environ-
ment (i.e., exhibits solvatochromism) (25). The current study uses
NR fluorescence spectroscopy to identify polarity shifts as an early
manifestation of myelin disease prior to overt demyelination. We
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show that this technique reports subtle biochemical changes in
myelin, resulting in a method that is a very sensitive marker of
incipient myelin injury.

Results

Nile Red Fluorescence Reports Chemical Polarity of the Local Environment.
Fig. 1A illustrates how chemical polarity changes NR fluorescence.
The dye was dissolved in solvents of various known polarities at a
concentration of 20 pM and excited by 370 nm light. In nonpolar
solvents like hexane, the dye emitted at a shorter wavelength (green),
whereas in a relatively polar solvent such as methanol, fluorescence
was red-shifted. Corresponding emission spectra (Fig. 1B) under-
score the substantial ~100-nm shift due to the solvatochromic
properties of NR. Unnormalized spectra (Fig. 1C) demonstrate
differential quantum yield of the dye depending on solvent polarity;
fluorescence intensity was 50-fold greater in nonpolar hexane com-
pared to highly polar solvents such as water.

We next sought to test whether isolated lipids of varying po-
larities also elicited differential NR fluorescence. As with non-
polar solvents (Fig. 1 A-C), nonpolar cholesterol (violet, 0.25 M
in a solution of NR and phosphate-buffered saline [PBS])
yielded more blue-shifted fluorescence compared to phospho-
lipids (red, 0.02 M), whose polar phosphate and choline head
groups elicited red-shifted fluorescence (Fig. 1D). Isolated sul-
fatide (green, 0.1 M), with its intermediately polar sulfate head
group, elicited a NR emission peak between that of cholesterol
and phospholipid. To confirm that such differences would also
apply in a more biologically relevant model, we stained cultured

MO3.13 cells after paraformaldehyde fixation with 14 pM NR
(SI Appendix, Fig. S1). Delipidation with chloroform:methanol
decreased NR fluorescence by ~10-fold, indicating that the vast
majority of NR signal originated from labile cellular lipids. Se-
lective depletion of cholesterol, a prevalent nonpolar lipid in cells
(81 Appendix, Fig. S2), increased mean polarity reported by NR
fluorescence as expected. Finally, treating 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC)-containing giant unilamellar vesicles
with phospholipase A2, an enzyme that cleaves polar glycer-
ophosphocholine heads from DOPC, releasing these polar moie-
ties from the membrane (26), thereby enriching the vesicles in the
remaining less polar acyl chains, induced an expected spectral
blue-shift and drop in measured polarity (SI Appendix, Fig. S2 B
and C). Collectively, these data show that solutions of pure sol-
vents, lipids, or cellular fluorescence elicit reproducible, polarity-
dependent NR emissions. We therefore chose to use solvent
spectra as references against which one can assign relative polar-
ities to myelin lipids in tissue.

Nile Red as an Indicator of Lipid Polarity in Tissue. We next asked
whether solvent reference spectra generated in Fig. 1 could be used
in postprocessed images to detect differences in tissue “micro-
polarity” between different regions of adult mouse brain. To these
ends, tissue staining methods were developed that would simulta-
neously resolve fine histological features and report lipid polarity
differences between brain structures. Fig. 24 shows spectral con-
focal micrographs of fixed, healthy mouse brain cryosections in-
cubated for 10 min in 10 pM NR solution. The true-color image
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Fig. 1.

NR fluorescence varies with polarity of its environment. (A) Cuvettes of NR (10 pM) dissolved in solvents of varying polarity (nonpolar hexane to highly

polar water) and excited with 380 nm light demonstrate a substantial color shift of emitted fluorescence; more polar solvents resulted in less intense and
longer-wavelength emission. (B) Normalized fluorescence emission spectra from the six solvents. (C) Unnormalized emission spectra underscore the inverse
relationship between NR signal intensity and solvent polarity. (D) As with different solvents in A, less-polar lipids (cholesterol) elicited blue-shifted NR
fluorescence, which progressed to longer wavelengths as the polarity of the lipid increased. This strong solvatochromic property of NR formed the basis of the

