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Infrared spectral profiling of demyelinating ==

activity in multiple sclerosis brain tissue
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Abstract

Multiple sclerosis (MS) is a leading cause of non-traumatic disability in young adults. The highly dynamic nature of MS
lesions has made them difficult to study using traditional histopathology due to the specificity of current stains. This
requires numerous stains to track and study demyelinating activity in MS. Thus, we utilized Fourier transform infrared
(FTIR) spectroscopy to generate holistic biomolecular profiles of demyelinating activities in MS brain tissue. Multivari-
ate analysis can differentiate MS tissue from controls. Analysis of the absorbance spectra shows profound reduc-
tions of lipids, proteins, and phosphate in white matter lesions. Changes in unsaturated lipids and lipid chain length
indicate oxidative damage in MS brain tissue. Altered lipid and protein structures suggest changes in MS membrane
structure and organization. Unique carbohydrate signatures are seen in MS tissue compared to controls, indicating
altered metabolic activities. Cortical lesions had increased olefinic lipid content and abnormal membrane structure
in normal appearing MS cortex compared to controls. Our results suggest that FTIR spectroscopy can further our
understanding of lesion evolution and disease mechanisms in MS paving the way towards improved diagnosis, prog-
nosis, and development of novel therapeutics.
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Introduction

Lesion development in multiple sclerosis (MS) is a
dynamic and heterogenous process presenting differ-
ently across patients [18]. This complicates traditional
immunohistochemical studies of human MS brain tissue
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Several stages of demyelinating activity have been
described in MS. In the early phase of MS, active white
matter lesions are characterized by inflammation and
an infiltration of microglia and macrophages, which
can produce reactive oxygen species resulting in oxida-
tive damage to lipids, proteins, nucleic acids, and orga-
nelles such as mitochondria [32]. Inactive white matter
lesions become more abundant in late phases with few
or no microglia and macrophages, decreased inflamma-
tion, and axonal damage [18, 31]. Remyelinated plaques
contain few macrophages, and axons with thinner myelin
sheaths [18]. In cortical tissue, magnetic resonance imag-
ing indicates that demyelination occurs in early-stage MS
[35]. Cortical lesions in MS have been more difficult to
visualize and are associated with progression and dis-
ability [12, 35]. Given the complex evolution of demy-
elination in MS, a robust method for studying global
molecular changes in brain tissue would be of great value
to better understand biochemical changes associated
with disease progression.

Fourier-transform infrared (FTIR) spectroscopy is a
non-destructive technique that can inform on biomol-
ecules including lipids, proteins, phosphate, and car-
bohydrates [3]. Several studies have demonstrated the
utility of infrared spectroscopy for the analysis of brain
tissue [41]. For instance, Noreen and colleagues utilized
FTIR spectroscopy to examine collagen content in brain
gliomas. The authors were able to use chemometric
approaches to discriminate tumor brain samples from
healthy controls. Furthermore, they found that solid and
diffuse tumors could be distinguished with respect to the
secondary structure profiles of fibrillar and non-fibrillar
collagens, respectively [41]. In a study by Gallant et al,,
infrared microspectroscopy was used to analyze creatine
deposits in transgenic amyloid precursor protein mice
[20]. They identified sharp spectral bands in the brain
tissue of transgenic mice that aligned with that of pure
creatine suggestive of altered bioenergetics. Extensive
creatine load was in all transgenic mice, which were sig-
nificantly lower or absent in control mice. Moreso, the
authors showed that similar spectral signatures could
be detected in human Alzheimer’s brain tissue, which
was far less in non-demented tissue [20]. Miller and col-
leagues demonstrated the utility of correlating infra-
red microspectroscopy with that of X-ray fluorescence
imaging in Alzheimer’s disease brain tissue [39]. They
detected elevated B-sheet content in amyloid plaques
using infrared spectroscopy, which colocalized with zinc
and copper as detected by X-ray fluorescence imaging
suggesting a potential role for metal ions in the forma-
tion of amyloid plaques [39]. To date, very few studies
have used FTIR spectroscopy to investigate changes in
human MS brain tissue [14, 33]. An early study by Choo
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and colleagues reported that white and gray matter and
chronic plaques could be discriminated by their lipid
composition and water content [14]. LeVine et al. iden-
tified a reduction in lipids and an increase in oxidative
stress signatures in white matter [33]. Additional studies
utilized biofluids derived from MS patients and detected
metabolic and protein structural changes in blood [15,
29]; and decreased lipids, lipid chain length, proteins, and
lipid saturation in cerebral spinal fluid of relapse-remit-
ting MS patients [60]. Similarly, a study using an experi-
mental autoimmune encephalomyelitis mouse model
of MS found decreased lipid ester carbonyl groups in
lesions [25]. While these studies provide useful insights
into MS-related biomolecular changes, alterations occur-
ring during different stages of demyelinating activity have
not been thoroughly investigated using FTIR spectros-
copy. In this study, we use brain tissue from a cohort of
well characterized MS patients. Lesions in white mat-
ter were staged by their demyelinating activity. We also
interrogated changes in the cortex and cortical lesions
of MS. Our results demonstrate extensive biomolecular
changes of lipids, proteins, phosphate, and carbohydrates
in MS brain tissue, which likely reflects the complex
dynamic evolution of lesions and pathological changes
within diseased tissue.

