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Abstract 25 

Protein hyper-deimination and deficiency of lyso-phospholipids (LPC 18:1) has been associated 26 

with the pathology of demyelinating disease in both humans and mice. We uncovered 27 

interesting biology of LPC 18:1, in which LPC 18:1 induced optic nerve function restoration 28 

through oligodendrocyte maturation and remyelination in mouse model systems. Our in vitro 29 

studies show LPC 18:1 protection against neuron-ectopic hyper-deimination and stimulation of 30 

oligodendrocyte maturation, while in vivo investigations recorded optic nerve function 31 

improvement following optic nerve injections of LPC 18:1, in contrast to LPC 18:0. Thus just a 32 

change in a single bond renders a dramatic alternation in biological function. The incorporation 33 

of isobaric C13-histidine in newly synthesized myelin proteins and quantitative proteome shifts 34 

are consistent with remyelination underlying restoration in optic nerve function. These results 35 

suggest that exogenous LPC 18:1 may provide a therapeutic avenue for stemming vision loss in 36 

demyelinating diseases. 37 

 38 

Significance Statement 39 

Demyelinating diseases have been associated with an increase in aberrant hyper-deimination 40 

and deficiencies in neuronal lipids (LPC 18:1). We demonstrate that exogenous delivery of LPC 41 

18:1 can prevent hyper-deimination and restore optic nerve function in demyelinating optic 42 

nerves. We show that this effect is mediated by induction of oligodendrocyte maturation and 43 

remyelination. These effects contrast the demyelinating effects of LPC 18:0, which only differs 44 

by a single bond, pointing towards a fundamental change in our understanding of lipid behavior. 45 

Our findings highlight the potential translational implications of LPC 18:1 in restoring optic nerve 46 

function in demyelinating diseases. 47 

 48 
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Introduction 49 

 50 

Demyelinating diseases (such as multiple sclerosis or MS) are often associated with loss 51 

of visual function, due to progressive demyelination of the optic nerve (Lee, Park et al., 2021, 52 

Murphy, Kalaitzidis et al., 2020, Park, Park et al., 2020). Visual function loss, once thought to be 53 

transient, has now been firmly established as an irreversible paradigm of demyelinating diseases 54 

by objective electrophysiological measurements of inner retinal function (Boquete, López-55 

Guillén et al., 2019, Jiang, Gameiro et al., 2020, Ziccardi, Barbano et al., 2020). Heterogeneous 56 

patchy demyelination and consequent vision loss is likely to occur in other broad 57 

neurodegenerative ocular diseases including glaucoma and various forms of optic neuritis 58 

(Klistorner, Graham et al., 2007). Despite heterogenous clinical manifestations, active 59 

demyelinating lesions share classical molecular features that include loss of myelin proteins, 60 

aberrant hyper-deimination and deficiencies in lipid composition (Bhattacharya, 2009, 61 

Bhattacharya, Sinicrope et al., 2008, Breij, Brink et al., 2008, Del Boccio, Pieragostino et al., 62 

2011, Göpfert, Pytlik et al., 1980, Moscarello, Wood et al., 1994a, Raijmakers, Vogelzangs et al., 63 

2005, Valdivia, Agarwal et al., 2020, Whitaker, Kirk et al., 1992, Wood, Bilbao et al., 1996).  64 

Hyper-deimination was discovered to positively correlate with severity of MS more than 65 

30 years ago (Raijmakers et al., 2005, Whitaker et al., 1992). Deimination or citrullination of 66 

protein-bound arginine is a post-translational modification that neutralizes the positive charge 67 

in arginine (Vossenaar, Zendman et al., 2003). It was established that neuron-ectopic hyper-68 

deimination is part of the pathology in MS and increases with disease severity (Bhattacharya, 69 

2009, Bhattacharya et al., 2008, Moscarello et al., 1994a, Valdivia et al., 2020, Wood et al., 70 