spectroscopic tissue imaging method described in this study.
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(calculated to approximate what the human eye would see when  pixel was pseudocolored according to its spectral shape relative to
viewing under a conventional fluorescence microscope) showed a  a pair of solvent references revealed both morphological and
brightly stained section with definition of major brain regions, in  chemical details (Fig. 2 A, Lower). For example, in addition to
particular lipid-rich white matter tracts such as corpus callosum enhancing the contrast between gray and white matter (e.g., cortex
and anterior commissure. However, the perceived color was uni-  versus corpus callosum, respectively), the green hues of the corpus
formly orange, with contrast generated mainly by intensity differ-  callosum and anterior commissure reflect the higher content of
ences proportional to lipid content, as would be expected for a  less-polar lipids compared to gray matter structures, in which a
lipophilic dye. By contrast, a postprocessed image in which each  redder hue indicates a greater proportion of more polar species. A

A B bulk
5 gray matter
Q
(@]
o -
2 9
yl (@]
1 O
z SEge -7 O EA e T
o
. zZ
b . e, R AREEMBEY - .l e
o]
(&]
3 5
2 3
8 )
rx el E
lower POLARITY higher nzc

C T POLARITY

T T T T
bulk  bulk myelin myelin
POLARITY ' WM GM WM GM

Fig. 2. NR fluorescence spectroscopy illuminates the physicochemical state of healthy rodent myelin in white versus gray matter. (A, Top) A true-color image
of a healthy mouse brain stained with NR. Contrast is generated by lipophilic NR, preferentially binding to the brain’s lipid-rich compartments, especially
myelin-rich corpus callosum (CC) and anterior commissure (AC). (A, Bottom) The pseudocolor image designed to map tissue polarity to a different display color
more clearly reveals substantial contrast between gray and white matter regions. (B) Higher-magnification true-color (Top) and pseudocolor (Bottom) images
illustrate marked polarity differences in CC and adjacent hippocampus in healthy rodent. (C) NR labeling provides excellent spatial resolution so that indi-
vidual myelin sheaths can be resolved. (D) The graph depicts the mean polarity index derived from NR spectra in various regions. White matter exhibited a
consistently lower polarity than gray matter. Each marker represents the average value of multiple images of the same subject. The significance was de-
termined by one-way ANOVA. CP, caudate putamen; CTX, cortex; DF, dorsal fornix; HPC, hippocampus; CA1, stratum radiatum region of the hippocampus.
(Scale bars: A, 500 pm; B, 50 um; and C, 5 um.) *P < 0.05; **P < 0.01.
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whole-brain map of relative chemical polarities can thereby
be rendered.

We then performed a higher-resolution analysis of selected gray
and white matter structures to test for biochemical heterogeneity
in healthy tissue and in myelin in particular. Fig. 2B shows a “bulk”
analysis (i.e., all cellular elements combined, shown by the dashed
outline) of white versus gray matter from corpus callosum/hip-
pocampus. While the true-color images showed good morpho-
logical definition, the pseudocolored equivalents (Materials and
Methods) additionally revealed substantial differences in lipid
polarity between white and gray matter, similar to the overview
image in Fig. 24. Differences between the polarities of white
versus gray matter—the latter known to include a greater pro-
portion of protein and water-rich cytosolic regions—validated our
pseudocoloring algorithm and prompted us to examine myelin in
white versus gray matter in more detail. Fig. 2C shows higher
magnification micrographs in which individual myelinated axons
were resolved. In contrast to bulk tissue analysis, here we selected
only the myelin sheaths for spectral analysis. Interestingly, white
matter myelin exhibited a lower polarity than that found in gray
matter, though myelin in both regions was less polar than the
surrounding parenchyma, data that are quantitatively summarized
in Fig. 2D.