Materials and methods

Inclusion criteria and sample characterization

This study was approved by the Mayo Clinic institutional
review board (Rochester, MN). All tissue was obtained
from the Department of Neurology at Mayo Clinic (Roch-
ester, MN). We used formalin-fixed paraffin-embedded
(FFPE) autopsy and biopsy brain tissue from patients
diagnosed with MS or control individuals without known
neurological disorders (Supplemental Table 1). Diagnosis
of MS was confirmed by a certified neurologist according
to McDonald or Poser criteria [37, 47]. We included 10
control autopsy cases, and 18 autopsy and 6 biopsy MS
cases (Supplemental Table 1). A summary of the avail-
able clinical information for MS patients is presented in
Supplemental Table 2. The median disease duration was
30 days (range of 10 days to 1.8 months) for MS biopsy
cases and 11.5 years for MS autopsy cases (range of
3 weeks to 28 years). The median age at biopsy or death
was 55.2+16.0 years. Eight MS patients had RRMS, 6
SPMS, 6 monophasic, 1 PPMS, 1 silent MS, and 2 cases
had no available information.

Immunohistochemistry and pathological classification

All FFPE tissue was sectioned at the Mayo Clinic Pathol-
ogy Research Core (Rochester, MN). Consecutive tissue
sections were used for immunochemistry staining and
FTIR spectroscopy. To determine demyelinating activity,
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5 um thick FFPE sections were stained with hematoxylin
and eosin (H&E), and Luxol fast blue and periodic acid
Schiff (LFB/PAS). Immunohistochemistry was performed
with EnVisionTM FLEX immunohistochemistry system
(DAKO), using primary antibodies against neurofilament
(1:800, steam antigen retrieval with citric acid buffer pH
6.0, DAKO, Denmark), myelin proteolipid protein (PLP,
1:500, Serotec, Oxford, UK), myelin associated glyco-
protein (MAG, 1:1000, Abcam), myelin oligodendrocyte
glycoprotein (MOG, 1:1000, Abcam), and CD68 KP1
(1:100, DAKO, Denmark). Demyelinating activity was
staged by the presence of specific myelin degradation
products within myeloid cells as previously described
[6, 44]. Briefly, early active demyelination presented with
myelin-laden macrophages expressing both minor and
major myelin proteins. Late active demyelination exhib-
ited macrophages immunoreactive for major myelin pro-
teins only. Early and late active lesions were grouped for
analysis and referred to as ‘active’ in this study. Inactive
demyelination lacked myelin-laden macrophages. Peri-
plaque white matter (PPWM) denoted non-demyelinated
white matter surrounding the demyelinating plaque.
Remyelination was defined as focal areas with reduced
myelin density and thin myelin sheath. Fully remyelinated
plaques are called shadow plaques. However, partially
and fully remyelinated plaques are referred to as ‘remy-
elination’ in this study. Normal appearing white matter
(NAWM) was defined as non-demyelinated white mat-
ter far away from the demyelinating plaques. Subpial (SP)
cortical lesions were defined as confluent demyelination
extending from the pia to the deeper cortex.

Fourier-transform infrared spectroscopy

Five pm thick tissue sections were mounted onto BaF,
slides (Alkor Technologies, Saint Petersburg, Russia).
The mounted tissue was incubated at 65 °C for 60 min
to melt and remove most of the paraffin. Residual par-
affin was removed using standard xylene and ethanol
rinses. Deparaffinized tissue sections were then stored
in a desiccator for a minimum of 24 h prior to scan-
ning. Fourier-transform infrared spectroscopy was per-
formed on an Agilent Cary 620 microscope coupled with
Cary 670 spectrometer equipped with a 128 x 128 focal
plane array detector (Agilent, Santa Clara, CA, USA).
We used the transmission mode with a spectral resolu-
tion of 8 cm ™! and spatial resolution of 20 um within the
3900-950 cm™! range. Spectral data was collected with
48 scans per pixel. Background spectra was collected
from a clean surface of the BaF, slide, which was used
to subtract atmospheric and beam current changes from
the acquired data. The system was purged using a nitro-
gen stream during data acquisition. Data acquisition was
performed using Agilent Resolution Pro software (v5.2)
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(Agilent, Santa Clara, CA, USA). The tissue area and total
number of ROIs scanned can be seen in Supplemental
Table 3.

