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Abstract: Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease, with the most
common adult-onset neurodegenerative disorder affecting motoneurons. Although disruptions
in macromolecular conformation and homeostasis have been described in association with ALS,
the underlying pathological mechanisms are still not completely understood, and unambiguous
biomarkers are lacking. Fourier Transform Infrared Spectroscopy (FTIR) of cerebrospinal fluid
(CSF) is appealing to extensive interest due to its potential to resolve biomolecular conformation and
content, as this approach offers a non-invasive, label-free identification of specific biologically relevant
molecules in a few microliters of CSF sample. Here, we analyzed the CSF of 33 ALS patients compared
to 32 matched controls using FTIR spectroscopy and multivariate analysis and demonstrated major
differences in the molecular contents. A significant change in the conformation and concentration of
RNA is demonstrated. Moreover, significantly increased glutamate and carbohydrates are found in
ALS. Moreover, key markers of lipid metabolism are strongly altered; specifically, we find a decrease in
unsaturated lipids and an increase in peroxidation of lipids in ALS, whereas the total amount of lipids
compared to proteins is reduced. Our study demonstrates that FTIR characterization of CSF could
represent a powerful tool for ALS diagnosis and reveals central features of ALS pathophysiology.

Keywords: Amyotrophic lateral sclerosis; biomarker; cerebrospinal fluid; Fourier-transform
infrared spectroscopy

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized
by the degeneration of upper descending cortical neurons and lower motoneurons located
in the brainstem and spinal cord [1]. This results in progressive muscle paresis not only
in the legs and arms but also in the thoracal and bulbar regions. Histopathologically,
aggregates containing the TAR DNA-binding protein (TDP)-43 can be found in neurons [2],
and a spreading pattern of those aggregates over the central nervous system has been
proposed [3]. The pathomechanisms underlying ALS are only poorly understood at the
moment [4,5]. About 90% of ALS patients are sporadic, while the remaining 10% of cases
are inherited forms called familial ALS. Mutations in more than 10 genes have been shown
to cause familial ALS but can also be detected in up to 15% of sporadic patients, including
SOD1 (superoxide dismutase 1) [6], TDP-43 [2], FUS (fused in sarcoma) [7], and C9orf72
(chromosome 9, open reading frame 72) [8]. Accumulating evidence indicates that different
mechanisms are responsible for the death of motoneurons in ALS, such as the deposition
of insoluble aggregated, phosphorylated and cleaved TDP-43 protein in the cytoplasm of
motoneurons, impaired autophagy, disrupted axonal transport and dysregulated RNA
metabolism [9]. Interestingly, patients often show hypermetabolism starting before the
onset of motor symptoms, involving marked changes in lipid and glucose metabolism [10].
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Up until now, no fully specific biological markers for ALS have been identified [11].
Diagnosis depends on recognizing a characteristic clinical constellation that includes both
upper and lower motor neuron degeneration as well as progressive motor dysfunction after
careful exclusion of other conditions. Neurofilaments (light (Nf-L) and phosphorylated
heavy chain (pNfH)) are elevated in serum and cerebrospinal fluid (CSF) in ALS patients
and have a 90% sensitivity and specificity for the diagnosis of ALS in clinically pre-selected
patient cohorts [12]. However, they are also elevated in other neurodegenerative diseases,
such as Parkinson’s syndrome and dementia. The level of neurofilaments in ALS corre-
sponds with disease progression, meaning that high levels indicate a fast progression and
low levels a rather slow progression [13–15]. Other biomarkers, such as p75ECD [16] and
chitotriosidase 1 [17], have been proposed but are not yet widely used in clinical practice.

Therapy has long been limited to symptomatic treatments and the glutamate inhibitor
riluzole, which has moderate effects on survival. Recently, new therapeutic approaches
targeting oxidative stress (e.g., edaravone [18]), mitochondria and endoplasmatic reticulum
(e.g., sodium phenylbutyrate and taurursodiol [19]), as well as antisense oligonucleotides
targeting specific gene mutations (e.g., tofersen [20]), were shown to have some effect on
disease progression, but so far no therapy has been able to stop or even cure ALS. Thus,
there is a great need to better understand the pathomechanisms involved in ALS as well as
to identify more reliable biomarkers for diagnosis and estimation of disease severity.

Evaluation of the CSF is part of the standard diagnostic workup for ALS, mainly to
exclude other conditions. The CSF is particularly interesting since it is in direct contact
with the affected neurons and thus contains specific fingerprints of the pathological process.
This is already well established for Alzheimer’s disease [21] (elevated tau and decreased
Amyloid-beta-42) and Parkinson’s disease [22] (decreased alpha-synuclein), for example.
Moreover, in ALS, several interesting specific findings in the CSF have already been re-
ported [23]. Interestingly, several studies have found cytotoxic effects of CSF from ALS
patients [24,25], suggesting a role for the CSF itself in ALS pathogenesis.

Synchrotron-based Fourier-Transform Infrared Spectroscopy (SR-FTIR) is a non-destructive,
well-established technique that enables the association of vibrational peaks of the IR
absorption spectra with specific chemical groups. This allows the characterization of
specific bio-macromolecules (nucleic acids, carbohydrates, proteins, lipids) in cells, tissues
and body fluids [26]. Due to the synchrotron infrared source, which is up to 1000 times
brighter than a conventional thermal source, a higher spatial resolution and spectral
quality can be achieved compared to classic FTIR. Combined with multivariate analysis
and principal component analysis (PCA), SR-FITR is a potent diagnostic tool to achieve
a rapid spectroscopic fingerprint of a sample containing information on the composition
and structure of all main biomolecules and to compare different spectral data sets for
discriminant features. A big advantage of FTIR is that invasive preparation protocols,
denaturation of the essential bio-macromolecules, and other chemical changes caused by
usual drying or fixation protocols are avoided. Previously, we provided SR-FTIR analysis
of single astrocytes in a rat SOD1-model for ALS [27], as well as recently analyzing the
co-localization of lipids with metals in the same model [28]. In another work, misfolded
TDP-43 could be detected in human CSF samples with reasonably high specificity and
sensitivity using an immune-infrared sensor [29]. FTIR of human tear fluid showed a
highly specific spectral pattern that discriminated ALS patients from healthy controls [30].

Here, we present a comprehensive SR-FITR analysis of CSF from ALS patients in
comparison to age-matched controls. The goal of the study was to determine the spe-
cific biomolecular fingerprint of ALS in CSF in order to obtain more insights into the
pathophysiology and explore the method as a putative biomarker and diagnostic tool.