Biochemically Altered Myelin in Predemyelinated Tissue. To identify
whether subtle changes in myelin lipids precede imminent demye-
lination, we turned to an established model of delayed demyelin-
ation using oral intoxication with the copper-chelator cuprizone
(CPZ) (27). Fixed, frozen tissue sections from mice treated with
CPZ (0.2% weight/weight [wt/wt]) for 2, 7, and 14 d (exposure
periods too brief to induce histological demyelination; Fig. 3 4 and
B) were stained with NR (Fig. 2) so that subtle shifts in polarity
during the early, predemyelinating phase of CPZ could be studied.
After only 2 d of CPZ, we observed an increase in the mean polarity
of lipids in the medial corpus callosum—a brain region with known
susceptibility to CPZ-induced demyelination—compared to un-
treated control brains (Fig. 3C). Consistent with the selective loss of
nonpolar lipids, significant accumulation of nonpolar (i.e., blue-
shifted) lipid droplets was observed adjacent to the ventricles (SI
Appendix, Fig. S3). Interestingly, these only became enriched in
cholesterol at later time points (28 d of CPZ exposure), consistent
with previous reports of cholesterol release once myelin begins to
degenerate (28). The mean polarity of the corpus callosum
remained significantly increased throughout the 2-wk sub-
demyelinating CPZ exposure compared to naive controls (Fig. 3D),
indicative of persistent biochemical abnormalities in the absence of
histological myelin loss.

Altered Myelin Biochemistry Identifies MS Lesion “Hotspots.” We
next asked whether polarity changes may be an early event in hu-
man MS brain, hypothesizing that histologically intact but bio-
chemically altered myelin represents “hotspots” of susceptibility to
demyelination. Autopsied MS brain tissue from normal-appearing
white matter (NAWM) was stained with NR and spectrally imaged
as in Figs. 2 and 3. Pseudocolored images of periventricular white
matter from non-MS controls were spectrally homogeneous (violet,
Fig. 44). In striking contrast, the MS white matter adjacent to the
ventricular surface exhibited heterogeneous spectral character,
with periventricular regions in particular shifting to higher polarity
(Fig. 4B). A red-to-violet gradient (Fig. 4D) from the ventricle into
the tissue parenchyma—which CPZ data would suggest represents
a gradient of pathology from the ventricular surface extending into
the brain—was paralleled by the density of spheroids (white ar-
rows, Fig. 4D; SI Appendix, Fig. S4). NR spectroscopy also illu-
minated focal regions of white matter susceptibility in areas remote
from overt periventricular lesions. For example, the dotted rect-
angle in Fig. 4 demonstrates a common observed focal region of
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red-shifted NR emissions in the absence of frank demyelination
[orange NR + green myelin basic protein (MBP), Fig. 4F].

Diffuse Myelin Injury in MS Normal-Appearing White Matter. To
broadly assess the extent to which NR abnormalities in MS tissue
represent diffuse rather than focal events, we analyzed NR fluo-
rescence in large areas of normal-appearing white and gray matter
from MS specimens. Low-magnification true-color images were
unrevealing with respect to morphology or perceptible color dif-
ferences (Fig. 54, top two true-color panels). In contrast, spectral
pseudocoloring (Fig. 54, bottom two panels) showed widespread
changes in NR emission in the bulk white matter consistent with
significant shifts toward higher chemical polarity, similar to what
was observed in both predemyelinated CPZ mouse white matter
as well as periventricular MS tissues (Figs. 3 and 4, respectively).
Gray matter in MS tissue was also affected; however, analysis of all
pixels in a given image (“bulk gray matter,” Fig. 5B) indicated a
change in the opposite direction, toward a more blue-shifted, less
polar character.

Next, we analyzed individual myelinated axons in both the white
and gray matter. Strikingly, whereas myelin sheaths in healthy
control white matter sections were uniformly nonpolar with a tight
distribution, MS myelin was much more heterogeneous with a
shift to more polar character (Fig. 5C, white arrows), despite the
fact that the myelin appeared structurally normal (Fig. 5C, top two
panels). We also observed numerous swollen axons, typical of
nondemyelinated MS white matter (29), that exhibited a bright,
red-shifted fluorescence. These results indicate that there are
widespread polarity changes in MS that extend well beyond his-
tologically demyelinated areas, with the myelin compartment be-
ing particularly affected. Taken together, our data indicate that
biochemical injury to myelin is a widespread phenomenon in the
MS brain and may be a key early pathological feature.