Hyperspectral images and pre-processing of spectra
Hyperspectral images were generated in Resolution
Pro software using the average of all raw spectra for
the following regions: amide I, 1700-1600 cm™%; asym-
metric phosphate, 1280-1200 cm™; and total lipids,
3000-2800 cm™!. Pre-processing of spectral data was
performed using Spectroscopy package (v0.4.9) devel-
oped for the Quasar Orange platform (v3.29) running on
Python (v3.11) [16, 56, 57]. The raw spectra were cropped
to 3800-950 cm™'. The spectral region corresponding
to CO, (2400-2250 cm™!) was removed. The spectra
were baseline corrected using the rubber-band method.
Baseline-corrected spectra underwent PCA denoising
using 30 components. The spectra were then processed
using unsupervised k-means clustering (8 clusters) to
help identify and remove background and artifacts. The
spectra were cropped from 3700-2400 cm™! and 1800—
1050 cm™' followed by baseline correction using the
rubber band method. The spectra were integrated and
averaged using the regions listed in Table 1. Ratios were
quantified similarly as seen in [27, 51]. However, rather
than using a single peak intensity, we used the average
integrated area under the absorbance spectra for the cor-
responding regions listed in Table 1. Regions of inter-
est (ROL e.g., lesions, white matter, cortex, etc.) were
selected based on histopathology maps. The absorbance
spectra for each ROI were then averaged. Individuals
presenting with more than one ROI of the same classifi-
cation (e.g., multiple active lesions within the same indi-
vidual) were averaged into a single value (Supplemental
Table 3). For second derivative analysis, the absorbance
spectra were processed using the Savitzky-Golay method
(window size=5 and polynomial order=2) followed by
vector normalization and averaged.

Data analysis

Significant changes between groups of the integrated
spectra and ratios were detected using one-way ANOVA
post hoc Tukey test in GraphPad Prism (v9). Bar plots
and line graphs representing the absorbance and second
derivative spectra, respectively, were generated using
GraphPad Prism. Multivariate analysis was carried out in
R (v4.1.1) using the mixOmics package (v6.18.1) [50]. The
average second derivative spectra from 3000-2800 cm™
and 1800-1050 cm ™! were used for sparse partial least
squares-discriminant analysis (sPLS-DA). The sPLS-DA
models were optimized using fivefold cross-validation
with 100 repeats stratified so each fold contains nearly
equal amounts of samples from each group. For the
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Table 1 Spectral region assignments
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Peak frequency (cm™") Designation Proposed assignment

3027-3000 Total olefin = CH stretching, unsaturated lipids

3000-2800 Total lipids CH, and CHj stretching

2970-2945 Lipids CH; asymmetric stretching, mainly lipids

2930-2905 Lipids CH, asymmetric stretching, mainly lipids

2880-2860 Lipids CH; symmetric stretching, mainly lipids

2860-2840 Lipids CH, symmetric stretching, mainly lipids

1755-1715 Total carbonyl C=0 stretching

1700-1600 Total amide | C=0, and C-N stretching, N-H bending
vibrations of proteins

1670-1650 Amide | Proteins, mainly a-helix

1650-1635 Amide | Proteins, unordered structures

1635-1620 Amide | Proteins, 3-sheet structures

1280-1200 Phosphate PO,- asymmetric stretching vibrations
of RNA, DNA, and phospholipids

1175-1145 Carbohydrates Glycogen, collagen, amino acids, ribose

white matter, three components with 5, 5, and 10 latent
variables were used. Likewise, the cortex sPLS-DA model
used three components with 60, 9, and 80 latent varia-
bles. The area under the receiver operating characteristic
(AUROC) curve was averaged over the cross-validation
process using a one-vs-all comparison [50]. Both the
sPLS-DA plot and AUROC curve were generated using
the mixOmics package.

Results
Fourier transform infrared spectroscopy is sensitive
to different stages of demyelination in MS brain tissue
We used FTIR spectroscopy of MS lesions to get new
insight into biomolecular changes at various stages of
demyelination that is not routinely detected by stand-
ard immunohistopathological approaches. Brain tissue
sections of MS patients containing active, inactive, and
remyelinated lesions were scanned by FTIR spectros-
copy (Supplemental Table 1 and Fig. 1). Routine immu-
nohistochemistry of myelin in control and MS tissues
are depicted in Fig. 1A-D. Corresponding hyperspectral
images of total lipids (Fig. 1E-H) and amide I (Fig. 1I-L)
indicate reduced lipids and amides in MS tissue with
lesions being the most affected compared to controls.
Next, we sought to determine if the spectral profiles
detected at various stages of demyelination were unique
to the MS brain tissue. The absorbance profiles were
converted to second derivative spectra and analyzed by
sparse partial least squares-discriminant analysis (sPLS-
DA) (Fig. 2). The sPLS-DA and AUROC plots (Fig. 2A,
B, respectively) indicate good separation between the
white matter of controls, NAWM, and demyelinated
plaques in MS brain tissue. Thus, FTIR spectroscopy and

multivariate analysis suggest that MS brain tissue exhib-
its unique spectral features that may inform on distinct
biomolecular changes occurring at different stages of
demyelination.