2. Materials and Methods
2.1. CSF Sampling

CSF was collected at the clinic for neurology at the University of Medicine Göttingen
(UMG), Germany. Permission from the local ethics committee was given prior to the
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initiation of the study (Ethics Committee of the UMG, No. 13/11/12). Written consent was
obtained from all patients. The study conforms to the Code of Ethics of the World Medical
Association (Declaration of Helsinki).

Lumbar puncture was performed according to standard procedures, and 10 mL of CSF
per patient were collected in polypropylene tubes. One 2 mL CSF sample together with a
corresponding serum sample was evaluated in the local CSF lab at UMG for analysis of
routine CSF parameters, including leukocyte and erythrocyte count, total protein, albumin,
lactate, concentrations and CSF/serum quotients of IgG, IgM and IgA, as well as oligoclonal
bands. Samples with a leukocyte count > 6/µL or a red blood count > 20/µL in routine
testing were excluded from the study. The remaining 8 mL of all samples were immediately
centrifuged (within 30 min after collection) at 2000× g at 4 ◦C for 20 min and frozen at
−80 ◦C until further analysis. Frozen samples were collectively transported on dry ice
from Göttingen to the ALBA synchrotron facility in Barcelona, Spain, where SR-FTIR was
performed at the MIRAS beamline (project AV 2019093794). A volume of 3 µL of the CSF
was placed on 0.5 mm thick CaF2 glass prior to the measurements.

2.2. Participants

CSF from 33 ALS patients and 32 age- and gender-matched controls were included
in the study. For ALS patients, the diagnosis was at least “clinically probable laboratory
supported” according to the revised El Escorial criteria [31]. They were arbitrarily recruited
from the available patient pool of the out- and in-patient clinics. All patients underwent
a thorough clinical work-up, including electrophysiological testing (electromyography,
neurography, evoked potentials), MRI of the brain and spinal cord, and blood laboratory
testing. Several follow-up visits confirmed the diagnosis and disease progression. Patients
were classified as “bulbar” or “spinal” depending on the region that was affected first.
Clinical symptoms were rated using the revised ALS Functional Rating Scale (ALSFRS-
R) [32]. The ALSFRS-R Slope was calculated by dividing the number of ALSFRS-R points
lost at the time point of lumbar puncture by the disease duration since the first symptom
onset (paresis, muscle atrophy, dysarthria, or dysphagia) in months. In all but one patient,
the neurofilament phosphorylated heavy chain (pNfH) in the CSF was evaluated.

As controls, CSF was drawn from 32 age- and gender-matched subjects who presented
with neurological disorders other than ALS. They received a lumbar puncture mainly
for other conditions (e.g., headache, dizziness, polyneuropathy, syncope) as exclusion
diagnostics. A few patients with typical ALS mimics, such as spinal muscular atrophy (1),
cerebellar ataxia (1), polyneuropathy (5), multiple sclerosis (2) and spinal canal stenosis
(1), were also included in the control cohort since they constitute the usual patient group
that qualifies for differential diagnosis of motoneuron disease. It was made sure that
the basic CSF parameters, including leucocyte cell count, erythrocytes, protein, lactate
and intrathecal Ig-synthesis, were in the normal range for all control patients, therefore
excluding severe inflammatory conditions of the CSF.

Patient characteristics, including basic CSF parameters, are shown in detail in Sup-
plementary Table S1 in the supporting material. Taken together, the mean age of the ALS
patients was 63 ± 9 years, as compared to 61 ± 15 years for the control patients. Of the
33 ALS patients, 21 were male (63.6%) and 12 were female, while of the 32 control patients
19 were male (59.4%) and 13 were female. This corresponds very well with the previously
published epidemiological data of ALS [33] in a broader population where age and gender
are very similar and distributed to our study population. Nine of the 33 ALS patients had a
bulbar onset (27%), which is more than expected in the broader population (around 15%
of all ALS patients). At the time of the lumbar puncture for the ALS patients, the mean
disease duration was 16 ± 15 months (range 3–72 months), the mean ALSFRS-R score
was 40 ± 6 points (out of 48 points) (range 18–47), and the mean ALSFRS-R Slope was
1 ± 0.6 points per month. (range 0.1–2.6) With regards to pNfH in the CSF, the mean value
of the ALS patients was 3220 ± 2466 pg/mL, the median was 2319 pg/mL and the range
was 244–10,518 pg/mL (the norm was 62–553 pg/mL) [12]. Three of the included ALS
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patients (10%) showed a repeat expansion mutation in the C9orf72 gene; no other genetic
mutations were found in the study population.

Basic CSF parameters were unremarkable for both groups. ALS patients had a mean
leukocyte count of 1 ± 1 cells/µL (range: 0–6), a mean total protein concentration of
430 ± 153 mg/L (range: 243–949), a mean albumin quotient of 7 ± 3 (range: 3.6–17.9)
and a mean lactate of 2 ± 0.4 mmol/L (range: 1.4–3.6). Control patients had a mean
leukocyte count of 1 ± 1.4 cells/µL (range: 0–5), a mean total protein concentration of
485 ± 209 mg/L (range: 176–1142), a mean albumin quotient of 8 ± 4.4 (range: 2–23) and a
mean lactate of 2 ± 0.2 mmol/L (range: 1–2).

2.3. Synchrotron-Based FTIR Analysis

The SR-FTIR measurements were conducted at the MIRAS beamline at the ALBA
synchrotron, Barcelona, as the synchrotron light was used as the infrared light source,
coupling with the 3000 Hyperion microscope coupled to a Vertex 70v spectrometer and a
liquid nitrogen-cooled mercury cadmium telluride (MCT) detector. The spectroscopic data
were collected in transmission mode using the 36X Schwarzschild objective and condenser
and an aperture size of 10 µm × 10 µm. Overall, 4–6 repetitions per measurement per
sample were made, and average spectra are presented. The data were collected in the
4000–800 cm−1 mid-infrared range at a spectral resolution of 4 cm−1 with 256 co-added
scans per spectrum. The OPUS 8.2 (Bruker, Ettlingen, Germany) software package was
used for data acquisition.

Atmospheric subtraction, rubber band baseline correction and vector normalization
were performed for each single spectrum. For easier interpretation, three different areas
were analyzed: the 3050–2800 cm−1 lipids area, 1800–1480 cm−1 proteins and esters region,
and 1480–900 cm−1 nucleic acids and carbohydrates region. The positions of the peaks in
the spectral analysis were determined using the second derivative method by the Quasar
software (Bioinformatics Laboratory of the University of Ljubljana, Slovenia [34], Version
1.7.0 with the spectroscopy package [35]), and it was also used to perform the principal
component analysis (PCA) and peaks deconvolution.