Discussion

Tools to monitor subtle changes in the chemistry of tissue lipids
are limited, particularly when preservation of tissue architecture is
required and high-resolution images of cellular details are desired.
NR is a lipophilic dye well known for its ability to label cell
membranes and other lipid-rich tissue components (30, 31), in-
cluding lipid droplets (32), and has also been used to label living
organisms (33). The dye belongs to a class of fluorescent mole-
cules whose emission spectrum varies according to the polarity of
its microenvironment, a property known as solvatochromism (34).
NR fluorescence becomes less intense and shifts to longer wave-
lengths in more polar environments; intramolecular charge
transfer during the Sy — S transition induces a large change in the
molecule’s dipole moment, increasing its interactions with polar
solvents and thereby shifting its emission to longer wavelengths
(35, 36) (Fig. 1). This probe also interacts strongly with anisotropic
media such as nematic liquid crystals, which exert effects on its
absorption and fluorescence spectra (35). Given the lipid-rich
character and liquid crystalline properties of myelin (37), we
reasoned that a lipophilic solvatochromic probe such as NR would
be a useful reporter of physicochemical properties of myelin
sheaths while at the same time serving as a bright label to provide
high-resolution morphological detail. In line with our expectation,
this dye produced bright staining of both gray and white matter
regions of paraformaldehyde-fixed cryosections of mouse brain
(Fig. 2). We chose this processing method rather than paraffin
embedding which requires organic solvents for dewaxing that
would partially delipidate the samples and potentially distort the
NR signals.

In tissue sections of naive mouse brains, NR labeling revealed
detailed cellular morphology in both gray and white matter re-
gions (e.g., Fig. 2). Contrast was exclusively provided by intensity
variations, particularly apparent between gray matter and lipid-
rich white matter areas; no differences in hue were perceptible
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Fig. 3. Early myelin changes revealed by NR spectroscopy precede overt demyelination in the CPZ mouse model. (A) LFB staining indicates that no histo-
logically detectable demyelination occurred during the 2-wk treatment with CPZ using this conventional myelin label. (B) True-color images of NR-labeled
medial CC from control and after various exposure times to CPZ. By signal intensity alone, there is no detectable myelin loss after 14 d of intoxication. (C)
Equivalent pseudocolor images reveal a significant polarity shift to higher values as early as 2 d of CPZ exposure, with partial recovery at later time points. (D)
Quantitative depiction of mean polarity index as a function of CPZ exposure. The partial reversal toward normal at later times likely reflects the robust
reparative mechanisms in the rodent. The significance was determined by one-way ANOVA, followed by a post hoc Dunnett test. (Scale bar, 50 pm.) *P < 0.05;
**P < 0.01; and ***P < 0.001.
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by the naked eye. However, spectroscopy revealed significant dif-  to a higher lipid content. Notably, such differences would not be
ferences in the chemical polarities of bulk gray versus white matter,  detected by standard epifluorescence microscopy. Unexpectedly,
with the former exhibiting a more polar character (Fig. 2D) owing  our method also revealed significant differences in chemical polarity
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Fig. 4. Myelin in NAWM from human MS autopsied tissue exhibited significant spectroscopic changes. (A) NR fluorescence is relatively uniform in the
periventricular region of a non-MS control with a nonpolar character. (B) By contrast, in MS tissue there was a gradient of spectral shift from the ventricular
surface into the parenchyma. High-magnification true-color (C) and pseudocolor (D) images of the white box in B clearly depict this pathological gradient.
White arrows in C and D point to swollen axons, increasing with proximity to the ventricle. Interestingly, the axonal spheroids exhibited a striking red ap-
pearance in the pseudocolor images, indicating a unique spectral signature and polar character that differed markedly from intact healthy fibers. (E) Peri-
ventricular MS tissue exhibited subtle focal abnormalities away from the ventricle (dotted white box), which were not seen in controls (A). (F) A closer analysis
of the focal abnormality revealed by NR spectroscopy illustrates myelin that was intact by conventional immunohistochemsitry (MBP™, green) yet exhibited
subtle change by NR spectroscopy. (Scale bars: A and B, 250 um; C and D, 50 um; E and F, 500 pm.)
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Fig. 5. Myelin in MS is diffusely abnormal in both normal-appearing white and gray matter. (A) True-color and pseudocolored images of MS NAWM stained
with NR and analyzed in bulk (i.e., cells and extracellular matrix in a single region of interest). Pseudocolored images of MS tissue revealed a shift to longer
wavelengths, indicating increased polarity compared to non-MS controls. (B) The graph depicting mean polarity index calculated from NR spectra. White
matter exhibited a more polar character in MS, whereas gray matter shifted in the opposite direction. (C) MS NAWM myelin showed marked heterogeneity
compared to control (arrows), with a corresponding shift to higher mean polarity (D). As with bulk tissue analysis, gray matter myelin had a lower polarity