Lipid loss in the white matter reflects demyelinating
activity and altered membrane organization

To evaluate biomolecular alterations at various stages of
demyelination in MS lesions, we interrogated spectral
markers characteristic for lipids, proteins, phosphate,
and carbohydrates. To inform on total lipid content,
we integrated the area under the absorbance spectrum
from 30002800 cm™' (Fig. 3A). The integrated absorb-
ance profiles of total lipids were reduced in MS brain
tissue of inactive plaques (p-value<0.0001), active
lesions (p-value=0.0009), and remyelinated regions
(p-value=0.0013) when compared to control white mat-
ter (Fig. 3B). A significant increase in total lipids was
observed in remyelinated plaques when compared to
inactive plaques (p-value=0.0282; Fig. 3B). Unsaturated
lipids were detected by integrating the olefinic peak
between 3027-3000 cm ™! [8, 48]. A significant decrease
in the total olefinic lipid content was detected in inac-
tive plaques when compared to active lesions, PPWM,
NAWM, and control white matter (p-value=0.0003,
p-value<0.0001, p-value<0.0001, and p-value<0.0001,
respectively; Fig. 3C). The total carbonyl ester (C=0)
content was integrated between 1755-1715 cm ™! and was
significantly decreased in inactive (p-value<0.0001) and
active (p-value=0.0008) lesions when compared to con-
trol white matter (Fig. 3D). Similarly, the carbonyl ester
content in active and inactive lesions was significantly
reduced when compared to NAWM (p-value=0.0008
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Fig. 1 Hyperspectral imaging readily detects regions of demyelinating activity in MS brain tissue. A-D Immunohistochemical staining of myelin
proteolipid protein (PLP). Active demyelination, inactive demyelinated, and remyelinated regions in MS brain tissue are outlined in red, black,
and green, respectively. Hyperspectral images of E-H total lipids and I-L amide | were generated using the absorbance profiles from 3000—
2800 cm ™" and 1700-1600 cm™, respectively. Scale bars are indicative of abundance as determined by absorbance profiles

and <0.0001, respectively) and PPWM (p-value =0.0045
and 0.0002, respectively) regions (Fig. 3D). To further
characterize biological changes occurring in MS white
matter brain tissue, we evaluated ratios that reflect
previously reported biomolecular alterations in tis-
sue, cells, and biofluids. The ratio of total olefin to total
lipids was significantly increased in inactive plaques
(p-value<0.0001), active lesions (p-value<0.0001),
remyelinated regions (p-value=0.0004), and PPWM
(p-value=0.0093) when compared to control white mat-
ter suggesting that the relative amount of unsaturated
lipids is greater in MS brain tissue (Fig. 3E) [2]. Lipid
chain length was assessed using the ratio of total CH,
to total lipids [11]. Compared to controls, we detected
significant decreases in the length of lipid chains in
inactive plaques (p-value<0.0001) and active lesions
(p-value<0.0001) (Fig. 3F). The lipid methyl con-
tent was measured using the ratio of total CHj; to total
lipids [11]. In MS brain tissue, we observed a significant
increase of the relative lipid methyl content of inactive
plaques (p-value=0.0193) when compared to controls
(Fig. 3G). Carbonyl ester content was assessed by the
ratio of carbonyl ester to total lipids [2], which revealed
a significant decrease in active lesions when compared to
PPWM (p-value=0.047), and NAWM (p-value=0.0115)
(Fig. 3H). To further characterize biomolecular changes

in lipids of MS white matter brain tissue, we evaluated
the second derivative spectra to resolve peaks corre-
sponding to asymmetric CH;, asymmetric CH,, symmet-
ric CHj, and symmetric CH, (Fig. 3I). We detected shifts
in the asymmetric and symmetric CH, peaks towards
lower wavenumbers in all MS white matter tissues
with the greatest change in inactive plaques indicating
increased lipid order and reduced acyl chain flexibility
(Fig. 31I) [10, 48]. Collectively, these data show alterations
in the content and structure of lipids in MS brain tissue,
which affects inactive lesions most severely with few to
no changes in PPWM and NAWM when compared to
control individuals.