1996). Myelin basic protein isoform 5 (MBP5) is normally deiminated only at 6 sites in a 71 

distributive manner but undergoes aberrant deimination in other 13 sites during demyelination 72 
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(Cao, Goodin et al., 1999, Moscarello et al., 1994a, Valdivia et al., 2020, Wood et al., 1996, Zhou, 73 

Moscarello et al., 1995). Loss of charge due to deimination disrupts protein structure which 74 

increases susceptibility to proteolysis, generating immunogenic peptides that trigger an 75 

autoimmune response (Musse, Boggs et al., 2006). A lack of lipid complexation with MBP5 has 76 

also been documented to result in vulnerability of deimination by peptidyl arginine deiminases 77 

(PADs), therefore highlighting the importance of protein-lipid interactions for maintenance of 78 

normal myelination (Beniac, Luckevich et al., 1997, Haas, Oliveira et al., 2004, Ridsdale, Beniac 79 

et al., 1997, Valdivia et al., 2020). During in vitro conditions, PADs and PAD2 (the major 80 

deiminase in the central nervous system) behave as processive enzymes, findings that have 81 

been found to be consistent in vivo (Vossenaar et al., 2003).  82 

Lack of lipid complexation with myelin proteins are initial events that preclude selective 83 

distributive assignment of normal deimination patterns. Only 6 arginines out of a total 19 are 84 

deiminated in MBP5 in healthy individuals, contrasting the progressive deimination of additional 85 

sites observed in demyelinating diseases. Our initial in vitro experiments with model systems are 86 

consistent with this hypothesis and identified LPC 18:1 as a candidate lipid that can protect 87 

against aberrant hyper-deimination (Valdivia et al., 2020). To test the potential translational 88 

implications LPC 18:1 has on optic nerve function, we tested its biological effects in vitro and in 89 

vivo, while contrasting with LPC 18:0 (a known demyelinating agent that differs structurally only 90 

in a single bond).  91 

 92 

Materials and Methods 93 

 94 

Generation of experimental autoimmune encephalomyelitis (EAE) models. All animals were 95 

housed at the McKnight vivarium, University of Miami, FL and animals utilized in this study were 96 
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under the University of Miami Institutional Animal Care and Use Committee approved protocols 97 

(IACUC protocol number: 16-235; 19-194). Method was adapted from our previous study 98 

(Valdivia et al., 2020). Immunizing neuroantigen was prepared by emulsion of 2 mg of myelin 99 

oligodendrocyte glycoprotein (MOG35-55) (Biosynthesis Inc, 12668, Lewisville, TX) or myelin 100 

proteolipid protein (PLP139-151) (Biosynthesis Inc, 13352, Lewisville, TX), incomplete Freund’s 101 

adjuvant (VWR, 90003-748, Radnor, PA) and 6 mg of Mycobacterium tuberculosis (H37RA, 102 

Fisher Scientific, DF3114-33-8, Hampton, NH). This stock solution was used to immunize 6 103 

animals, in which each individual animal received 0.333 mg of MOG35-55 or PLP139-151 and 1 104 

mg of Mycobacterium tuberculosis. Pertussis toxin (Biological Laboratories, 181, Campbell, CA) 105 

was prepared at a concentration of 50 μg/ml in sterile phosphate buffered saline, pH 7.4 (PBS) 106 

with i.p. administration of 200 ng per injection. Female C57Bl6/J or SJL/J mice were injected i.p. 107 

with pertussis toxin the day before injection. They were then immunized s.c. at 2 months of age 108 

with 200 µl of neuroantigen (MOG35-55 or PLP139-151) followed by an i.p. injections of 109 

pertussis toxin 2 days post-immunization. Four cohorts were created for this study, an 110 

immunized group with MOG35-55, an immunized group without MOG35-55 (Sham injection 111 

control), an injection control which received no injections (WT control) and an immunized group 112 

with PLP139-151. All C57Bl6/J animals were immunized with MOG35-55 and all SJL/J animals 113 

were immunized with PLP139-151. Animals were monitored for decline in body weight as well 114 

as manifestation of clinical signs indicative of encephalomyelitis following the same criteria as 115 

previous study (Valdivia et al., 2020). 116 

 117 

Gel electrophoresis and immunoblotting. Total protein was assessed using the Pierce BCA 118 