index in MS. The significance was determined by unpaired two-tailed t test. (Scale bars: A, 25 um; C, 10 pm.) *P < 0.05.

of myelin in gray versus white matter (Fig. 2C), again with the
former exhibiting a higher polarity. One explanation might involve
different roles of myelin in gray and white matter. In the latter,
axons may be chiefly responsible for efficient high-speed trans-
mission and might therefore contain uniformly nonpolar sheaths
(Fig. 5D) that would maximize conduction velocity (Fig. 6). In
contrast, gray matter myelin might be more heterogeneous as it is
deliberately modulated to adjust conduction and tune synchroni-
zation of neural networks (38). In support, in gray matter regions
such as prefrontal cortex, areas that are not fully myelinated until
adolescence, evidence indicates that morphological changes in
myelin contribute to the acquisition of new motor skills such as
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juggling and piano playing (39). In a mouse model, subtle changes
in myelin internode length and number were recently identified as
underpinning the formation of learning and memory (40). We
propose that differences in polarity of myelin, stemming from
differences in lipid chemical composition, lipid organization, and/
or hydration state of the myelin lamellae (41), might represent an
additional means of modulating conduction velocity without the
need for structural remodeling.

NR spectroscopy sensitively detected very early myelin pathol-
ogy after treatment with CPZ, a toxin that causes delayed demy-
elination after oral ingestion. Only 2 d after beginning CPZ, we
observed a significant spectral shift in otherwise intact myelinated
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Fig. 6. Effects of altered myelin capacitance on axonal conduction velocity: theoretical calculations. (A) The graph of conduction velocity as a function of
myelin capacitance. With all other geometrical properties held constant, propagation velocity is sensitive to myelin capacitance with an inversely linear
relationship (48). (B) There is a close exponential relationship between polarity index calculated from NR spectra and published polarities for the five solvents
used in our study. (C) Similarly, an exponential function was fitted to published dielectric constants versus solvent polarity for a variety of organic solvents
(49). (D) Together, these calibration curves allowed us to estimate myelin dielectric constants using NR spectra acquired from myelin regions. Myelin from
NAWM in MS brain had a significantly greater mean dielectric constant. The P value was calculated using unpaired one-tailed t test. (E) A model proposing
how variations in myelin capacitance due to changes in dielectric constant alone (x) could significantly alter action currents and therefore conduction ve-
locities in still-myelinated axons with normal geometry (A and d: area and thickness of myelin + internodal axolemma, respectively; &o: permittivity of free
space). Normal low-capacitance myelin will promote inward action currents to flow to the next node and excite it with minimal delay. In contrast, higher
capacitance will cause more leakage of current across the internodal myelin, delaying activation of the next node or blocking conduction altogether.

axons of the corpus callosum, a region destined for eventual de-
myelination. The initial increased polarity likely results from an
early loss of nonpolar lipids, which drain and accumulate in the
periventricular regions; these were not enriched in cholesterol in
the early stages (SI Appendix, Fig. S3). This could instead be due to
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activation of enzymes such as plasmalogenase, leading to cleavage
of nonpolar acyl chains from membrane lipids and depletion of
these nonpolar species from the myelin (42, 43). This, in turn,
would result in an excess of more polar lipids and proteins and/or a
change in the lipid order of myelin membranes, resulting in more
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hydrated bilayers and thus a more polar environment to which the
NR molecules are exposed (41). Early tissue perturbations iden-
tified by NR spectroscopy mirror the metabolic responses and
oligodendrocyte changes, including severe down-regulation of
RNAs encoding myelin proteins (44), and evidence of dysregula-
tion of iron homeostasis causing oligodendrocyte and myelin in-
jury (45), resulting from even very brief CPZ exposure. This is
consistent with early parallel changes in myelin lipids as reported
by our spectroscopic method.

