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Abstract: Abstract: BackgroundTrigeminal neuralgia (TN) is a severe type of facial pain. A neurovas-
cular conflict between cranial nerve V and a nearby vessel is the main pathophysiological mechanism,
but additional factors are likely necessary to elicit TN. In this study, the primary aim was to explore
differences in protein expression in the cerebrospinal fluid (CSF) of TN patients in relation to controls.
Methods: Sixteen TN patients treated with microvascular decompression and 16 control patients
undergoing spinal anesthesia for urological conditions were included. Lumbar CSF was collected
preoperatively for the TN patients and before spinal anesthesia for the controls. A multiplexed prox-
imity extension analysis of 91 CSF proteins was conducted using Proseek Multiplex Development 96,
including biomarkers of cell communication, cell death, neurogenesis, and inflammation Results:
The TN patients and the controls were of similar age, sex, and burden of co-morbidities. The TN
patients exhibited higher concentrations of Clec1la, LGMN, MFG-E8, and ANGPTL-4 in CSF than
the controls (q < 0.05). Conclusions: TN patients exhibited increased CSF biomarkers indicative of
peripheral demyelinating injury (Cleclla), immune tolerance and destruction of myelin (LGMN),
neuronal cell death (MFG-E8), and disturbances in myelin clearance (ANGPTL-8). Our findings are
hypothesis-generating for candidate biomarkers and pathophysiological processes in classical TN.

Keywords: cerebrospinal fluid; demyelination; neuroinflammation; trigeminal neuralgia

1. Introduction

Trigeminal neuralgia (TN) is characterized by brief and intense episodes of sharp
facial pain, usually located in the V2/V3 dermatome of the trigeminal nerve (CN V) [1].
The estimated prevalence is between 0.1-0.3% [2,3] and the disease causes severe suffering
for these patients with a significant reduction in the quality of life [4]. Classical TN has
typically been attributed to a neurovascular conflict (NVC) between a cerebral vessel (most
often the superior cerebellar artery) and CN V at the root entry zone (REZ) [5]. The NVC
may induce dislocation, demyelination, and atrophy of CN V [6]. According to the igni-
tion hypothesis, the injured, demyelinated CN V is susceptible to ephaptic transmission
of innocuous somatosensory stimuli, which activate pain fibers and elicit severe facial
pain in the corresponding nerve territory [6]. Still, it is evident that not all patients with
NVC develop TN, since a simple neurovascular contact is also frequent in many asymp-
tomatic cases [7,8]. It usually requires a pronounced NVC with additional morphological
CN V changes such as distortion, dislocation, and atrophy, to develop classical TN [7,9].
However, it is likely that also other mechanisms than the mechanical, anatomical conflict
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are important in TN pathophysiology. For example, gene-related differences of the sodium
channels of the axonal membrane influence their nerve transmission and affect the sus-
ceptibility to develop TN [10]. Furthermore, we recently found that TN patients exhibited
elevated biomarkers of neuroinflammation and cell death in the cerebrospinal fluid (CSF)
compared with controls, which normalized to the concentrations of controls after microvas-
cular decompression (MVD) [11,12]. MVD is a surgical procedure that targets the NVC by
dissecting CN V from the conflicting vessel and placing a material (e.g., Teflon) to reduce
the risk of NVC recurrence, in medically refractory TN patients with radiological evidence
of an NVC [13]. The role of neuroinflammation in classical TN is particularly interesting,
since TN is also frequent in patients with the neuroinflammatory disease multiple sclerosis
(MS) [1]. Although classical TN and MS-related TN are two distinct entities, they may share
similar disease processes such as neuroinflammation, demyelination, and atrophy.

In the current study, the primary aim was to further explore potential pathophys-
iological mechanisms in classical TN by CSF analyses of protein biomarkers using the
Proseek Multiplex Development 96 panel (Olink Bioscience, Uppsala, Sweden). The main
findings were that TN patients exhibited elevated CSF biomarkers of neuroinflammation
and neuronal injury.

2. Materials and Methods
2.1. Patients and Study Design

In this prospective observational study, patients referred to the Department of Neu-
rosurgery at Uppsala University Hospital, who fulfilled the criteria for classical TN, ac-
cording to the beta version of the International Classification of Headache disorders, third
edition [14], and were candidates for surgical treatment with MVD between 2015 and 2017
were eligible for the study. The lumbar CSF of the TN patients was analyzed in relation to
an aged-matched control group of 16 patients undergoing minor urological surgery under
spinal anesthesia (University Hospital, Cluj, Romania).