Protein Assay Kit (Thermo, 23225) following manufacturer’s recommendations. Samples were 119 

resuspended in Tris-Glycine-SDS at equal concentrations based on total protein assay and 120 
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heated to 85°C for 3 minutes. Samples were then diluted to working concentration using 121 

Laemmli loading buffer as indicated by the manufacturer (Amresco, M337). Samples were 122 

loaded in 4-20% Tris-Glycine gel (Bio-Rad, 5671095) and ran using Tris-Glycine-SDS running 123 

buffer at 120 V, with a cap at 360 Amps for 60 minutes. PVDF membrane was activated with 124 

methanol for 1 minute, washed multiple times with ultrapure-water and washed with transfer 125 

buffer (TGS-20% Methanol) before transfer. Semidry transfer was carried out using the Trans-126 

Blot Turbo Transfer System (Bio-Rad, 1704150) following manufacturer’s recommendations. 127 

Membrane was blocked with blocking buffer (Bio-Rad, 170-6404) and probed with primary 128 

antibodies at 1:500 dilution. Membrane was washed using wash buffer (25 mM Tris, 2.6 mM 129 

KCl, 0.14 M NaCl, 0.2% Tween-20, at pH 8) and probed with secondary antibodies at 1:1000 130 

dilution. Membrane was incubated with chemiluminescence western blotting substrate 131 

(Thermo, 32106) following manufacturer’s recommendations and imaged using the ImageQuant 132 

LAS 4000 (GE Healthcare, Piscataway, NJ 08855-1327). Dot immunoblotting was performed as 133 

described above with the exception that samples were not separated by gel electrophoresis. A 134 

modification to this protocol was made when detecting total deimination by modification of the 135 

citrulline residues through a reaction with 2,3-butanedione monoxime and antipyrine in a strong 136 

acid solution (Millipore, 17-347B) following manufacturer’s recommendations. Which was 137 

performed immediately after transfer and modification was incubated at 37°C for 3 hours. 138 

Densitometry analysis was done using ImageJ program (National Institute of Health, Bethesda, 139 

MD). 140 

 141 

Antibodies. MBP = Myelin basic protein (Abcam, ab7349), Cit = Citrulline (Millipore, 142 

MABS54887), GAPDH = Glyceraldehyde 3-phosphate dehydrogenase (Abcam, ab22556), PDGFR-143 

α = Platelet derived growth factor receptor alpha (Abcam, ab134123), MOG = Myelin 144 
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oligodendrocyte glycoprotein (Abcam, ab28766), β-Actin = (Abcam, ab8226), OSP = 145 

Oligodendrocyte surface protein (Abcam, ab7474), SNX4 = Sorting nexin 4 (Abcam, ab198504), 146 

PPAR-δ = Peroxisome proliferator-activated receptor-delta  (Abcam, ab23673), CHD7 = 147 

Chromodomain helicase DNA binding protein 7 (Cell Signaling, 6505S), PCLO = Protein piccolo 148 

(Abcam, ab20664). 149 

 150 

MBP isoform 5 extraction. BL21 competent cells (Promega, L1195) were transformed using 151 

standard protocol with either a mouse MBP isoform 5 construct or a human MBP isoform 5 152 

construct (GeneCopoeia Inc., EX-Mm03796-B10 and EX-D0136-B10 respectively). In brief, cells 153 

thawed on ice and incubated on ice for 30 minutes with 5 ng of DNA. A heat shocked at 42ºC 154 

was given in a water bath for 20 seconds, followed by incubation on ice for 2 minutes. Cells were 155 

supplemented with SOC media and incubated at 37ºC for 1 hour at 225 RPM. Ampicillin LB-156 

plates were plated with 5 and 10 µl of transformed cells and incubated overnight at 37ºC. 157 