MS is characterized by fluctuating focal demyelinating lesions in
both gray and white matter regions of the CNS (46, 47). Although
traditionally considered to be due to multifocal attack by immune
cells, detailed MRI and histological study suggests that the CNS is
diffusely involved, resulting in subtle but widespread astro- and
microgliosis, axonal damage, and minimal lymphocytic infiltration,
but without overt myelin loss (29). As with early predemyelinating
insults in the rodent, our method also detected substantial wide-
spread abnormalities in autopsy samples of progressive MS brain
outside of focal demyelinating lesions (so-called NAWM). Over-
all, bulk MS white matter exhibited significantly higher polarity
compared to healthy age-matched controls (Fig. 5B), a spectro-
scopic shift similar to early changes following CPZ exposure in the
rodent. Higher magnification images revealed even more striking
differences at the level of the myelin sheaths. Still-myelinated
axons were noted to have frequent spheroids (Fig. 5C, SI Ap-
pendix, Fig. S4), as is typical of NAWM (29). Intriguingly, the
morphologically intact myelin was very spectroscopically hetero-
geneous (SI Appendix, Fig. S4, arrows) compared to controls and
exhibited a significantly increased polarity (Fig. 5D). This could be
due to preferential loss of less polar lipids and more disordered
myelin lipid bilayers, as an early precursor to later breakdown of
the myelin sheath.

Even in the absence of histological myelin thinning or loss, the
physiochemical alteration of the sheath as reported by our method
could have important functional consequences. Saltatory conduc-
tion along myelinated axons is strongly governed by resistive and
capacitive properties, with velocity inversely proportional to myelin
capacitance (48). Fig. 6 shows theoretical calculations of how
changing myelin polarity with resulting change in dielectric con-
stant could affect conduction velocity without overt changes in
myelin geometry. In order to estimate changes in myelin capaci-
tance, we converted the measured myelin polarity determined by
NR fluorescence into dielectric constants using previously pub-
lished parameters from organic solvents (49) (Fig. 6B). The ex-
ponential fits produced a calibration curve, which we used to
compute dielectric constants of control and MS myelin. Based on
our measurements, healthy CNS myelin had a mean dielectric
constant of 8.2 + 0.3 in gray matter and 5.0 + 0.1 in white matter,
which corresponds very well to previous estimates of ~5 to 10 (50).
Notably, myelin from NAWM regions of MS brain exhibited a
significantly higher mean dielectric constant (5.4 versus 5.0, P =
0.001). The predicted increase in MS myelin capacitance could
translate into functionally significant impairment of conduction
velocities throughout the MS brain (Fig. 6E). These estimates are
based on overall averaged myelin dielectric constants; indeed,
widespread multifocal regions of altered myelin capacitance as
suggested by the subtle lesions in Fig. 4E could more profoundly
exacerbate conduction abnormalities along the length of any par-
ticular axon. These changes could, in turn, explain the frequent and
disabling nonfocal symptoms affecting MS patients such as fatigue,
cognitive impairment, and depression (51) and are consistent with
diffusion tensor imaging abnormalities in the white matter of
cognitively impaired MS patients (52).

Moreover, given that subtle myelinopathy can elicit pathological
autoimmune inflammation in the immune-predisposed host (53),
our results provide additional support for the concept of how a
primary myelin pathology, now possibly involving myelin lipids as a
major component, could contribute to both ongoing degeneration
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and secondary autoimmune inflammation in MS. By helping elu-
cidate subtle myelin lipid pathology, our method may guide a
deeper understanding of MS pathophysiology and novel more
effective therapeutic strategies.