White matter demyelination is accompanied by protein
reduction and altered secondary structures

Next, we interrogated the amide I region (1700-
1600 cm™!) to look for changes in the content and
structure of proteins (Fig. 4A). Integration of the
absorbance spectra shows a significant reduction of
protein content in active lesions (p-value=0.019),
inactive plaques (p-value<0.0001), and remyelinated
regions (p-value=0.0032) when compared to con-
trol white matter (Fig. 4B). Compared to NAWM and
PPWM, significant reductions in protein abundance
were detected in inactive lesions (p-value<0.0001
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Fig. 2 Multivariate analysis of the second derivative spectra distinguishes between MS demyelinating stages in white matter. The average second
derivative spectra from active and inactive lesions, remyelinated regions, periplague white matter (PPWM), normal appearing white matter (NAWM),
and control tissue were used for PLS-DA. A A PLS-DA plot using three components with 5, 5, and 10 variables selected. Ellipses depict the 95%
confidence interval for each group. B The AUROC curve indicates good separation of different demyelinating stages in MS and control white matter
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using one-way ANOVA with post hoc Tukey test (* p<0.05, ** p<0.01, and *** p<0.001, and **** p <0.0001). Red stars indicate inactive lesions

that were detected in acute cases. Integrated regions were as follows: asymmetric CH,, 2945-2970 cm™'; asymmetric CH,, 2905-2930 cm ™

'

symmetric CH,, 2860-2880 cm™'; symmetric CH,, 2840-2860 cm'; and total lipids, 30002800 cm . Total CH, and CHj is the summation

of asymmetric and symmetric peaks
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and <0.0001, respectively) and remyelinated plaques
(p-value=0.0378 and 0.0212, respectively; Fig. 4B).
We found significant decreases in the ratio of a-helix
to unordered structures in active and inactive lesions
(p-value=0.0002 and 0.0047, respectively) compared
to control white matter (Fig. 4C). Analysis of the sec-
ond derivative spectra for the amide I region revealed
clear differences in peak intensities and protein order
between the various demyelinating stages of MS lesions
(Fig. 4D). Interestingly, inactive plaques were the only
group to have a major shift in their a-helix region
towards lower wavenumbers (Fig. 4D). The appearance
of a shoulder near 1640 cm™' was apparent in MS tis-
sue and was most prominent in active lesions (Fig. 4D).
Additionally, B-sheet structures near 1630 cm™! appear

to be decreased in MS tissue with inactive plaques hav-
ing the most apparent reduction (Fig. 4D). These find-
ings support the notion that protein content is reduced
in demyelinated MS brain tissue and are accompanied
by altered secondary structures of proteins.

Phospholipid disorder is accompanied by metabolic
changes in the white matter

Mitochondrial injury and accompanying energy defi-
ciency and are well associated with MS [32]. To gain
additional insight into potential energy failure and
cellular dysfunction, we examined peaks between
1300-1100 cm™!, which are closely associated with
phosphate and carbohydrates (Fig. 5A) [36]. Integra-
tion of the asymmetric phosphate peak between 1280-
1200 cm™ revealed a significant phosphate decrease in
active plaques (p-value=0.0018) and inactive lesions
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(p-value <0.0001) when compared to controls (Fig. 5B).
The loss of asymmetric phosphate in lesions was partially
recovered in remyelinated plaques but remained signifi-
cantly decreased when compared to controls (Fig. 5B).
Interestingly, second derivative analysis shows no change
in the peak intensity of asymmetric phosphate in active
lesions relative to controls (Fig. 5C). We also observed a
shift of the asymmetric phosphate peak to higher wave-
numbers in MS white matter compared to control white
matter (Fig. 5C). The second derivative spectra further
revealed three peaks near 1170 cm™, 1158 cm™!, and
1125 cm™ ! in the white matter of controls and MS tissue,
which have been associated with amino acids, glycogen,
and ribose, respectively (Fig. 5C) [5, 19]. Intriguingly, the
peak near 1158 cm™! has an increase in inactive plaques,
remyelinated plaques, and NAWM followed by PPWM
in comparison to active lesions and control white matter
(Fig. 5C). Taken together, these results suggest a decrease
of phosphate in demyelinated MS lesions, which may be
accompanied with altered metabolic activity.