2.2. CSF Collection

In the TN group, CSF was collected from the day before surgery by lumbar puncture
without anesthesia. In the control group of urological patients, the lumbar CSF sample was
collected by free flow into a sterile tube before the spinal anesthesia was administered. The
CSF samples from both groups were handled according to the same protocol and were stored
in a —70 °C freezer in both groups. The CSF samples from Cluj, Romania, were shipped to
Uppsala, Sweden, by professional cargo, and kept frozen at —70 °C during delivery.

2.3. Proximity Extension Analysis

Multiplexed proximity extension analysis (PEA) was conducted using Proseek Multi-
plex Development 96 including 92 protein biomarkers. The Development panel analyzed
a different subset of biomarkers as compared to the Inflammation panel that was used
in a previous study by our group [12]. The current biomarker panel included a wide
array of biological processes such as cell communication, cell death, neurogenesis, and
inflammation (Supplementary Table S1). The protein biomarker neurofascin was excluded
due to technical issues with the analysis. The PEA is a technique to analyze multiple
biomarkers simultaneously, requires only a small sample volume (uL), and carries a high
sensitivity and specificity. The proteins are reported in arbitrary units as normalized protein
expression (NPX).

The procedure has been described in detail in a previous study by our group [12].
One pL CSF serum was mixed with a 3-uL incubation mix and incubated at 8 °C overnight.
A 96-mL extension mix based on PEA enzyme and PCR reagents were added, incubated
for 5 min at room temperature, and the plate was then transferred to a thermal cycler for
an extension reaction followed by 17 cycles of DNA amplification. A 96.96 Dynamic Array
IFC (Fluidigm, South San Francisco, FL, CA) was prepared and primed. In a new plate, a
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2.7 puL of sample mixture was mixed with a 7.2-uL detection mix, from which 5 pL was
loaded into the right side of the primed 96.96 Dynamic Array IFC.

Five pL of the primer pairs were loaded into the left side of the 96.96 Dynamic Array
IFC, and the protein expression program was run in a Fluidigm Biomark reader.

2.4. Statistical Analysis

The primary aim of this study was to explore potential CSF biomarkers in TN in rela-
tion to a control group. The categorical and ordinal/continuous variables were presented
as numbers (proportions) and medians (interquartile range (IQR)), respectively. Differences
in demographic variables between the TN patients and the controls were assessed with the
Chi-square or Mann—-Whitney U-test, depending on the type of data. A principal compo-
nent analysis (PCA) was performed to investigate if there were global differences between
TN and controls. Only biomarkers with less than 20% missing values were included.

Differences in CSF biomarker concentrations between TN and controls were assessed
with linear regression analyses for each biomarker, adjusting for age and sex. To account
for multiple comparisons, the false-discovery rate (FDR; Benjamini-Hochberg; g-values)
procedure was used. Only biomarkers with a g-value < 0.05 were considered statisti-
cally significant. Furthermore, a multivariate partial least squares discriminant analysis
(PLS-DA) classification model was trained to investigate if biomarker concentrations can
be used to distinguish between TN and controls. Only biomarkers with less than 20%
missing values were included in the model. The predictive ability of the PLS-DA models
was evaluated by 10 5-fold cross-validations. The variable importance (VIP) was reported
for the analyzed biomarkers.

2.5. Ethics

The study was conducted in accordance with the Helsinki declaration and its later
amendments. The study was approved by the Regional Research Ethics Committee in
Uppsala (Approval number 2014-178, date: 24 June 2014) for the TN patients and by
the Institutional ethics committee of University of Medicine and Pharmacy, Cluj-Napoca,
Romania (Approval number: Not applicable for this committee. Date: 20 May 2010) for the
controls. Written informed consent was obtained by all study participants.

3. Results
Patients

Demographic details of the TN patients and the controls are described in Table 1. The
TN patients and the controls were of a similar age (median 66 (IQR 55-69) vs. 67 (IQR 52-72)
years) and female/male ratio (7/9 (44/56%) vs. 6/10 (38/63%)). Both groups also exhibited
similar body mass index (BMI) and American Society of Anesthesiologist (ASA) grade.

Table 1. Demographic data in TN patients and controls.

Variables TN Controls p-Value
Patients, n 16 16
Age (years), median (IQR) 66 (55-69) 67 (52-72) 1.00
Sex (female/male), n (%) 7/9 (44/56%) 6/10 (38/63%) 0.72
BMI, median (IQR) 28 (24-31) 28 (24-31) 0.93
Tobacco use, n (%) 4 (25%) 8 (50%) 0.14
Hypertension, n (%) 8 (50%) 9 (56%) 0.72
Cardiovascular morbidity, n (%) 2 (13%) 5 (31%) 0.22
Ischemic heart disease, n (%) 1 (6%) 3 (19%)
Stroke, n (%) 1 (6%) 1 (6%)
Peripheral, n (%) 0 (0%) 1 (6%)
Diabetes mellitus, n (%) 0 (0%) 3 (19%) 0.07
Pain other than TN, n (%) 4 (25%) 5 (31%) 0.69

Fibromyalgia, n (%) 1 (6%) 0 (0%)
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Table 1. Cont.