Materials and Methods

Nile Red Solvent Mixtures for Generation of Reference Spectra. To obtain the
fluorescence emission spectra of NR dissolved in various solvents, a small aliquot
of dye dissolved at a concentration of 20 uM was drawn into glass capillary
tubes (1 mm x 75 mm) via capillary action; then, both ends of the tube were
sealed with Dow Corning vacuum grease. The NR-solvent mixtures were then
excited by a 488-nm laser and spectral images acquired by an upright Nikon
A1RMP spectral confocal microscope. Because of the poor quantum yield of
NR in highly polar PBS, a higher concentration of NR (60 uM) was used to
increase the signal to noise.

Lipid Depletion and Generation of Giant Unilamellar Vesicles. Approximately
200,000 MO3.13 cells (a human oligodendrocytic hybrid cell line) were plated
on glass coverslips in 6-well plates. Cells were fixed with 4% paraformal-
dehyde for 1 h the following day, then washed once in PBS. For near-total
nonspecific delipidation, the cells were transferred to glass wells to which
chloroform:methanol (2:1 volume/volume) was added for overnight incu-
bation at room temperature. Cells were rinsed in PBS and stained with NR
along with nondelipidated controls (example of control cells with spectra
from various subcellular regions is shown in S/ Appendix, Fig. S5). Imaging
was performed after a final quick rinse in PBS following NR staining. For
selective depletion of cholesterol, cells were prepared as above, but instead
of immersion in chloroform:methanol, 20 mM methyl-B-cyclodextrin (54) was
added to fixed cells for overnight incubation at room temperature. Cells
were then labeled with NR. Giant unilamellar vesicles (GUVs) were generated
using an electroformation method adapted from Klymchenko et al. (55). DOPC
and cholesterol were obtained from Avanti Polar Lipids. Briefly, a 0.1 mM
solution of DOPC in chloroform was coated on indium tin oxide glass and
transferred into a vacuum chamber for 1 h to be dried. The glass was then
submerged in 300 mM sucrose, and a 2 to 3 V peak-peak 10 Hz alternating
voltage was applied for 2 h at 42 °C. Then, a 2-mL aliquot of GUV solution was
added to 8 mL of 300 mM glucose solution to yield a final product of GUVs for
imaging. For cholesterol-doped GUVs, a 1:3 DOPC:cholesterol ratio was mixed
in chloroform and GUVs prepared as above. Depletion of GUVs of cholesterol
was done using 200 M methyl-p-cyclodextrin overnight. For phospholipase
experiments, 10 units of phospholipase A2 from honeybee venom (Sigma, CAS
# 9001-84-7) was prepared in water and added directly to 1 mL final solution
of GUVs and allowed to react for 40 min.

Animal Ethics. All animal experiments were carried out in accordance with
protocols approved by the University of Calgary Animal Care Committee and
guidelines from the Canadian Council on Animal Care.

Cuprizone Treatment. Male C57BL/6 mice (Charles River) aged 7 to 8 wk were fed
standard mouse chow ad libitum containing 0.2% wt/wt CPZ for 2, 7, or 14 d.

Mouse Tissue Harvesting. Tissue was harvested for histopathology at appro-
priate times after CPZ. Under heavy sodium pentobarbital anesthesia, mice
were transcardially perfused, first with 12 mL room temperature 1x PBS and
then 12 mL ice-cold 4% paraformaldehyde. The tissue was postfixed in the
same fixative at 4 °C overnight, after which it was cryoprotected first in 20%
sucrose until the tissue sank and then 30% sucrose. Brains were embedded in
optimal cutting temperature compound and rapidly frozen in dry ice—cooled
isopentane. Depending on the experiment, sections were cut on a cryostat
between 20 and 100 um and collected on VWR Superfrost Plus Micro Slides
(three sections per slide, region matched).

Nile Red Staining of Fixed Frozen Tissue Sections. A 6-mM stock solution of NR
was prepared in DMSO and stored at —20 °C. The working concentration
ranged from 10 to 25 pM in 1x PBS depending on the specimen size (20 pm
versus 100 pm thickness). Fixed frozen tissue sections were stained with NR
for 10 min, irrespective of section thickness, followed by a single 5-min rinse
in PBS. The stained tissue sections were then submerged in PBS solution on a
glass microscope slide and imaged with a water-immersion objective with-
out mounting media or cover slipping.