The ratios of bands characteristic for lipid oxidation were calculated for asymmetric
CH2 (2900–2945 cm−1) and CH3 groups (2945–2990 cm−1). The integrated areas for total
proteins (1500–1700 cm−1), lipids (2800–3050 cm−1) and asymmetric CH3 were calculated by
integration of assigned areas. The deconvolution of the amide I and II and ester area (1800 to
1530 cm−1) of SR-FTIR spectra was performed by using least-squares iterative curve fitting
to Gaussian line shapes in Quasar software. Spectral analysis where the second derivative
was performed (21 smoothing points, 3rd polynomial order and vector normalization), e.g.,
for the fingerprint region, was only vector-normalized, as this normalization technique
does not require a reference peak [26].

Statistical tests were performed using the Student’s t-test in the OriginPro 2019 soft-
ware (Northampton, MA, USA). Differences were considered significant with p < 0.05.

3. Results
3.1. Comparison of Complete Spectra

We performed SR-FTIR with the CSF of 33 ALS patients and 32 controls. After the
deposition of CSF samples on the IR transparent CaF2 support and excess water evapora-
tion, the CSF fluid displayed a typical fern-like morphology (Figure S1), surrounded by an
amorphous drop border. The complete FTIR averaged spectra of the CSF samples of ALS
and the control group in the region 4000–900 cm−1 are depicted in Figure 1, with the major
bands annotated.
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Figure 1. The complete FTIR averaged spectra of the region 4000–900 cm−1 of control CSF (black) and
ALS samples (red). All spectra were baseline corrected and normalized, N = 32 and 33, respectively.
The major bands are assigned.

In order to analyze in detail all relevant biomolecules, we split the spectra into two
major parts: the fingerprint area (900–1800 cm−1) and the lipid part (2800–3000 cm−1).
Further, the fingerprint area is divided into two smaller groups: the proteins and ester
group (1480–1800 cm−1) and the nucleic acids and carbohydrates group (900–1480 cm−1)
(Figure 1).

In the so-called fingerprint area, we describe the main bands associated with nucleic
acids, i.e., phosphate molecule vibrations (DNA ~1030 and 1220 cm−1) [36] and RNA
(~1120 cm−1) [37] and also the COH deformation band and C–O stretching bands of carbo-
hydrates (~1056, 1078 and 1150 cm−1, respectively) [36]. The main protein bands Amide I
and Amide II ~1660 and 1540 cm−1 are analyzed in the second part of the results, and the
exact band position is determined by the backbone conformation and the hydrogen bond-
ing pattern, thus resolving the secondary structure of proteins. Finally, lipid metabolism is
presented in the third part as associated with C–H band vibrations in the range of 2800–3000
and 1455 and 1340 cm−1, as well as the carboxyl and carbonyl groups (1400 and 1740 cm−1,
respectively) [36].

3.2. “Fingerprint” Area of the CSF Spectra

The spectral range between 900 and 1800 cm−1 is very complex due to the coinciding
different biomolecules, such as carbohydrates and phosphates, which are constituent parts
of the nucleic acids, i.e., RNA and DNA, but could also reflect biochemical processes such as
phosphorylation and glycosylation. In this so-called “fingerprint area”, several bands were
significantly different in the CSF of ALS patients in comparison to control samples. To make
precise peak positions, the second derivative was performed on the assigned area, which
includes proteins, esters, nucleic acids and carbohydrates as shown in Figure 2A. Major
differences were observed concerning the bands assigned in Figure 2B. The ALS samples
showed more pronounced peaks at ~1665, 1587, 1445, 1254, 1120, 1030 and 920 cm−1. These
bands are associated with Amide I (a characteristic H–N–C=O bond within proteins), the
amino acid glutamic acid or glutamate (Glu, according to the NIST standard and [38]), the
DNA band, the RNA band, carbohydrates and the Z-conformation of DNA, respectively.
On the other hand, the control samples had more pronounced carbonyl groups (band
at ~1740 cm−1), β-sheet structure (1635 cm−1) and carboxyl groups at 1400 cm−1. The
band at ~1110 cm−1 is connected to different carbohydrate moieties such as ribose and
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deoxyribose [39] and/or phosphate [30]. The band of COH deformation at 1052 cm−1, in
sugars, and the band at 970 cm−1, assigned to phosphorylated proteins, were also higher
in control CSF samples (Figure 2B).
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Figure 2. The averaged FTIR spectra (A) and second derivate of the finger print region 1800–900 cm−1

(B) of the FTIR averaged spectra of ALS (red) and control (black) CSF samples (N = 33, 32, respectively).
The main peaks are denoted. (C) A scatter plot represents the PCA analysis of the first and second
principal components; the graph in (D) shows the contribution of individual absorbance to the PCAs
(loading values) of the first two principal components, PC1 and PC2.

The PCA analysis (Figure 2C,D) showed the PCA score segregation mostly over the
PC1. The first principal component pointed out the differences mainly in the secondary
protein structure, with the minima at 1653 and 1545 cm−1 (both assigned to α-helix)
abundant in the control samples and the maxima (1695 and 1580 cm−1, β-antiparallel
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structure and amino acid Glu, respectively), present mostly in ALS samples. Besides, the
control samples showed more pronounced bands at 1101 and 1063 cm−1, corresponding to
the nucleic acids and the –CO–O–C stretching band in cholesterol esters [36], respectively.
The peak at ~1101 cm−1 pointed out differences in the process of DNA methylation [40].
On the contrary, the maxima at 1082 cm−1 associated with phosphate symmetric stretching
vibrations and at 1124 cm−1 corresponding to RNA, as well as the band at ~920 cm−1,
associated with the Z-form of DNA [41], are linked with the ALS samples (Figure 2D).

The PC2 describes 20% of the total variability in the “fingerprint” area and points
towards differences mainly at 1652, 1545 and 960 cm−1. The band at ∼960 cm−1 is assigned
to γas-N(CH3)3− the vibration of choline, and it was more prominent in the control spec-
trum in comparison to ALS samples (Figure 2D). Choline and its metabolites are, besides
their role in maintaining the structural integrity of the cell membrane, part of acetylcholine,
which is the essential neurotransmitter at the neuromuscular junction. Since the neuro-
muscular junctions are among the first cellular sites to be affected by degeneration in ALS,
one could assume reduced acetylcholine levels in ALS patients. Our data indeed showed
a decrease of choline in ALS CSF, corresponding to a decrease of the area under the peak
from 0.49 ± 0.4 to 0.38 ± 0.3; however, this change was not statistically significant.