Variables TN Controls p-Value
Osteoarthtritis, n (%) 2 (13%) 2 (13%)
Lower back pain, n (%) 1 (6%) 2 (13%)

Rheumatoid arthritis, n (%) 1 (6%) 1 (6%)
ASA grade 0.83

1, n (%) 2 (13%) 2 (13%)
2,1 (%) 13 (81%) 12 (75%)
3,n (%) 1 (6%) 2 (13%)

Lumbar CSF—in TN patients and controls.

Of the 91 biomarkers measured using Proseek Multiplex Development 96, 20 were
excluded from the analyses since more than 20% of the patients had missing values (under
the limit of detection).

The PCA analysis of the CSF biomarker concentrations showed no clear differences
between TN patients and controls (Figure 1).

The PCA analysis (Figure 1A) and the corresponding loadings (Figure 1B) of the CSF
biomarker concentrations showed no clear differences between TN patients and controls.

To investigate if biomarker concentrations differed between TN patients and controls, a
linear regression analysis was performed, adjusted for age and sex (Supplementary Table S2).
Out of the 71 CSF biomarkers, four were significantly (q < 0.05) elevated in the TN patients
(Table 2). These CSF biomarkers were Clec11a, LGMN, MFG-E8, and ANGPTL-4. None of the
remaining 67 showed any tendency to differ between TN and controls.

Table 2. Differences in spinal CSF biomarker concentrations between TN patients and controls.

Biomarker Coefficient p (Im) q (Im)
Cleclla 0.85 546 x 107° 0.0037
LGMN 0.59 0.00015 0.0037
MFG-ES8 0.79 0.00016 0.0037

ANGPTL-4 0.60 0.00097 0.017

The table demonstrates the significant CSF biomarkers that differed between TN patients and controls. Each
biomarker was analyzed using linear regression, adjusting for age and sex. The first column is the regression
coefficient (positive value if higher biomarker concentration in the TN group), second column is the p- and third
column contain g-values (FDR (Benjamini-Hochberg) adjusted p-values). Only proteins that were significant at
the 5% FDR level are included in the table.

A PLS-DA model was trained to separate between TN and controls (Figure 2). The
model showed good performance (mean error rate = 0.058) in separating between the two
groups as evaluated in the cross-validation procedure.

The four most important proteins in the model all had a mean VIP score >1.5 (Figure 3),
and were the same proteins (LGMN, Clec11a, MFG-ES8, and ANGPTL-4) as found significantly
elevated in the linear models.
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Figure 1. (A,B). CSF biomarkers in TN patients and controls—a PCA analysis.
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Figure 2. (A,B). CSF biomarkers in TN patients and controls—a PLS-DA analysis. A PLS-DA
model (2A) and the corresponding loadings (2B) of CSF biomarkers in TN patients and controls are
demonstrated. The model was trained to separate between TN and controls. The model showed
good performance (mean error rate = 0.058) in separating between the two groups as evaluated in
the cross-validation procedure. In the loadings plot, all proteins with VIP > 1.3 are named, and the

remaining proteins are only shown as dots.
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Figure 3. CSF biomarkers in TN patients and controls—a PLS-DA VIP analysis. The figure demon-
strates the VIP values for clinical and biomarker variables in the PLS-DA model predicting patient or
control CSF samples based on PEA data. The yellow dots represent the VIP for the full model (based
on all data). The boxplots represent the VIP for the cross-validated models.

Figure 4 demonstrates differences in concentration of these four proteins between TN
patients and controls.

ANGPTL4 CLEC11A
4.0
3.54
5 -
3.04
2.54
4 =
2.0
pod Cor;trol TN p:altient Coﬁtrol TN p:atient
[l
Z LGMN MFGE8
85
5.54 8.0+
50- 7.5+
7.0+
454
6.5+
4.0
Control TN patient Control TN patient

Figure 4. Elevated CSF biomarkers in TN patients. The figure demonstrates boxplots of ANGPTL-4,
Cleclla, LGMN, and MFG-E8 in TN patients and controls.
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4. Discussion

In this exploratory study of CSF biomarkers, we found that TN patients exhibited
different protein concentration profiles as compared to controls. Particularly, Cleclla,
LGMN, MFG-E8, and ANGPTL-4 were significantly higher in CSF in TN patients. These
biomarkers are involved in neuroinflammation and myelin turnover and may reflect the
demyelination and nerve atrophy that is commonly seen in TN.