Spectral Confocal Imaging and Image Processing. All images were collected
following excitation with a 488 nm laser. Spectral fluorescence images were
recorded using an upright Nikon A1RMP spectral confocal microscope with a
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water immersion objective lens (25%, numerical aperture 1.1). Spectrometer
resolution was 10 nm with 26 channels ranging between 490 nm and 740 nm.
To standardize data analysis, all spectra were interpolated to 400 data points
using cubic splines, and each spectrum was then normalized for comparison
and spectral decomposition using ImageTrak image analysis software (http:/
stysneurolab.org/imagetrak/). For visualization of such multichannel spectral
images, “true-color” renditions were calculated to approximate what the
naked eye would see if looking at the samples directly. For spectral decom-
position, two bracketing basis spectra were used to define the minimum and
maximum polarity values represented by the most blue- and most red-shifted
spectra, respectively. To generate pseudocolor images, a nonlinear transfor-
mation algorithm assigned a numerical index between 0 and 1 depending on
the fit of a given pixel to the pair of bracketing reference spectra. This pixel
was then assigned a pseudocolor ranging from violet (index 0) to red (index 1);
nonpolar features in the image are therefore represented by cooler colors,
while more polar elements appear in hotter colors. Such pseudocolor images
provide greater sensitivity for discerning subtle spectral differences that the
eye would not otherwise perceive when viewing true-color equivalents.
Adjusting spectral brackets to expand a certain spectral subrange of interest
allows excellent visualization of even very small spectral differences (S/ Ap-
pendix, Fig. S5). The polarity index was defined as this numerical index pro-
duced by the nonlinear fitting. To select myelin for data analysis, rodent
images were then randomly selected in the region of the corpus callosum,
while images of human samples were masked by hand. Contaminating signal
from laser backscatter was removed by a 490 nm long-pass filter.

Filipin 1l Staining for Cholesterol. Brain sections were stained using 1 pg/pL
Filipin 1l (Cayman Chemical Company #70440) in PBS for 1 h, then washed
twice with PBS for 5 min each.

Luxol Fast Blue Staining. Mouse sections were stained with Luxol fast blue
(LFB) (Solvent Blue 38, Sigma-Aldrich) for myelin as previously described (53)
and imaged using a Thorlabs EnVista whole-slide scanning microscope.

Immunohistochemistry. For repeat imaging of the same tissue section, NR was
efficiently removed by processing tissue sections through a series of graded
ethanol rinses (1 min each in water, 50, 70, 95, 100, 95, 70, and 50% ethanol,
water), after which sections were blocked in 10% horse serum and 1% bovine
serum albumin for 1 h at room temperature, then incubated with mouse anti-
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MBP clone SMI99 (1:1,000; Biolegend #808401) overnight at 4 °C. The next
day, the primary antibodies were rinsed in 1x PBS and the appropriate
secondaries applied (1:500) for 1 h at room temperature.

Autopsy Information. MS human tissue was generously provided by the
Netherlands Brain Bank at Vrije Universiteit University, Amsterdam (https:/
www.brainbank.nl/), including five individuals (age at death 66.2 + 2.3) with
progressive MS. The postmortem delay averaged 9 h (range: 6 to 18 h). Five
age-matched (age at death 68.2 + 3.0) control brain tissue samples were
obtained from the Normal Aging Brain Collection Amsterdam (nabca.eu/),
and the cause of death was not MS related. At autopsy, the collected brain
regions were initially kept in 4% formalin, brain blocks were screened by
MRI, and then transferred to PBS + 5% sucrose. After saturation, brain re-
gions were stored at —30 °C. The brains of patients were then cut into co-
ronal slices of 10 mm thickness. Based on MRI images of the coronal slice,
regions mostly containing NAWM were isolated and mounted on slides.
Slides were then stained by 20 pM NR in 1x PBS solution for 10 min and
washed for 5 min once with PBS before spectral imaging.

Statistical Analysis. Statistical significance was calculated using R version 3.6.1
(56) using t test for comparison of two groups or ANOVA for comparison of
multiple groups, followed by a post hoc Dunnett test, unless otherwise indi-
cated. Every data point in each graph reflects a unique test subject, whether
human or mouse.
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