Biochemical changes in MS cortex

Cortical demyelination has been linked to cognitive
impairment, disease progression, and atrophy in MS
[35]. However, the relationship between demyelina-
tion in the cortex and biomolecular alterations in MS
remain elusive. Therefore, we used FTIR spectroscopy
to gain insight into biochemical changes occurring dur-
ing cortical demyelination. Histopathological maps and
hyperspectral images of total lipids (3000-2800 cm™)
and amide I (1700-1600 cm™) are in close agreement
revealing the ability of FTIR to detect cortical lesions
(Fig. 6A, B, C, respectively). Unsaturated lipids (olefin/
total lipids) are significantly increased in both periplaque
cortex (PP-Ctx, p-value=0.0168) and subpial cortical
lesions (SP, p-value=0.0208) when compared to con-
trol cortex (Ctrl-Ctx; Fig. 6D). Acyl chain length (total
CH,/total lipids) was significantly decreased in the PP-
Ctx (p-value=0.0113) and SP lesions (p-value=0.0058;
Fig. 6E) when compared to the normal appear-
ing cortex (NA-Ctx). Analysis of the amide I region
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identified two ratios that were significantly reduced
in cortical lesions when compared to control cortex.
The ratio of a-helix to unordered structures (1670—
1650 cm™!/1650-1635 cm™') was significantly reduced
in cortical lesions (p-value=0.0108), while the ratio of
a-helix to B-sheets (1670-1650 cm™!/1635-1620 cm ™)
was reduced in the periplaque cortex and cortical lesions
(p-value=0.0164 and p-value=0.0044, respectively)
when compared to control cortex (Fig. 6F, G). Among 24
MS cases used for cortical analysis six have confounding
neurodegenerative pathology, however, the inclusion or
exclusion of those cases did not influence the conclusions
(see Supplemental Fig. 1).

Analysis of the second derivative spectra revealed
several changes in the MS cortex when compared
to control tissue (Fig. 6H-J). Within the total lipid
region (3000-2800 cm™'), profound peak intensity

decreases in the asymmetric and symmetric CH, were
observed for Ctrl-Ctx, PP-Ctx, and SP lesions when
compared to NA-Ctx (Fig. 6H). In the amide I region
(1700-1600 cm™), the peak intensity of the a-helical
region of MS cortical tissue was decreased when com-
pared to Ctrl-Ctx. Additionally, MS cortical tissue had
a shift in the «a-helix to higher wavenumbers compared
to Ctrl-Ctx (Fig. 6I). We observed reduced asymmet-
ric phosphate peak intensity in MS cortex compared to
controls in the region 1300-1100 cm™! (Fig. 6]). Inter-
estingly, similar to observations in MS white matter, we
observed a substantial increase in the peak intensity at
1158 cm™! of MS cortex when compared to control tis-
sue (Fig. 6]). Analysis of the second derivative spectra
using sPLS-DA show good separation of the Ctrl-Ctx
spectra from MS cortex (Fig. 6K). The PP-Ctx and SP
lesions had the greatest overlap (Fig. 6K), however, the
AUROC curve confirms reasonable separation between
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the groups (AUROC > 0.7 for all groups, Supplemental
Fig. 2). Taken together, FTIR spectroscopy suggest that
alterations in lipids, proteins, phosphate, and carbohy-
drates are present in the MS cortex revealing biomo-
lecular changes associated with cortical demyelination.

Biomolecular heterogeneity in MS lesions detected

by k-means clustering

Lesion heterogeneity in MS is well established [34].
Changes in the biochemical properties of MS brain tis-
sue may impact the function of molecular and cellular
processes involved in the pathophysiology of MS. Using
FTIR spectroscopy and unsupervised machine learn-
ing, we studied three representative MS brain tissues
sections containing active, inactive, and remyelinated
plaques to gain insight into potential biomolecular het-
erogeneity (Fig. 7). Routine PLP immunohistochem-
istry of MS brain tissue identifies active, inactive, and
remyelinated plaques (Fig. 7A-C, respectively). Fourier

transform infrared spectroscopy and unsupervised clus-
tering reveals changes not readily detected by PLP stain-
ing (Fig. 7D-F). In active lesions, three clusters were
identified within the plaque and three were identified
outside of the lesion (Fig. 7D). Integration of the total
lipid region (3000-2800 cm™') indicates variable loss of
lipids within the plaques when compared to surround-
ing white matter tissue (Fig. 7G). In the inactive lesion
(Fig. 7E, H) and remyelinated plaques (Fig. 7F, I) two
clusters were revealed in which the lipid content was
lower. The remyelinated plaque was bordered by a white
matter rim characterized by a lipid content more similar
to that of the cortex, but lower than that of the PPWM
(Fig. 7F, I). Overall, these results demonstrate the ability
of FTIR spectroscopy to detect underlying patterns of
biochemical changes that are not readily detectable by
routine histopathology.
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Discussion

The ability to interrogate the heterogeneity and dynamic
nature of MS lesions in various demyelinating stages will
provide us with greater opportunity to identify new ther-
apeutic targets. Halting or even reversing progression
in MS will require a holistic understanding of changes
occurring in MS lesions. This study demonstrates the
ability of FTIR spectroscopy to identify biochemical
changes of lipids, proteins, phosphate, and carbohydrates
in MS brain tissue. We further establish the use of multi-
variate analysis to discriminate between lesions at differ-
ent stages of demyelinating activity. This study introduces
a framework to characterize features of MS lesions not
identifiable with routine histopathology, which should
help enhance our understanding of disease progression
in MS.