3.3. Nucleic Acids, Carbohydrates and Phosphates

Additionally, to go more in detail and evaluate the bands of the region of the nu-
cleic acids and carbohydrates, we performed the deconvolution of the area from 900 to
1180 cm−1, where the main peaks at ~930, 980, 1035, 1080, 1105, 1120 and 1160 cm−1 were
evaluated. The wave number ~930 cm−1 corresponds to bands related to the Z-form, a
conformationally changed form of DNA [41]. The wave number ~984 cm−1 could be
assigned to uracil ring motions of RNA [42] or phosphorylated proteins [36]. The C–OH
stretching vibration at ~1030 cm−1 corresponds to nucleic acids [36], while the band at
~1080 cm−1 is more complex and could be assigned to PO2

− symmetric stretching vibra-
tions (~1085 cm−1) and C–C movement in carbohydrates (peak at 1078 cm−1) [36]. The C–O
stretching vibration of the ribose ring of RNA corresponds to the peak at ~1120 cm−1 [37]
and the C–O of proteins and carbohydrates (1160 cm−1) [42].

The deconvoluted peaks revealed a significant difference at the bands 984 cm−1

(Figure 3B) and 1078 cm−1 (Figure 3C). Interestingly, the band at 1078 cm−1 assigned to
carbohydrates [36,39] was significantly higher in ALS samples, indicating a difference in
carbohydrate content in ALS.

RNA-specific infrared absorptions at 1125 (±7 cm−1) and 984 cm−1 [43] are particular
peaks considered diagnostic of the contribution of RNA in the nucleic acid backbone
vibrations [43–45]. Both these peaks showed significant changes for the calculated area at
984 cm−1 (Figure 3B) and the peak position at 1120 cm−1 (Figure 3D), suggesting changes
in RNA metabolism and a significant decrease of the whole RNA amount in ALS samples.
A significant difference was observed in the peak position (shifted to a lower wavenumber)
in ALS samples in comparison to control samples, pointing out changes in the structure.
Consequently, the ratio of DNA vs. RNA was higher in ALS samples, where RNA quantity
was calculated as the area under the peak at 1120 cm−1 and DNA area under the band at
1220 cm−1, almost reaching significance (p = 0.059) (Figure 3E).
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fit of the region 1180–900 cm−1. (B) Integrated area under the peak at ~984 cm−1 (red dash line).
(C) Integrated area under the peak at ~1078 cm−1 (violet dash line); (D) the RNA peak position was
calculated; (E) the ratio of the integrating area of the RNA peak band at 1120 cm−1 and the DNA
(band at 1220 cm−1). (ALS N = 33, Control N = 32). p < 0.05 represents a significant difference.

3.4. Proteins

The FTIR spectra from Amide I and Amide II, as well as the ester groups (~1740 cm−1),
are presented in Figure 4A. The spectral profiles of Amide I and II differed significantly.
As shown in Figure 4A, the spectra of ALS samples changed shape at ~1580–1590 cm−1

in comparison to control samples. This peak shoulder corresponds to free amino acid
side chains, specifically glutamate and/or aspartate [38]. The PCA analysis showed main
differences over PC1 (Figure 4B), and bands at ~1705 and 1740 cm−1 were more pronounced
in the control, while 1585 and 1657 cm−1 were more prominent in ALS samples (Figure 4C).
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Figure 4. The complete FTIR averaged spectra of Amide I and Amide II and ester groups in the
region 1480–1700 cm−1 (A) of ALS (red) and control (black) CSF samples (N = 33, 32, respectively).
(B) Scatter plot represents the PCA analysis, where the first and second principal components are
plotted. (C) The contribution of individual absorbance to the PCAs (loading values) of the first two
principal components, PC1 and PC2.

To the extent of protein analysis, the second derivative of the spectral range 1480–1800 cm−1

was calculated, and it showed changes in the specific secondary structure of proteins
(Figure 5A). The most prominent bands in the CSF samples appear at 1740, ~1671, ~1662,
~1630, 1585, 1547 cm−1 corresponding to carbonyl groups, α-helix, turn and loops, β-sheet
structures, and free amino acid side-chains [46,47], respectively. As assigned in Figure 5A,
these bands differ between the two groups. In the Amide I area, the shape of the main
peak around 1670 cm−1 was clearly different in ALS CSF samples. To find differences in
sub-peak content, the protein region was analyzed in detail after the deconvolution of that
area (Figure 5B). In that area, the second derivative showed hidden peaks, which were
different from the control ones. After all spectra deconvolution, significant differences were
found in the Glu amino acid side chains, as presented in panel 5C. The control samples
showed a small peak at 1662 cm−1, which was lacking in the ALS samples.
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Figure 5. The second derivate of the spectral region 1480–1700 cm−1 of the FTIR averaged spectra
of ALS (red) and control (black) CSF samples (A). An example of FTIR deconvoluted spectra of the
CSF area of proteins fits the region 1520–1780 cm−1 (B). Secondary protein structure assignments
of Amides I and II and ester groups are shown in different colors: bands corresponding to peaks at
~1740 cm−1 carbonyl group (brown line), ~1725 cm−1 carboxyl group (red), ~1690 cm−1 anti-parallel
β-sheets (orange), ~1665 cm−1 (green) turns and loops and α-helix structures, ~1635 cm−1 parallel
β-sheets (blue), and ~1585 cm−1 free amino chains (yellow). Integrated area under the peak at 1585
(yellow dash line). (ALS N = 33, Control N = 32) (C). p < 0.05 represents a significant difference.

3.5. Lipids

In the region of lipids, the main differences concern the bands at ~2870 and ~2960 cm−1

assigned to νsCH3 and νasCH3 [36] (marked with arrows in Figure 6A). The PCA showed
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the main segregation over the PC1 (Figure 6B), and the loading plots confirmed the wave-
lengths of 2854 cm−1 assigned to νsCH3 and 2957 cm−1 assigned to νasCH3.

1 
 

 
Figure 6. The averaged FTIR spectra of the lipid region 2800–3050 cm−1 of ALS (red) and control
(black) CSF samples (N = 33, 32, respectively). Bands at ~2870 (red arrow) and ~2960 cm−1 (black
arrow) are assigned to νsCH3 and νasCH3, respectively (A). Scatter plot represents the PCA analysis
of the first and second principal components (B) and the contribution of individual absorbance to the
PCAs (loading values) of the first two principal components, PC1 and PC2 (C). Ratio calculated of
the integrated area of asymmetric CH2 vs. CH3 bands (D), asymmetric CH3 bands (E), unsaturated
C=C bands (3000–3050 cm−1) (F), and the ratio calculated of the integrated area of total lipids and
proteins (G).
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The calculated ratio of the two asymmetric bands CH2 and CH3 and important pa-
rameters for lipid peroxidation or oxidative stress estimation are presented in Figure 6D.
This ratio was significantly higher in the ALS samples, which is a direct consequence of
the lower asymmetric CH3 band in those samples (Figure 6E). Furthermore, the amount of
unsaturated C=C bands significantly dropped in the ALS samples in comparison to the
control (Figure 6F).