Cleclla is generally known as a glycoprotein involved in hematopoiesis and osteoblast
maturation [15]. There is a paucity of studies on Cleclla in CNS disorders. However, it
seems that the CSF content of Cleclla is elevated in chronic inflammatory demyelinating
disease (CIDP) compared to both MS and neurological conditions not primarily character-
ized by neuroinflammation [16]. The authors hypothesized that, considering the connection
between Cleclla and hematopoiesis, Cleclla might particularly drive inflammation in
peripheral nerves. This is interesting since the NVC in classical TN is located in the REZ
and may affect both the central and peripheral component of the nerve. Elevated Cleclla in
TN might hence reflect inflammatory injury to the peripheral part of CN V. Furthermore, in
a study by Stein et al., blood levels of Clec11 gradually increased with time in patients with
chronic spinal cord injury, possibly reflecting chronic nerve degeneration [17]. Altogether,
Cleclla may reflect chronic CN V demyelination and nerve degeneration.

LGMN, also known as osteolectin, is a protease located in the endoplasmatic reticu-
lum, golgi apparatus, and the lysosome. In pathological conditions, it may be translocated
to the cytosol and extracellular compartment [18]. One major function is to regulate the
lysosomal processing of proteins that are ultimately presented at the major histocompat-
ibility complex II (MHC-II). Particularly, increased LGMN is associated with increased
degradation of myelin based protein (MBP) in antigen-presenting immune cells. This can
predispose for decreased MBP immune tolerance, leading to increased autoimmune T-cell
activity and destruction of MBP [19]. Increased LGMN has also been found in active and
chronic lesions of white matter in humans, suggesting ongoing neuroinflammation [20].
Hence, elevated LGMN may reflect an increased propensity to develop immune reactions
towards the myelin and could indicate ongoing inflammation in the white matter.

MFG-E8 is a multifunctional glycoprotein that is mainly present in lactating mam-
mary glands, but also in many other organs such as the heart, lungs, vessels, and the
brain [21]. One function of MFG-ES is to enhance phagocytosis of apoptotic cells, which
also has an anti-inflammatory effect since it reduces the pro-inflammatory signaling cas-
cade. Previous studies suggest that MFG-E8 mediates phagocytic neuronal cell death
during neuroinflammation [22] and higher MFG-ES8 in the TN patients may hence reflect
trigeminal degeneration. Furthermore, we have previously found that the tumor necrosis
factor (TNF)-3 is elevated in CSF in TN patients [12]. TNF-{ is known to contribute to the
development of tertiary lymphoid organs. We speculated if this reflects the development
of arachnoiditis that is often seen in association with CN V in TN. Interestingly, MFG-E8
is produced by these tertiary lymphoid organs [23] and elevated MFG-E8 might possibly
be a reflection of such arachnoiditis. However, it should also be mentioned that MFG-E8
may be neuroprotective in some CNS diseases. In Alzheimer’s disease, MFG-E8 increases
beta-amyloid clearance and, in cerebral ischemia, it ameliorates neuroinflammation [21,24].
In addition, another role for MFG-ES8 is in vascular ageing, as it promotes the development
of atherosclerosis [21]. Classical TN typically occurs in older patients and may be associated
with vascular ageing and degeneration, as indicated by a higher MFG-ES.

ANGPTLA4 is a glycoprotein [25,26] that is involved in angiogenesis, lipid metabolism,
and inflammation [27]. Particularly in CNS diseases, increased ANGPTL-4 reduces macrophage
and microglia clearance of damaged myelin [28,29]. In MS, ANGPTL-4 is reduced in active
lesions, which is considered favorable since it increases clearance of damaged myelin and
enhances remyelination and recovery [29]. Higher ANGPTL-4 in TN may therefore indicate
disturbed myelin clearance with reduced chances of remyelination [30].