We found that inactive plaques in MS white matter
showed the greatest changes when compared to control
white matter. Similar changes were detected in active
lesions, but to a lesser extent. Likewise, remyelinated
plaques were not as impacted as inactive plaques, which
may reflect structural recovery within shadow plaques.
As expected, a significant decrease in total lipids was
detected in all MS lesions when compared to controls.
Utilizing quantitative ratios previously described in the
literature, we were able to gain additional insight into
lipid changes occurring in MS brain tissue. The degree
of lipid unsaturation was assessed by the olefinic region
[8, 48], and only showed a significant decrease in MS
inactive plaques when compared to control white mat-
ter. However, when normalized to total lipid content a
significant increase in unsaturated lipids were detected
in the PPWM, active lesions, inactive lesions, and remy-
elinated plaques. This suggests that high levels of unsat-
urated lipids are present in MS brains increasing the
susceptibility to attack by reactive oxygen species [53,
60]. Peroxidation of unsaturated lipids has been linked to
the pathogenesis of neurodegenerative diseases [49], and
Haider and colleagues demonstrated increased oxidized
DNA and lipids in active and inactive lesions, PPWM,
and NAWM of MS brain tissue using immunohisto-
chemical markers of oxidation [22]. Products of lipid
peroxidation, including malondialdehyde, have been pre-
viously described in MS active lesions, inactive plaques,
and NAWM [22]. We also assessed the length of the
lipid acyl chain as a marker of lipid degradation [11], and
found significant length decreases in active and inactive
lesions when compared to controls [11]. Furthermore,
we detected a significant increase in the lipid methyl
content of inactive plaques, which has been associated
with increased lipid peroxidation as degradation prod-
ucts will have methyl groups albeit shorter acyl chains [1,
11]. Interestingly, despite having the most profound loss
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of total lipids, inactive white matter lesions still show a
relative increase in unsaturated and methylated lipids,
as well a decrease in lipid length, showing that while
long-standing oxidative damage is a hallmark of inac-
tive lesions, they are still susceptible to new damage by
reactive oxygen species. The lipid changes we report may
also suggest that membrane structure, stability, perme-
ability, and fluidity are affected impacting cellular shape,
signaling, and function [9, 30, 38, 59]. This is highlighted
by band shifts in the second derivative spectra of asym-
metric/symmetric CH, in MS white matter suggestive of
increased lipid order with decreasing acyl chain flexibility
[10, 48], which may have a major impact on myelin adhe-
sion and permeability resulting in demyelination [43].
In vitro models of myelin membranes suggest that altered
lipid composition and abundance of myelin basic protein
can result in structural instabilities [54]. Modified lipid
compositions in myelin membranes may be related to
changes in fluidity and lipid domain distributions, which
can further alter myelin basic protein adhesion and pro-
mote abnormal structures that may increase exposure to
immune system attacks [54]. Thus, changes in the lipid
spectra of MS brain tissue could be reflecting changes in
myelin structure, protein abundance (e.g., myelin basic
protein), and/or lipid composition. Future studies cor-
relating MS etiology with spectral changes detected with
FTIR spectroscopy could greatly aid in the classification
and/or monitoring of therapeutic efficacy in MS.

Similar to lipids, we found that proteins were most
heavily perturbed in white matter inactive plaques
when compared to controls. Significant protein loss was
detected in all demyelinated white matter lesions and
were accompanied by secondary structural changes in
active and inactive lesions. The second derivative spec-
tra of white matter inactive plaques revealed a shift from
1655 to 1652 cm™! indicative of increasing disordered
structures [13, 21, 52]. Compared to control white mat-
ter, active lesions had the most prominent appearance
of a peak near 1640 cm™, which is attributed to random
coil structures in proteins [52]. As the myelin sheath
houses many proteins, it is plausible that demyelination
can disrupt the optimal environment for protein fold-
ing resulting in perturbed structures [24, 46]. Moreover,
endoplasmic reticulum stress, mitochondrial dysfunc-
tion, and oxidative stress in MS can all contribute to pro-
tein dyshomeostasis [4, 23], which have been previously
described in MS blood samples [29], cerebrospinal fluid
[60], and brain tissue [33] using FTIR. These findings
highlight the utility of FTIR spectroscopy to study patho-
physiological changes of proteins in MS.