Besides, the calculated ratio of the integrated area of total lipids and proteins, which
represent their relative concentrations, is shown in Figure 6G, and the ALS samples exhib-
ited a significantly lower ratio.

3.6. Subgroup Comparisons

We speculated that age or sex might have a significant effect on the FITR spectra;
however, this was not the case in our cohort, as shown in Supplementary Figures S2 and S3.

High neurofilament levels in the CSF are correlated with a more aggressive course of
ALS [13–15]. Thus, we analyzed changes comparing CSF samples from patients with rela-
tively high (pNfH > 5000 pg/mL) versus low neurofilament (pNfH < 2000 pg/mL) levels in
the CSF and control samples. Indeed, the spectra of patients with high pNfH were clearly
more different from the control than the low pNfH samples, indicating more pronounced
changes on the molecular level (Supplementary Figure S4). Significant differences were
found particularly for carbohydrates at 1078 cm−1, and also for Glu/Asp at 1587 cm−1, and
a significantly lower concentration was found in control samples for both macromolecules,
as presented in Supplementary Figure S4C,D, respectively. These findings fit well with the
assumption that higher neurofilament levels indicate a more intensified disease pathology.

No significant differences for specific bands could be detected for fast (ALSFRS-R-
Slope > one point per month (incl. 1)) versus slow (ALSFRS-R Slope < half points per month)
clinical progression as assessed by the ALSFRS-R (Supplementary Figure S5). However,
there were some very interesting trends. Similarly, there were no significant differences
when comparing the early (<11 months after symptom onset) and later (>11 months after
symptom onset) stages of the disease (Supplementary Figure S6). This finding suggests
that the molecular changes found in this study represent a specific fingerprint of ALS
pathophysiology independent of the disease state.

Interestingly, we found significant differences between patients with the spinal vs. bul-
bar subtype of ALS, particularly regarding the protein structure (Supplementary Figure S7).
There was a significant difference in the α-helix band (~1664 cm−1), which was significantly
higher in bulbar patients, while the β-turn and loops band (~1680 cm−1) was significantly
more pronounced in samples from spinal ALS patients.

4. Discussion

In this study, sixty-five CSF samples collected from ALS and control subjects were
compared in order to analyze biomolecular changes using SR-FTIR spectroscopy. The
analysis showed significant differences in the nucleic acids, carbohydrates, proteins and
lipid metabolism in ALS samples in comparison with the control samples.

4.1. Nucleic Acids and Carbohydrates

Regarding the nucleic acid status, we found significant changes regarding the RNA-
specific IR spectral bands at 1120 cm−1 and 984 cm−1, which are particular peaks considered
diagnostic of the contribution of RNA in the nucleic acid backbone vibrations [43–45]. Our
findings imply a decrease in the total amount of RNA in ALS CSF as well as specific
changes in RNA metabolism. The position of the RNA peak was significantly shifted in
ALS samples, indicating a three-dimensional conformation transition of RNA [48], which
might be functionally relevant as RNA must fold into an accurate conformation for its
proper function. Thus, the infrared spectral signature of the RNA is important to evaluate,
as the shift in the RNA maximum absorption reflects the structural and conformational
change of each biomolecule.
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In recent years, it has become evident that RNA dysregulation plays a key role in
ALS pathogenesis. The main ALS genes, TARDBP, FUS and C9orf72, are all strongly
involved in RNA metabolism processes such as mRNA transcription, alternative splicing,
RNA transport, mRNA stabilization and miRNA biogenesis [49,50]. Aberrant expression,
dysfunction and particularly the aggregation of a group of RNA-binding proteins, including
TDP-43, FUS and RBM45, are associated with several neurological disorders. These three
disease-linked RNA-binding proteins all contain at least one RNA recognition motif [51].

Accordingly, the ratio of DNA vs. RNA relative concentration was higher in ALS
samples. A very similar pattern was detected for phosphate assigned to nucleic acids
earlier in astrocytes of the ALS SOD1-mouse model [27,28,52] and also recently in the tear
fluid of ALS patients [30]. Very analogous results were found in the CSF of patients with
multiple sclerosis; also, it was reported that the Z-form of DNA was found in samples from
multiple sclerosis patients [53], thus suggesting a comprehensive role of the Z-form of DNA
in different neurodegenerative diseases.

Regarding the carbohydrates, the band at 1078 cm−1 was significantly higher in ALS
samples, implying differences in carbohydrate metabolism. A previous similar finding in
tear fluid was interpreted as a higher degree of glycosylation (and phosphorylation) of tear
lipids and proteins in ALS [30]. Our finding fits very well with the known dysregulation
of glucose metabolism in ALS [54]. Several studies using FDG-PET imaging of the cen-
tral nervous system (CNS) in ALS patients have demonstrated a local glucose neuronal
hypometabolism in the motor cortex attributed to the degeneration of the motoneurons,
while glucose hypermetabolism was found in many other regions of the CNS, including the
midbrain, cerebellum and spinal cord, which has been ascribed to activation of microglia
and astrocytes [55]. Animal studies have revealed a reduction in glycolytic enzyme activity
and a reduced amount of glycolytic metabolites in neurons in ALS model systems. It is thus
possible that the increased concentration of carbohydrates found in the ALS CSF samples
reflects this impairment of glucose metabolism in ALS.

4.2. Proteins

Interestingly, in the protein area, the band at ~1585 cm−1 was significantly higher in
the CSF samples from ALS patients than in control CSF, pointing to an enrichment in the
amino acids glutamate or aspartate [38,56,57].

Inconsistent results on glutamate levels in the CSF of ALS patients have been published.
While a small study in 17 ALS patients did not detect higher values of glutamate or other
major amino acids in the CSF [58], a larger study in 377 ALS patients found significantly
increased glutamate levels in the CSF in more than 40% of the examined ALS patients [59].
Furthermore, it was reported that in severely progressing ALS cases, serum glutamate
and aspartate levels were increased [60]. Since glutamate was one of the most significant
findings in our study, one can assume that the high sensitivity of FTIR enables the detection
of glutamate changes in an even larger group of patients and thus underlines the importance
of glutamate changes in ALS pathophysiology.