Altogether, our findings indicate increased neuroinflammation and disturbances in
myelin turnover in TN. Particularly, many of these proteins have been studied in MS. This
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is interesting considering the relatively high burden of TN in MS patients.! Although TN
is usually explained by demyelinating lesions of the trigeminal pathways in the pons in
MS, an NVC at the REZ is occasionally present and has even been suggested to drive
demyelination in some of these MS patients [31,32]. Hence, despite the fact that patients
with classical and MS-related TN are considered two distinct disease entities, they may
exhibit both similar and different underlying pathophysiological mechanisms. Since NVC
does not always lead to development of TN, additional factors may be necessary. Based on
our findings, patients with classical TN exhibited CSF biomarkers indicative of decreased
immune tolerance towards MBP, and these patients may have an increased propensity
towards neuroinflammatory reactions of CN V. Similar to MS, there may also be increased
neuroinflammatory phagocytosis leading to atrophy of CN V in TN. However, in contrast to
MS, we also found that CSF biomarkers related to demyelination of the peripheral nervous
system were elevated in the patients with classical TN. The TN patients also exhibited
increased ANGPTL-4, suggesting a reduced capacity to clear damaged myelin. These
findings are hypothesis-generating for potential pathophysiological pathways in classical
TN and highlight candidate biomarkers that may be relevant for future research efforts.

Lastly, our findings should also be viewed in light of important contributions regarding
CSF analyses in TN patients. Others have found increases in substance P, calcitonin gene-
related peptide (CGRP), and vasoactive intestinal peptide (VIP) as well as reductions in
[-endorphin, serotonin, and dopamine in CSF [33,34], reflecting additional neurochemical
pathophysiological mechanisms of relevance in this disease.

Methodological Considerations

It is evident that NVC is not sufficient to elicit classical TN, and there is a need to
elucidate further pathophysiological mechanisms. There is so far a paucity of studies
assessing CSF biomarkers that may be involved in these processes [12]. This observational,
prospective study is therefore an important exploratory contribution to this field. However,
there are some limitations. The relatively low number of patients in both the TN and the
control group increases the risk of false positive findings. At the same time, many of the
studied proteins were functionally related and statistical methods were applied to adjust
for multiple comparisons. We therefore think reasonably safe conclusions can be made.
Furthermore, it is a challenge to select and obtain CSF from an appropriate control group.
In this study, we chose to include individuals of similar age, sex, and health (ASA) who
also awaited surgery, but for urological conditions and from another country (Sweden vs.
Romania). The controls were chosen to mimic the pre-surgery situation experienced by the
TN patients. However, we cannot exclude that factors that were not accounted for between
the groups affected the results to some extent. Furthermore, CSF samples were handled
according to the same protocol for both the TN and control patients, although some minor
differences could have occurred. Another limitation is that we only included TN patients
at a stage with medically refractory pain, which predisposed for the indication to proceed
with MVD surgery. It is possible that a different biomarker pattern would occur at another
stage of the disease.

5. Conclusions

TN patients exhibited increased CSF biomarkers indicative of peripheral demyeli-
nating injury (Cleclla), immune tolerance and destruction of myelin (LGMN), neuronal
cell death (MFG-ES), and disturbances in myelin clearance (ANGPTL-8). Our findings
are hypothesis-generating for candidate biomarkers and pathophysiological processes in
classical TN.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /biomedicines10050998 /s1, Table S1: Analyzed CSF biomark-
ers with the Proseek Multiplex Development 96; Table S2: Differences in spinal CSF biomarker
concentrations between TN patients and controls—the entire analysis.


https://www.mdpi.com/article/10.3390/biomedicines10050998/s1

Biomedicines 2022, 10, 998 10 of 11

Author Contributions: Conceptualization, H.E., S.A.H. and T.G.; methodology, HE., S.A H., KK,
E.F and T.S.W.; software, K.K. and E.F,; formal analysis, K.K., E.F. and T.S.W.; resources, H.E.; data
curation, H.E., KK., E.F. and T.S.W.; writing—original draft preparation, T.S5.W.; writing—review
and editing, H.E., S.A.H., KK, E.F, T.G. and D.F,; visualization, K.K. and E.F,; supervision, H.E. and
S.A.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Uppsala University Hospital.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved the Regional Research Ethics Committee in Uppsala (Approval number
2014-178, date: 24 June 2014) for the TN patients and by the Institutional ethics committee of
University of Medicine and Pharmacy, Cluj-Napoca, Romania (Approval number: Not applicable for
this committee. Date: 20 May 2010) for the controls.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: The data are available from the authors upon reasonable request.