Glycerol stocks were made from remaining cells and stored at -80ºC. 5 ml of starter culture in 158 

ampicillin-LB-broth (100 ug/ml of ampicillin) were inoculated with one bacterial colony and 159 

incubated at 37ºC overnight at 225 RPM. 250 ml of ampicillin-LB-broth were inoculated with 5 160 

ml of starter culture and incubated at 37ºC with 225 RPM until culture reached OD 0.5-0.6. 161 

Culture was cooled down to room temperature, supplemented with 1mM IPTG, and induced 162 

expression overnight at room temperature. Cells were collected by centrifugation at 3,500g for 163 

20 mins, washed with PBS and re-centrifuged. Cells were lysed by repeated freeze-thaw cycles 164 

while resuspended in hypotonic water. Following last freeze-thaw cycle, protease inhibitors, 165 

concentrated PBS and DNAse were added to lysate. Lysates were incubated for 5 minutes at 166 

37ºC then centrifuged at 3,000g for 20 mins, supernatant was transferred to a new tube and 167 

pellet was discarded. 168 
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 169 

Immunoprecipitation. Immunoprecipitation methods were adapted from our previous study 170 

(Ding, Enriquez-Algeciras et al., 2019). Lysates prepared from bacteria were subjected to 171 

immunoprecipitation using antibody for MPB (Abcam, ab7349). Briefly, IP was carried out as 172 

follows: approximately 67 μg sepharose B beads suspended overnight in 200 μL of 50 mM 173 

sodium borate buffer pH 9.0 were incubated with 10 μg antibodies at room temperature for an 174 

hour. The beads and antibody were cross-linked by adding 10 μg dimethyl pimelimidate 175 

dihydrochloride (DMP) three times each with 2-hour incubation at room temperature and then 176 

kept at 4°C overnight. Antibody-coupled beads were subsequently neutralized with 200 μL of 177 

200 mM ethanolamine and washed with 1 ml of phosphate buffered saline (PBS) twice. The 178 

antibody-coupled beads were then incubated with 200 μg of lysate for an hour at room 179 

temperature. The beads were washed twice with 500 μL of PBS and eluted with two 20 μL 180 

volumes of 100 mM glycine pH 3.0. The eluents were combined and divided into 2 equal 181 

amounts. Confirmation of the presence of MBP was done via dot immunoblot as described 182 

above. 183 

 184 

MBP-lipid deimination assay. 30 µg of either LPC 18:1 or LPC 18:0 was incubated in the 185 

presence of 10 µg of recombinant MBP protein in PBS and allowed to interact for 30 minutes at 186 

room temperature. After incubation, each reaction was adjusted to a final concentration of 1.66 187 

mM CaCl2 and incubated overnight at 37°C in the presence of purified peptidyl arginine 188 

deiminase (PAD, Sigma, P1584). Proteins were then precipitated using standard acetone 189 

precipitation protocols, evaporated using the CentriVap Concentrator system (Labconco, Kansas 190 

City, MO 64132-2696) and processed for mass spectrometry analysis (see Sample Preparation 191 

for Protein Mass Spectrometry below). 192 
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 193 

Lipid raft isolation. Lipid rafts isolation protocol was adapted from a previous study (Persaud-194 

Sawin, Lightcap et al., 2009). In brief, neuronal tissue was homogenized in detergent free lysis 195 

buffer at 4°C (TBS pH 8; PMSF 1 mM; sodium orthovanadate 1mM; CaCl2 1 mM; MgCl2 1 mM; 196 

protease inhibitor cocktail, Thermo, A32963) and sheared through a 23-gauge needle. 197 

Homogenate was centrifuged at 1,000 x g for 10 minutes at 4°C and supernatant was collected 198 

in a separate tube. Pellet was resuspended in detergent free lysis buffer and sheared through a 199 