L-glutamic acid, L-glutamine and L-alanine are the most abundant amino acids in
the CSF (50–55% of total amino acids) [61]. Various studies have focused on the study
of amino acid neurotransmitters in the CSF, and glutamate has been considered the best
candidate to follow ALS disease progression [62]. Glutamate is known to be the major
neurotransmitter of the corticospinal areas and certain spinal cord interneurons [13], but it
is also thought to be a potentially neuro-excitotoxic compound. This is underlined by the
fact that the well-established therapy riluzole primarily works via glutamate antagonism. A
systemic defect in glutamate metabolism may underlie at least certain forms of ALS [57,63].
Changes in glutamate concentration in body fluids may be caused by abnormalities in
the transport or activity of key enzymes in glutamate metabolism, which were shown
to be at least partly induced by other neurotoxic agents detectable in the body fluids of
ALS patients [64]. As amino acids in the CSF are derived from brain tissue and as the
enzyme glutamic oxaloacetic transaminase (GOT) catalyzes the conversion of L-aspartate
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to L-glutamate, abnormal biosynthesis or degradation of this enzyme could influence
glutamate concentration [60]. Accordingly, it was shown before in other neurodegenerative
diseases, e.g., Alzheimer’s disease, that CSF L-glutamine levels were higher compared to
control CSF as a consequence of altered GOT enzyme activity [61,65].

4.3. Lipids

FTIR data of the lipid area showed a significantly decreased concentration of asymmet-
ric vibration of the CH3 band in ALS in comparison to the control (Figure 6). Consequently,
the ratio of the asymmetric bands CH2 and CH3 was increased in the ALS samples, indicat-
ing altered lipid metabolism, increased formation of lipid vesicles [27], and/or enhanced
lipid peroxidation. Moreover, the amount of unsaturated C=C bands was significantly
decreased in the ALS samples in comparison to the control.

These results could be a consequence of the high rate of lipid metabolism in ALS,
leading to high cell lipidic (or membrane) turnover [66–69]. It is well established that lipid
metabolism in general is significantly increased in ALS already early in the disease, along
with a cellular switch from glucose oxidation (which is decreased as described above) to
fatty acid β-oxidation. This enhanced lipid metabolism leads to increased peroxidation
and oxidative stress [70], as witnessed by our results. Several studies have also shown a
decrease in unsaturated lipids in ALS, probably as a consequence of these changes in lipid
metabolism. Interestingly, it was even demonstrated that neurotoxic reactive astrocytes
secrete saturated fatty acids that further contribute to cell death [71]. In line with that,
we previously reported an increase in lipids and lipid vesicles in astrocytes of an ALS rat
model [27]. Additionally, in the SOD1G93A mouse model, astrocytes exhibited increased
lipid peroxidation and large lipid rearrangements, including the formation of membranous
vesicles as well as lipid modifications [28]. In humans, a lower lipid-to-protein ratio was
observed in ALS samples, similar to changes in lipid–protein balance in the CSF at different
stages of Alzheimer’s disease [72]. Thus, the significant changes in lipid composition found
in the FITR spectra of ALS CSF samples reflect truly severely altered lipid metabolism as a
core feature of ALS pathophysiology.

5. Conclusions

FTIR spectroscopy is progressively used in clinics because it provides a low-cost,
fast and label-free macromolecular profile of different biological samples. Besides, as
a non-invasive diagnostic tool, it could be very useful for the differential diagnosis of
neurodegenerative disorders. In this study, we applied FTIR microspectroscopy, coupled
with multivariate analysis, for the characterization of CSF from ALS patients and compared
them to the control group in order to gain more insights into the pathophysiology and
establish a putative new biomarker.

We found several specific changes in the FTIR spectra of ALS CSF vs. control that
indeed underline central aspects of ALS pathophysiology. The total amount of RNA was
reduced in ALS CSF, in particular when compared to DNA. Moreover, the conformation
of RNA is altered in ALS. The relative concentration of carbohydrates was significantly
increased in ALS CSF as a possible consequence of decreased glucose metabolism or
enhanced glycosylation. With regards to proteins, an increase in glutamine amino acid
levels was found in ALS, suggesting a malfunctioning of the metabolism of this amino
acid and highlighting the putative neuro-excitotoxic role of glutamate in ALS. Substantial
alterations were also observed in lipid metabolism, specifically a significant decrease
of unsaturated lipids in ALS and an increased CH2/CH3 ratio indicative of enhanced
peroxidation and oxidative stress.

Our study demonstrates that FTIR characterization of CSF could represent a powerful
tool for differential diagnosis. The correlation of spectroscopic data with molecular markers,
such as those derived from multiomics approaches, and the possibility to discriminate
among ALS-imitating diseases will represent an important further step for their translation
into the clinic.
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Our results are expected to promote a better understanding of the etiology of ALS and
could lead to the novel characterization of biomarkers of ALS.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells12111451/s1, Figure S1: Optical images of a CSF sample
after deposition on a CaF2 IR window and water evaporation. The color points represent measured
points with an aperture of 10 × 10 µm; Figure S2: Whole spectra (A) and the second derivate of
the FTIR averaged spectra (B) of samples from young (under 65 years of age; blue) and old ALS
patients (over 65 years of age; red) (N = 18 and 15, respectively). Whole spectra (C) and the second
derivate of the FTIR averaged spectra (D) of samples from young (blue) and old control patients
(red) (N = 13 and 16, respectively); Figure S3: Whole spectra (A) and the second derivate of the FTIR
averaged spectra (B) of samples from male (blue) and female ALS patients (red) (N = 21 and 12,
respectively); Figure S4: Whole spectra (A) and the second derivate of the FTIR averaged spectra
(B) of samples from patients with relatively low levels of neurofilaments (pNfH < 2000 pg/mL;
blue) and from patients with relatively high levels of neurofilaments (pNfH > 5000 pg/mL; red)
and control samples (green). (C) Integrated area under peak at 1590 cm−1. (D). Area under peak at
1078 cm−1. (N = 11 for low neurofilaments samples, seven for high neurofilaments and 32 as control);
Figure S5: Whole spectra (A) and the second derivate of the FTIR averaged spectra (B) of samples
from ALS patients with a slow clinical progression (ALSFRS-R Slope < half points per month; blue),
intermediate progression (ALSFRS-R Slope between half and one point per month (incl. 0.5); green)
and fast progression of disease (ALSFRS-R-Slope > one point per month (incl. 1); red) (N = 9, 10
and 14, respectively); Figure S6: Whole spectra (A) and the second derivate of the FTIR averaged
spectra (B) of samples from an early stage (<11 months after symptom onset) (blue) and late stage
(>11 months after symptom onset) (red) ALS patients (N = 17 and 16, respectively); Figure S7: Whole
spectra (A) and the second derivate of the FTIR averaged spectra (B) of spinal (blue) and bulbar ALS
samples (red) (N = 24 and 9, respectively). (C) shows the significant change in the peak position at
~1115 cm−1. (D) Area under the α-helix structure ~1666 cm−1 (E) Area under the β-turn and loops
structure ~1686 cm−1; Table S1: ALS patient data.