The asymmetric phosphate band is associated with
nucleic acids, phosphorylated proteins, and phospho-
lipids [61]. However, in the white matter, phosphate is
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predominately found in phospholipids [7]. Thus, changes
detected in the MS white matter asymmetric phosphate
likely reflect changes in phospholipids. In MS white mat-
ter, we detected significant phospholipid decreases in all
stages of demyelinating activity. Moreover, peak shifts in
the asymmetric phosphate band to higher wavenumbers
in MS white matter tissue suggest a reduction in hydro-
gen bonding resulting in increased membrane disorder
(e.g., packing and fluidity) [28, 55]. Thus, the asymmet-
ric phosphate peak may reflect changes in the abundance
and integrity of the myelin sheath in MS brain tissue.

Axonal damage, mitochondrial dysfunction, oxida-
tive stress, and metabolic defects are well described in
MS [32]. As mitochondria accumulate oxidative dam-
age, energy metabolism can shift in part due to reduced
electron transport chain machinery and mtDNA dam-
age [32]. In our study, we observe a rearrangement in
the second derivative spectra of MS white matter near
1158 cm™}, which largely corresponds to glycogen [5].
The glycogen bands in controls and active lesions were
similar. Interestingly, increasing intensity of the glycogen
band is seen in NAWM, PPWM, and inactive plaques. In
the brain, glycogen is primarily stored in astrocytes [42].
Inflammation is most pronounced in active lesions but is
seen throughout the course of MS in regions including
inactive and remyelinated plaques and NAWM [17]. In
astrocytes, mitochondrial metabolic shifts from oxidative
phosphorylation to glycolysis has been associated with
inflammation [26, 40]. Thus, it is plausible that differen-
tial spectral changes in the glycogen band are related to
inflammation, mitochondrial dysfunction, and astrocyte
activation as it relates to various stages of demyelinating
activity.

Pathophysiological mechanisms that result in cortical
demyelination in MS remains elusive. However, gray mat-
ter atrophy can occur prior to and independently of white
matter lesions and serve as a good predictor of neurologi-
cal disability in MS patients [58]. Thus, mechanisms of
cortical demyelination may be different from white mat-
ter demyelination in individuals with MS. In our study,
we observed some similarities between cortical and
white matter lesions including the formation of unsatu-
rated lipids, acyl chain shortening, and protein secondary
structural changes. This may suggest that common mech-
anisms exist affecting both cortical and white matter tis-
sue. One distinct feature in the cortex was an increase in
the intensity of symmetric and asymmetric CH, and CH;
seen in the second derivative spectra for normal appear-
ing cortex. As we did not detect significant changes in the
abundance of total CH, in normal appearing cortex com-
pared to control tissue (Supplemental Fig. 3), intensity
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alterations in the second derivative may suggest that the
structural order of membranes in the normal appearing
MS cortex is perturbed when compared to controls [45].
In the white matter, all CH, and CH; peak intensities
were decreased in MS tissue compared to controls. Thus,
an increase in intensity in the normal appearing cortex
was uniquely suggestive of distinct lipid alterations when
compared to white matter tissue.

While current immunohistological approaches are
informative and have provided invaluable insight into
MS pathogenesis, they can be tedious as numerous
stains are needed to obtain a holistic picture. In this
regard, FTIR spectroscopy is an ideal platform for the
non-destructive analysis of lipids, proteins, phosphate,
and carbohydrates in a single analysis. Importantly,
FTIR spectroscopy can effectively quantify and detect
biochemical and structural changes within MS brain
tissue. However, limiting factors exist that require fur-
ther optimization and/or alternate approaches. For
instance, in this study, cortical changes as detected by
FTIR spectroscopy were less profound and may not
be as suitable to study. Though, optimizing param-
eters including resolution, sample thickness, acquisi-
tion time, and scanning modes may improve sensitivity.
Certain elements including metals that do not absorb
light will require imaging utilizing alternative platforms
such as X-ray fluorescence spectroscopy. As FTIR spec-
troscopy cannot determine changes in specific mol-
ecules, additional targeted analyses may be needed
(e.g., metabolomics). However, we were able to utilize
the second derivative spectral profiles to demonstrate
the feasibility to classify MS lesions using multivariate
analysis by their demyelinating activity and differenti-
ate them from control white matter. Using absorbance
spectra, we can generate hyperspectral images that not
only emphasize the heterogeneity within MS tissue
but can be tailored to look for specific spectral mark-
ers of interest (e.g., acyl chain length, oxidative stress,
structural changes, abundance, etc.). Optimizing these
approaches will help advance the classification, staging,
and interrogation of MS tissue enhancing our under-
standing of MS disease mechanisms and potentially
identify novel therapeutic targets.
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