23-gauge needle, followed by centrifuged at 1,000 x g for 10 minutes at 4°C. Supernatant was 200 

collected and added to previous collection. Sample was store at -80°C or immediately used in 201 

sucrose density centrifugation. Sample was resuspended in sucrose for a final 42.5% w/v. A layer 202 

of 36% w/v sucrose was added on top followed by a 5% w/v sucrose layer. Sucrose layers were 203 

then centrifuge at 200,000 x g for 18 h at 4°C. 18 sequential fractions were collected and 204 

immunoblot for lipid raft markers (Flot 1 and TfR). Fractions were also probed for total 205 

cholesterol content using the Total Cholesterol Assay Kit (Cell Biolabs, Inc., STA-384) following 206 

manufacturer’s recommendations. Total protein was assessed using the Pierce BCA Protein 207 

Assay Kit (Thermo, 23225) following manufacturer’s recommendations. Fractions had to test 208 

positive for Flot1 (Abcam, ab78178), negative for TfR (Abcam, ab84036), have low protein 209 

content and high cholesterol content for meeting lipid raft criteria. 210 

 211 

Optic nerve injections. Animals were anesthetized by i.p. injection of 100 µl of ketamine and 212 

xylazine cocktail (1.5 mg/ 0.3 mg per 100 μl) per 20 g of body weight. Animals were given a toe 213 

pinch prior to beginning procedure to ensure deep anesthesia. A drop of balanced saline 214 

solution was delivered to the eye to prevent dryness and excess was wiped using a sponge tip 215 

applicator. Using forceps (Fine Science Tools, Student Dumont #7, 91197-00 and Dumont 216 
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Forceps - Micro-Blunted Tips, 11253-20), the conjunctiva was lifted, and a small incision was 217 

made with spring scissors (Fine Science Tools, Vannas Spring Scissors - 2.5mm Cutting Edge, 218 

15001-08). This incision was enlarged to allow access to the optic nerve. Forceps were inserted 219 

between the superior rectus and lateral rectus muscles and pry open by allowing forceps to 220 

gradually return to their open position. While holding this position the optic nerve was fully 221 

exposed and a small incision in the meninges was made with a point end 26G needle (BD 222 

PrecisionGlide Needle, 305111). This incision was used to insert a blunt end 33G Hamilton 223 

needle (Hamilton, 33GA, 7803-05 and 5 µL Microliter Syringe Model 65 RN, 7633-01) and deliver 224 

0.5 µl of lipid mixture (LPC 18:1 at 150 µM or LPC 18:0 at 150 µM or LPC 18:1 at 150 µM + C13-225 

His at 10 µM). The eye was then left to recover and a neomycin/polymyxin B 226 

sulfate/dexamethasone ophthalmic ointment (Sandoz, 80214-942) was applied to the eye. 227 

Animals were kept in a 37ºC warm pad after the procedure and monitored for full anesthesia 228 

recovery. Animals were return to their cages and food pellets were placed at ground level along 229 

with hydration packs for easy access. Animals were monitored daily for any signs of health 230 

decline and eye infections. 231 

 232 

Electroretinogram recordings. Pattern electroretinogram (PERG) and flash electroretinogram 233 

(FERG) was recorded utilizing the Jörvec PERG system was utilized (Jörvec PERG Visual 234 

Stimulation Box, M014760L, Miami, FL). The experimental set up for FERG was as described in 235 

previously published protocols however, there was a slight modification for the experimental set 236 

up for PERG (Valdivia et al., 2020). The modification consisted in the subcutaneous insertion of 237 

the recording electrode between the two eyes, the reference electrode in the scalp and the 238 

ground electrode in the lower back adjacent to the tail. For both PERG and FERG, animals were 239 

anesthetized by i.p. injection of 100 µl of ketamine and xylazine cocktail (1.5 mg/ 0.3 mg per 100 240 
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μl) per 20 g of body weight. A drop of balanced saline solution was delivered to the eye to 241 

prevent dryness for the duration of the procedure. Animals were situated in a heating pad 242 