Author Contributions: Conceptualization, J.C.K. and T.D.; methodology, T.D. validation T.D. and
J.C.K.; formal analysis and investigation, T.D.; resources, J.C.K.; data curation, T.D.; writing—original
draft preparation, T.D. and J.C.K.; writing—review and editing, both authors. All authors have read
and agreed to the published version of the manuscript.

Funding: The study was supported by a generous heritage donation from Bettina Fischer, Germany.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Ethics Committee of the University of Medicine Göttingen
(No. 13/11/12).

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank ALBA Synchrotron Facility for beamtime allocation proposal
N◦ 2020094714. We thank Jennifer Heinemann and Gudrun Leyerer for their enormous support in
organizing the UMG CSF collection (LIX), Fabian Maass for helping with the sample selection and
Elisabeth Barski for technical support. We are grateful to all patients for donating their biomaterials
for this research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. van Es, M.A.; Hardiman, O.; Chio, A.; Al-Chalabi, A.; Pasterkamp, R.J.; Veldink, J.H.; van den Berg, L.H. Amyotrophic lateral

sclerosis. Lancet 2017, 390, 2084–2098. [CrossRef] [PubMed]
2. Neumann, M.; Sampathu, D.M.; Kwong, L.K.; Truax, A.C.; Micsenyi, M.C.; Chou, T.T.; Bruce, J.; Schuck, T.; Grossman, M.; Clark,

C.M.; et al. Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Science 2006, 314,
130–133. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cells12111451/s1
https://www.mdpi.com/article/10.3390/cells12111451/s1
https://doi.org/10.1016/S0140-6736(17)31287-4
https://www.ncbi.nlm.nih.gov/pubmed/28552366
https://doi.org/10.1126/science.1134108
https://www.ncbi.nlm.nih.gov/pubmed/17023659


Cells 2023, 12, 1451 16 of 18

3. Brettschneider, J.; Del Tredici, K.; Toledo, J.B.; Robinson, J.L.; Irwin, D.J.; Grossman, M.; Suh, E.; Van Deerlin, V.M.; Wood, E.M.;
Baek, Y.; et al. Stages of pTDP-43 pathology in amyotrophic lateral sclerosis. Ann. Neurol. 2013, 74, 20–38. [CrossRef] [PubMed]

4. Boillée, S.; Vande Velde, C.; Cleveland, D.W.W. ALS: A Disease of Motor Neurons and Their Nonneuronal Neighbors. Neuron
2006, 52, 39–59. [CrossRef] [PubMed]

5. Robberecht, W.; Philips, T. The changing scene of amyotrophic lateral sclerosis. Nat. Rev. Neurosci. 2013, 14, 248–264. [CrossRef]
6. Rosen, D.R.; Siddique, T.; Patterson, D.; Figlewicz, D.A.; Sapp, P.; Hentati, A.; Donaldson, D.; Goto, J.; O’Regan, J.P.; Deng, H.X.

Mutations in Cu/Zn superoxide dismutase gene are associated with familial amyotrophic lateral sclerosis. Nature 1993, 362,
59–62. [CrossRef]

7. Kwiatkowski, T.J.; Bosco, D.A.; LeClerc, A.L.; Tamrazian, E.; Vanderburg, C.R.; Russ, C.; Davis, A.; Gilchrist, J.; Kasarskis, E.J.;
Munsat, T.; et al. Mutations in the FUS/TLS gene on chromosome 16 cause familial amyotrophic lateral sclerosis. Science 2009,
323, 1205–1208. [CrossRef]

8. DeJesus-Hernandez, M.; Mackenzie, I.R.; Boeve, B.F.; Boxer, A.L.; Baker, M.; Rutherford, N.J.; Nicholson, A.M.; Finch, N.C.A.;
Flynn, H.; Adamson, J.; et al. Expanded GGGGCC Hexanucleotide Repeat in Noncoding Region of C9ORF72 Causes Chromosome
9p-Linked FTD and ALS. Neuron 2011, 72, 245–256. [CrossRef]

9. Mead, R.J.; Shan, N.; Reiser, H.J.; Marshall, F.; Shaw, P.J. Amyotrophic lateral sclerosis: A neurodegenerative disorder poised for
successful therapeutic translation. Nat. Rev. Drug Discov. 2022, 22, 185–212. [CrossRef]

10. Dupuis, L.; Pradat, P.F.; Ludolph, A.C.; Loeffler, J.P. Energy metabolism in amyotrophic lateral sclerosis. Lancet Neurol. 2011, 10,
75–82. [CrossRef]

11. Verber, N.; Shaw, P.J. Biomarkers in amyotrophic lateral sclerosis: A review of new developments. Curr. Opin. Neurol. 2020, 33,
662–668. [CrossRef]

12. Steinacker, P.; Feneberg, E.; Weishaupt, J.; Brettschneider, J.; Tumani, H.; Andersen, P.M.; Arnim, C.A.F.V.; Böhm, S.; Kassubek,
J.; Kubisch, C.; et al. Neurofilaments in the diagnosis of motoneuron diseases: A prospective study on 455 patients. J. Neurol.
Neurosurg. Psychiatry 2016, 87, 12–20. [CrossRef] [PubMed]

13. Dreger, M.; Steinbach, R.; Otto, M.; Turner, M.R.; Grosskreutz, J. Cerebrospinal fluid biomarkers of disease activity and progression
in amyotrophic lateral sclerosis. J. Neurol. Neurosurg. Psychiatry 2022, 93, 422–435. [CrossRef] [PubMed]

14. Poesen, K.; De Schaepdryver, M.; Stubendorff, B.; Gille, B.; Muckova, P.; Wendler, S.; Prell, T.; Ringer, T.M.; Rhode, H.; Stevens,
O.; et al. Neurofilament markers for ALS correlate with extent of upper and lower motor neuron disease. Neurology 2017, 88,
2302–2309. [CrossRef]

15. Lu, C.H.; Macdonald-Wallis, C.; Gray, E.; Pearce, N.; Petzold, A.; Norgren, N.; Giovannoni, G.; Fratta, P.; Sidle, K.; Fish, M.; et al.
Neurofilament light chain: A prognostic biomarker in amyotrophic lateral sclerosis. Neurology 2015, 84, 2247–2257. [CrossRef]
[PubMed]