Acknowledgments: We thank Marie Essermark for acquisition of clinical data and handling of CSF
samples. We also thank Constantin Bodolea, Cluj Napoca, Romania, for valuable collaboration and
collection of the control CSF samples.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

Bendtsen, L.; Zakrzewska, ].M.; Heinskou, T.B.; Hodaie, M.; Leal, P.R.L.; Nurmikko, T.; Obermann, M.; Cruccu, G.; Maarbjerg, S.
Advances in diagnosis, classification, pathophysiology, and management of trigeminal neuralgia. Lancet Neurol. 2020, 19, 784-796.
[CrossRef]

Sjaastad, O.; Bakketeig, L.S. The rare, unilateral headaches. Vaga study of headache epidemiology. . Headache Pain 2007, 8, 19-27.
[CrossRef] [PubMed]

Mueller, D.; Obermann, M.; Yoon, M.S.; Poitz, F.; Hansen, N.; Slomke, M.A.; Dommes, P.; Gizewski, E.; Diener, H.C.; Katsarava, Z.
Prevalence of trigeminal neuralgia and persistent idiopathic facial pain: A population-based study. Cephalalgia Int. |. Headache
2011, 31, 1542-1548. [CrossRef] [PubMed]

Tolle, T.; Dukes, E.; Sadosky, A. Patient burden of trigeminal neuralgia: Results from a cross-sectional survey of health state
impairment and treatment patterns in six European countries. Pain Pract. Off. ]. World Inst. Pain 2006, 6, 153-160. [CrossRef]
Thomas, K.L.; Vilensky, ].A. The anatomy of vascular compression in trigeminal neuralgia. Clin. Anat. 2014, 27, 89-93. [CrossRef]
Gambeta, E.; Chichorro, ].G.; Zamponi, G.W. Trigeminal neuralgia: An overview from pathophysiology to pharmacological
treatments. Mol. Pain 2020, 16, 1744806920901890. [CrossRef]

Antonini, G.; Di Pasquale, A.; Cruccu, G.; Morino, S.; Romano, A.; Trasimeni, G.; Vanacore, N.; Bozzao, A. Magnetic resonance
imaging contribution for diagnosing symptomatic neurovascular contact in classical trigeminal neuralgia: A blinded case-control
study and meta-analysis. Pain 2014, 155, 1464-1471. [CrossRef]

Maarbjerg, S.; Di Stefano, G.; Bendtsen, L.; Cruccu, G. Trigeminal neuralgia - diagnosis and treatment. Cephalalgia 2017, 37,
648-657. [CrossRef]

Leal, PR,; Barbier, C.; Hermier, M.; Souza, M.A.; Sindou, M. Atrophic changes in the trigeminal nerves of patients with trigeminal
neuralgia due to neurovascular compression and their association with the severity of compression and clinical outcomes.
J. Neurosurg. 2014, 120, 1484-1495. [CrossRef]

Smith, C.A.; Paskhover, B.; Mammis, A. Molecular mechanisms of trigeminal neuralgia: A systematic review. Clin. Neurol.
Neurosurg. 2021, 200, 106397. [CrossRef]

Abu Hamdeh, S.; Khoonsari, P.E.; Shevchenko, G.; Gordh, T.; Ericson, H.; Kultima, K. Increased CSF Levels of Apolipoproteins
and Complement Factors in Trigeminal Neuralgia Patients-In Depth Proteomic Analysis Using Mass Spectrometry. J. Pain 2020,
21,1075-1084. [CrossRef] [PubMed]

Ericson, H.; Abu Hamdeh, S.; Freyhult, E.; Stiger, F.; Backryd, E.; Svenningsson, A.; Gordh, T.; Kultima, K. Cerebrospinal
fluid biomarkers of inflammation in trigeminal neuralgia patients operated with microvascular decompression. Pain 2019, 160,
2603-2611. [CrossRef] [PubMed]

Jannetta, PJ.; McLaughlin, M.R.; Casey, K.F. Technique of microvascular decompression. Technical note. Neurosurg. Focus 2005,
18, E5. [CrossRef] [PubMed]

Headache Classification Committee of the International Headache Society (IHS). The International Classification of Headache
Disorders, 3rd edition (beta version). Cephalalgia Int. ]. Headache 2013, 33, 629-808. [CrossRef]


http://doi.org/10.1016/S1474-4422(20)30233-7
http://doi.org/10.1007/s10194-006-0292-4
http://www.ncbi.nlm.nih.gov/pubmed/17221345
http://doi.org/10.1177/0333102411424619
http://www.ncbi.nlm.nih.gov/pubmed/21960648
http://doi.org/10.1111/j.1533-2500.2006.00079.x
http://doi.org/10.1002/ca.22157
http://doi.org/10.1177/1744806920901890
http://doi.org/10.1016/j.pain.2014.04.020
http://doi.org/10.1177/0333102416687280
http://doi.org/10.3171/2014.2.JNS131288
http://doi.org/10.1016/j.clineuro.2020.106397
http://doi.org/10.1016/j.jpain.2020.03.002
http://www.ncbi.nlm.nih.gov/pubmed/32553624
http://doi.org/10.1097/j.pain.0000000000001649
http://www.ncbi.nlm.nih.gov/pubmed/31373951
http://doi.org/10.3171/foc.2005.18.5.6
http://www.ncbi.nlm.nih.gov/pubmed/15913281
http://doi.org/10.1177/0333102413485658