(Physitemp TCAT-2LV Controller) with an anal reference thermometer set at 37°C to stabilize 243 

internal body temperature. PERG was recorded by three consecutive responses of 600 contrast 244 

reversals and recording settings consisted of 10.0 K gain, 1.0 Hz high pass, 100.0 Hz low pass, 245 

and 360.0 μV rejection. FERG was recorded by three consecutive measurements of a flash with 246 

strength of 20.0 CDS/SM and frequency of 1.0 Hz. Amplitude for PERG and FERG was measured 247 

as the difference in μV between the highest peak and the consecutive lowest trough. Latency for 248 

PERG and FERG was measured as the time (ms) it took to reach the highest peak (from time zero 249 

to time when highest peak was recorded). 250 

 251 

Immunohistochemistry. Dissected optic nerves were immersed fixed in 4% paraformaldehyde in 252 

PBS and incubated overnight at 4°C. Tissue was washed using PBS, followed by cryoprotection 253 

using a gradient of 10% sucrose (overnight at 4°C), 20% sucrose (overnight at 4°C) and 30% 254 

sucrose (overnight at 4°C). Tissue was then embedded in optimum cutting temperature 255 

compound (VWR, 25608-930) and stored at -80°C. Sections were collected at 10 µm thickness 256 

and stored in -80°C. Immunohistochemistry standard protocol was used to detect MBP (Abcam, 257 

ab7349), CD90 (CYMBUS Biotech, CBL1354), and tissue was mounted using Vectashield with 258 

DAPI (Vector Laboratories, H-1200). 259 

 260 

Electron microscopy. Samples were fixed in 2% glutaraldehyde in 0.05M phosphate buffer and 261 

100mM sucrose, post-fixed overnight in 1% osmium tetroxide in 0.1M phosphate buffer, 262 

dehydrated through a series of graded ethanols, and embedded in a mixture of EM-bed/Araldite 263 

(Electron Microscopy Sciences). 1μm thick sections were stained with Richardson’s stain for 264 
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observation under a light microscope. 100nM sections were cut on a Leica Ultracut-R 265 

ultramicrotome and stained with uranyl acetate and lead citrate.  The grids were viewed at 80 266 

kV in a JEOL JEM-1400 transmission electron microscope and images captured with an AMT 267 

BioSprint digital camera. 268 

 269 

Sample preparation for mass spectrometry. 15 µg of total protein from homogenate sample 270 

were added to 4 times the volume of acetone at 20°C and incubated at 20°C overnight. Samples 271 

were centrifuged at 21,000 g at 4°C for 30 minutes (Thermo Fisher Megafuge 8R). Supernatant 272 

was discarded and pellet (very small) was air dried for 10 minutes. The pellet was re-suspended, 273 

denatured and reduced with 6 M urea, 10 mM dithiothreitol in 50 mM ammonium bicarbonate 274 

for 1 hour at room temperature. Following denaturing and reduction, the re-suspended pellet 275 

was alkylated with 15 mM iodoacetamide in 50 mM ammonium bicarbonate for 30 minutes 276 

while maintained in darkness. Alkylation reaction was quench using 20 mM dithiothreitol in 50 277 

mM ammonium bicarbonate for 1 hour at room temperature while kept in darkness. Sample 278 

was diluted using 50 mM ammonium bicarbonate to contain 1 M urea. Sample was digested 279 

using either trypsin or chymotrypsin (Promega, V5111, V106A) at a 1:30 (w/w) ratio of enzyme 280 

to protein. Digestion was incubated overnight at 37°C.  Reaction was terminated using 50% 281 

formic acid at a 5:100 (v/v) ratio of formic acid to sample volume. Samples were stored at -20°C 282 

or immediately desalted. Samples were desalted using the Pierce Graphite Spin Columns 283 