16. Shepheard, S.R.; Wuu, J.; Cardoso, M.; Wiklendt, L.; Dinning, P.G.; Chataway, T.; Schultz, D.; Benatar, M.; Rogers, M.L. Urinary
p75ECD: A prognostic, disease progression, and pharmacodynamic biomarker in ALS. Neurology 2017, 88, 1137–1143. [CrossRef]
[PubMed]

17. Varghese, A.M.; Sharma, A.; Mishra, P.; Vijayalakshmi, K.; Harsha, H.C.; Sathyaprabha, T.N.; Bharath, S.M.M.; Nalini, A.; Alladi,
P.A.; Raju, T.R. Chitotriosidase—A putative biomarker for sporadic amyotrophic lateral sclerosis. Clin. Proteom. 2013, 10, 19.
[CrossRef]

18. Abe, K.; Aoki, M.; Tsuji, S.; Itoyama, Y.; Sobue, G.; Togo, M.; Hamada, C.; Tanaka, M.; Akimoto, M.; Nakamura, K.; et al. Safety and
efficacy of edaravone in well defined patients with amyotrophic lateral sclerosis: A randomised, double-blind, placebo-controlled
trial. Lancet Neurol. 2017, 16, 505–512. [CrossRef]

19. Paganoni, S.; Macklin, E.A.; Hendrix, S.; Berry, J.D.; Elliott, M.A.; Maiser, S.; Karam, C.; Caress, J.B.; Owegi, M.A.; Quick, A.; et al.
Trial of Sodium Phenylbutyrate–Taurursodiol for Amyotrophic Lateral Sclerosis. N. Engl. J. Med. 2020, 383, 919–930. [CrossRef]

20. Miller, T.; Cudkowicz, M.; Shaw, P.J.; Andersen, P.M.; Atassi, N.; Bucelli, R.C.; Genge, A.; Glass, J.; Ladha, S.; Ludolph, A.L.; et al.
Phase 1–2 Trial of Antisense Oligonucleotide Tofersen for SOD1 ALS. N. Engl. J. Med. 2020, 383, 109–119. [CrossRef]

21. Mattsson-Carlgren, N.; Grinberg, L.T.; Boxer, A.; Ossenkoppele, R.; Jonsson, M.; Seeley, W.; Ehrenberg, A.; Spina, S.; Janelidze,
S.; Rojas-Martinex, J.; et al. Cerebrospinal fluid biomarkers in autopsy-confirmed Alzheimer disease and frontotemporal lobar
degeneration. Neurology 2022, 98, e1137–e1150. [CrossRef] [PubMed]

22. Katayama, T.; Sawada, J.; Takahashi, K.; Yahara, O. Cerebrospinal fluid biomarkers in parkinson’s disease: A critical overview of
the literature and meta-analyses. Brain Sci. 2020, 10, 466. [CrossRef] [PubMed]

23. Oeckl, P.; Weydt, P.; Thal, D.R.; Weishaupt, J.H.; Ludolph, A.C.; Otto, M. Proteomics in cerebrospinal fluid and spinal cord
suggests UCHL1, MAP2 and GPNMB as biomarkers and underpins importance of transcriptional pathways in amyotrophic
lateral sclerosis. Acta Neuropathol. 2020, 139, 119–134. [CrossRef] [PubMed]

24. Ng Kee Kwong, K.C.; Mehta, A.R.; Nedergaard, M.; Chandran, S. Defining novel functions for cerebrospinal fluid in ALS
pathophysiology. Acta Neuropathol. Commun. 2020, 8, 140. [CrossRef]

25. Ng Kee Kwong, K.C.; Gregory, J.M.; Pal, S.; Chandran, S.; Mehta, A.R. Cerebrospinal fluid cytotoxicity in amyotrophic lateral
sclerosis: A systematic review of in vitro studies. Brain Commun. 2020, 2, fcaa121. [CrossRef]

26. Baker, M.J.; Trevisan, J.; Bassan, P.; Bhargava, R.; Butler, H.J.; Dorling, K.M.; Fielden, P.R.; Fogarty, S.W.; Fullwood, N.J.; Heys,
K.A.; et al. Using Fourier transform IR spectroscopy to analyze biological materials. Nat. Protoc. 2014, 9, 1771–1791. [CrossRef]
[PubMed]

https://doi.org/10.1002/ana.23937
https://www.ncbi.nlm.nih.gov/pubmed/23686809
https://doi.org/10.1016/j.neuron.2006.09.018
https://www.ncbi.nlm.nih.gov/pubmed/17015226
https://doi.org/10.1038/nrn3430
https://doi.org/10.1038/362059a0
https://doi.org/10.1126/science.1166066
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1038/s41573-022-00612-2
https://doi.org/10.1016/S1474-4422(10)70224-6
https://doi.org/10.1097/WCO.0000000000000854
https://doi.org/10.1136/jnnp-2015-311387
https://www.ncbi.nlm.nih.gov/pubmed/26296871
https://doi.org/10.1136/jnnp-2021-327503
https://www.ncbi.nlm.nih.gov/pubmed/35105727
https://doi.org/10.1212/WNL.0000000000004029
https://doi.org/10.1212/WNL.0000000000001642
https://www.ncbi.nlm.nih.gov/pubmed/25934855
https://doi.org/10.1212/WNL.0000000000003741
https://www.ncbi.nlm.nih.gov/pubmed/28228570
https://doi.org/10.1186/1559-0275-10-19
https://doi.org/10.1016/S1474-4422(17)30115-1
https://doi.org/10.1056/NEJMoa1916945
https://doi.org/10.1056/NEJMoa2003715
https://doi.org/10.1212/WNL.0000000000200040
https://www.ncbi.nlm.nih.gov/pubmed/35173015
https://doi.org/10.3390/brainsci10070466
https://www.ncbi.nlm.nih.gov/pubmed/32698474
https://doi.org/10.1007/s00401-019-02093-x
https://www.ncbi.nlm.nih.gov/pubmed/31701227
https://doi.org/10.1186/s40478-020-01018-0
https://doi.org/10.1093/braincomms/fcaa121
https://doi.org/10.1038/nprot.2014.110
https://www.ncbi.nlm.nih.gov/pubmed/24992094


Cells 2023, 12, 1451 17 of 18

27. Dučić, T.; Stamenković, S.; Lai, B.; Andjus, P.; Lučić, V. Multimodal Synchrotron Radiation Microscopy of Intact Astrocytes from
the hSOD1 G93A Rat Model of Amyotrophic Lateral Sclerosis. Anal. Chem. 2019, 91, 1460–1471. [CrossRef]
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