Biomedicines 2022, 10, 998 11 of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Wang, M.; Guo, ]J.; Zhang, L.; Kuek, V,; Xu, J.; Zou, J. Molecular structure, expression, and functional role of Clecl1a in skeletal
biology and cancers. J. Cell. Physiol. 2020, 235, 6357—-6365. [CrossRef]

Bonin, S.; Zanotta, N.; Sartori, A.; Bratina, A.; Manganotti, P; Trevisan, G.; Comar, M. Cerebrospinal Fluid Cytokine Expression
Profile in Multiple Sclerosis and Chronic Inflammatory Demyelinating Polyneuropathy. Immunol. Investig. 2018, 47, 135-145.
[CrossRef] [PubMed]

Stein, A.; Panjwani, A.; Sison, C.; Rosen, L.; Chugh, R.; Metz, C.; Bank, M.; Bloom, O. Pilot study: Elevated circulating levels of
the proinflammatory cytokine macrophage migration inhibitory factor in patients with chronic spinal cord injury. Arch. Phys.
Med. Rehabil. 2013, 94, 1498-1507. [CrossRef]

Dall, E.; Brandstetter, H. Structure and function of legumain in health and disease. Biochimie 2016, 122, 126-150. [CrossRef]
Manoury, B.; Mazzeo, D.; Fugger, L.; Viner, N.; Ponsford, M.; Streeter, H.; Mazza, G.; Wraith, D.C.; Watts, C. Destructive processing
by asparagine endopeptidase limits presentation of a dominant T cell epitope in MBP. Nat. Immunol. 2002, 3, 169-174. [CrossRef]
Oveland, E.; Ahmad, I.; Lereim, R.R.; Kroksveen, A.C.; Barsnes, H.; Guldbrandsen, A.; Myhr, KM.; Bg, L.; Berven, ES;
Wergeland, S. Cuprizone and EAE mouse frontal cortex proteomics revealed proteins altered in multiple sclerosis. Sci. Rep. 2021,
11, 7174. [CrossRef]

Li, B.Z.; Zhang, H.Y,; Pan, H.F,; Ye, D.Q. Identification of MFG-ES8 as a novel therapeutic target for diseases. Expert Opin. Ther.
Targets 2013, 17, 1275-1285. [CrossRef] [PubMed]

Fricker, M.; Neher, ].].; Zhao, J.W.; Théry, C.; Tolkovsky, A.M.; Brown, G.C. MFG-E8 mediates primary phagocytosis of viable
neurons during neuroinflammation. J. Neurosci. Off. ]. Soc. Neurosci. 2012, 32, 2657-2666. [CrossRef] [PubMed]

Krautler, N.J.; Kana, V.; Kranich, J.; Tian, Y.; Perera, D.; Lemm, D.; Schwarz, P.; Armulik, A.; Browning, J.L.; Tallquist, M.; et al.
Follicular dendritic cells emerge from ubiquitous perivascular precursors. Cell 2012, 150, 194-206. [CrossRef] [PubMed]
Cheyuo, C.; Aziz, M.; Wang, P. Neurogenesis in Neurodegenerative Diseases: Role of MFG-E8. Front. Neurosci. 2019, 13, 569.
[CrossRef] [PubMed]

Chakraborty, A.; Kamermans, A.; van Het Hof, B.; Castricum, K.; Aanhane, E.; van Horssen, J.; Thijssen, V.L.; Scheltens, P;
Teunissen, C.E.; Fontijn, R.D.; et al. Angiopoietin like-4 as a novel vascular mediator in capillary cerebral amyloid angiopathy.
Brain J. Neurol. 2018, 141, 3377-3388. [CrossRef]

Guo, L; Li, S.Y,; Ji, EY.; Zhao, Y.F; Zhong, Y.; Lv, X.J.; Wu, X.L.; Qian, G.S. Role of Angptl4 in vascular permeability and
inflammation. Inflamm. Res. Off. |. Eur. Histamine Res. Soc. 2014, 63, 13-22. [CrossRef]

Yang, J.; Song, Q.Y.; Niu, S.X.; Chen, H.J.; Petersen, R.B.; Zhang, Y.; Huang, K. Emerging roles of angiopoietin-like proteins in
inflammation: Mechanisms and potential as pharmacological targets. J. Cell. Physiol. 2021, 237, 98-117. [CrossRef]