(Thermo, 88302) following manufacturer’s recommendations. Samples were then evaporated 284 

using the CentriVap Concentrator system (Labconco, Kansas City, MO 64132-2696) and 285 

resuspended in 30 µl of protein resuspension solution [2% (v/v) acetonitrile, 0.1% (v/v) formic 286 

acid in mass spectrometry grade water]. Lipids were harvested by adding 400 µl of 1:1 v/v 287 

methanol/chloroform mix to 200 µl of cell culture lysate. Lysate was vortexed and incubated in 288 
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ice for 5 minutes, followed by the addition of 350 µl of chloroform. Lysate was centrifuged at 289 

18,000g for 15 minutes at 4ºC. The organic layer containing lipids (bottom layer) was transferred 290 

to a new tube and desiccated using the CentriVap Concentrator system. Lipids were 291 

resuspended in 50 µl of lipid resuspension solution [50% v/v isopropyl alcohol and 50% v/v 292 

acetonitrile]. 293 

 294 

High-performance liquid chromatography-mass spectrometry. Mass spectrometry lipidomic 295 

chromatography and identification were carried out as described in detail in our previous 296 

publication (Chauhan, Valencia et al., 2019). In brief, samples were run through an Acclaim C30 297 

column (particle size 3.0 µm, 150 x 2.1 mm ID; Thermo Fisher Scientific, Waltham, MA, USA). 298 

HPLC Accela instrument (equipped with an auto-sampler and a 600 pump) was coupled to a Q-299 

exactive mass spectrometer (Thermo Fisher Scientific). Heated electrospray ionization (HESI) 300 

was used as the method of ionization by coupling a HESI probe to the Q-exactive instrument. 301 

Instrument was set at full scan with a collision energy of 30 and 19 eV in positive mode. Lipids 302 

were identified using LipidSearch software v. 4.1, developed by Ryo Taguchi and Mitsui 303 

Knowledge Industry Co. (Tokyo, Japan). Mass spectrometry proteomics was performed on a Q-304 

Exactive instrument after fractionation on a coupled Easy nLC 1000 nano-liquid chromatography 305 

system (Thermo Fisher Scientific) as described in our previous published report (Travers, Harlow 306 

et al., 2016). Peaks were generated using Thermo Scientific Xcalibur (Version 4.1.31.9, Released 307 

2017), proteins were identified using Proteome Discoverer 2.2 (Version 2.2.0.388, Released 308 

2017). UniProt sequence database was used for the identification of proteins (Downloaded July 309 

2019). Proteome Discoverer search parameters for chymotrypsin digested enzymes (Max missed 310 

cleavage sites: 2, Min. peptide length: 6, Max peptide length: 144), Modification: Deimination 311 

(+0.984 Da (R)) and C13-His (+6.02 Da (H)), Max modification per peptide: 3), Precursor mass 312 
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tolerance: 10 ppm, Fragment mass tolerance: 0.02 Da, Signal/Noise Threshold for spectra: 1.5, 313 

False discovery rate: Strict for PSMs 0.01, Strict for peptides 0.01. In brief, false discovery rates 314 

are calculated as follows: first the software ascertains whether there are q-vales and PEPs 315 

available for PSMs. If so, the software uses them and assign the PSM confidences based on 316 

Target FDRs for PSMs. Next, the software calculates q-values and PEPs for peptides engaging the 317 

Qvality algorithm. Peptide confidences are then assigned based on Target FDRs for peptides. If 318 

there are no q-values and PEPs available for PSMs, the PSM confidence are set based on our 319 

defined Target FDRs for PSM employing the respective search engine scores. 320 

 321 

RGC cell isolation. Primary retinal ganglion cells (RGCs) were isolated according to the two-step 322 

immunopanning protocol described in a previous study (Dvoriantchikova, Degterev et al., 2014). 323 

Briefly, whole retinas of 10 postnatal day 11-12 pups were incubated in papain solution (16.5 324 

U/mL; Worthington Biochemical, LS003127) for 30 minutes. Macrophage and endothelial cells 325 

were removed from the cell suspension by panning with anti-macrophage antiserum (Accurate 326 

Chemical, AIA31240). RGCs were bound to the panning plates containing the antibody against 327 