Martin, N.A.; Nawrocki, A.; Molnar, V.; Elkjaer, M.L.; Thygesen, E.K.; Palkovits, M.; Acs, P.; Sejbaek, T.; Nielsen, H.H.;
Hegedus, Z.; et al. Orthologous proteins of experimental de- and remyelination are differentially regulated in the CSF proteome
of multiple sclerosis subtypes. PLoS ONE 2018, 13, e0202530. [CrossRef]

Kamermans, A.; Rijnsburger, M.; Chakraborty, A.; van der Pol, S.; de Vries, H.E.; van Horssen, J. Reduced Angiopoietin-Like 4
Expression in Multiple Sclerosis Lesions Facilitates Lipid Uptake by Phagocytes via Modulation of Lipoprotein-Lipase Activity.
Front. Immunol. 2019, 10, 950. [CrossRef]

Bruce, K.D.; Gorkhali, S.; Given, K.; Coates, A.M.; Boyle, K.E.; Macklin, W.B.; Eckel, R.H. Lipoprotein Lipase Is a Feature of
Alternatively-Activated Microglia and May Facilitate Lipid Uptake in the CNS During Demyelination. Front. Mol. Neurosci. 2018,
11, 57. [CrossRef]

Montano, N.; Rapisarda, A.; Ioannoni, E.; Olivi, A. Microvascular decompression in patients with trigeminal neuralgia and
multiple sclerosis: Results and analysis of possible prognostic factors. Acta Neurol. Belg. 2020, 120, 329-334. [CrossRef] [PubMed]
Cruccu, G.; Biasiotta, A.; Di Rezze, S.; Fiorelli, M.; Galeotti, F; Innocenti, P.; Mameli, S.; Millefiorini, E.; Truini, A. Trigeminal
neuralgia and pain related to multiple sclerosis. Pain 2009, 143, 186-191. [CrossRef] [PubMed]

Strittmatter, M.; Grauer, M.; Isenberg, E.; Hamann, G.; Fischer, C.; Hoffmann, K.H.; Blaes, F.; Schimrigk, K. Cerebrospinal fluid
neuropeptides and monoaminergic transmitters in patients with trigeminal neuralgia. Headache 1997, 37, 211-216. [CrossRef]
[PubMed]

Qin, Z.L.; Yang, L.Q.; Li, N.; Yue, ].N.; Wu, B.S,; Tang, Y.Z.; Guo, Y.N.; Lai, G.H.; Ni, ].X. Clinical study of cerebrospinal fluid
neuropeptides in patients with primary trigeminal neuralgia. Clin. Neurol. Neurosurg. 2016, 143, 111-115. [CrossRef] [PubMed]


http://doi.org/10.1002/jcp.29600
http://doi.org/10.1080/08820139.2017.1405978
http://www.ncbi.nlm.nih.gov/pubmed/29182448
http://doi.org/10.1016/j.apmr.2013.04.004
http://doi.org/10.1016/j.biochi.2015.09.022
http://doi.org/10.1038/ni754
http://doi.org/10.1038/s41598-021-86191-5
http://doi.org/10.1517/14728222.2013.829455
http://www.ncbi.nlm.nih.gov/pubmed/23972256
http://doi.org/10.1523/JNEUROSCI.4837-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22357850
http://doi.org/10.1016/j.cell.2012.05.032
http://www.ncbi.nlm.nih.gov/pubmed/22770220
http://doi.org/10.3389/fnins.2019.00569
http://www.ncbi.nlm.nih.gov/pubmed/31213977
http://doi.org/10.1093/brain/awy274
http://doi.org/10.1007/s00011-013-0678-0
http://doi.org/10.1002/jcp.30534
http://doi.org/10.1371/journal.pone.0202530
http://doi.org/10.3389/fimmu.2019.00950
http://doi.org/10.3389/fnmol.2018.00057
http://doi.org/10.1007/s13760-019-01258-5
http://www.ncbi.nlm.nih.gov/pubmed/31792763
http://doi.org/10.1016/j.pain.2008.12.026
http://www.ncbi.nlm.nih.gov/pubmed/19171430
http://doi.org/10.1046/j.1526-4610.1997.3704211.x
http://www.ncbi.nlm.nih.gov/pubmed/9150615
http://doi.org/10.1016/j.clineuro.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/26918582

	Introduction 
	Materials and Methods 
	Patients and Study Design 
	CSF Collection 
	Proximity Extension Analysis 
	Statistical Analysis 
	Ethics 

	Results 
	Discussion 
	Conclusions 
	References