Thy1.2 (VWR, 102646-060) and were then released by incubation with trypsin solution (Sigma, 328 

T9935). RGCs were plated in a plate coated with poly-d-lysine (Sigma, P6407) and Laminin 329 

(Sigma, L-6274). RGCs were either not treated (addition of RGC growth media), treated with LPC 330 

18:0 at 10 µM in RGC growth media, or treated with LPC 18:1 at 10 µM in RGC growth media. 331 

RGCs were incubated for 24 hours and harvested the next day. 332 

 333 

OPC cell culture. Rat oligodendrocyte Precursor Cells (OPC) were purchased from ScienceCell 334 

Research Laboratories (R1600, Carlsbad, CA 92008) and cultured according to manufacturer’s 335 

recommendations. In brief, plates were coated with poly-d-lysine (Sigma, P6407; 2 µg/cm2) and 336 
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incubated overnight at 37ºC. OPC growth media was prepared using OPC media (ScienceCell 337 

Research Laboratories, 1601) supplemented with OPC growth supplement (ScienceCell Research 338 

Laboratories, 1652) and penicillin/streptomycin solution (ScienceCell Research Laboratories, 339 

0503). OPC differentiation medium was prepared using OPC media (ScienceCell Research 340 

Laboratories, 1601) supplemented with OPC differentiation supplement (ScienceCell Research 341 

Laboratories, 1672), fetal bovine serum (ScienceCell Research Laboratories, 0005) and 342 

penicillin/streptomycin solution (ScienceCell Research Laboratories, 0503). Poly-d-lysine coated 343 

plate was washed twice with sterile water, OPC growth media was added to each well and plate 344 

was placed in incubator to equilibrate for 15 minutes (37ºC and 5% CO2). Frozen vial containing 345 

OPCs was warmed in 37ºC water bath and gently rotated to equally suspend cells. 15,000 346 

cells/cm2 were seeded and left overnight (~16 to ~18 hours) in incubator. Media was changed 347 

daily for 2 days. OPCs were either not treated (addition of OPC growth media), differentiated 348 

(addition of OPC differentiation media), treated with LPC 18:0 at 10 µM in OPC growth media, or 349 

treated with LPC 18:1 at 10 µM in OPC growth media. OPCs were incubated for 24 hours and 350 

harvested the next day. OPCs and oligodendrocytes were further validated using mRNA analysis 351 

following published methods (Jäkel, Agirre et al., 2019).  352 

 353 

siRNA and overexpression. Cell transfection was carried using the INTERFERin transfection kit 354 

following manufacture’s recommendations (Polyplus Transfection, 89129-930). siRNA for 355 

LPCAT1, PLA2G4C, and LIPC were purchased from Ambion (Ambion, s102346, s107315, s67780 356 

respectively), LPGAT1 and LIPC overexpression constructs were purchased from Genecopoeia 357 

(Genecopoeia, EX-mm15104-M61, EX-mm03119-M61). In brief, cells were transfected with 2 358 

nM of siRNA or DNA in serum free cell culture media. INTERFERin reagent was added to the mix 359 
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incubated at room temperature for 10 minutes and added to newly changed cell culture media 360 

for each well. Cells were incubated for 48 to 96 hours before harvesting.  361 

 362 

Cellular fractionation. The NE-PER nuclear and cytoplasmic extraction kit was used to 363 

fractionate cells following manufacturer’s recommendations (Thermo, 78835). In brief, 364 

extracellular fraction was collected by collecting the cell culture media from adherent cells. 365 

Adherent cells were washed using PBS and harvested by adding 2.5% trypsin in PBS (trypsin 366 

solution was filtered through a 0.22 µm filter prior to using; Sigma, T9935). Cells were 367 

centrifuged at 500g for 5 minutes and washed using PBS. Supernatant was removed and cell 368 

pellet was resuspended in ice-cold CER1 buffer using volumes recommended in the 369 

manufacturer’s protocol. The cells were vigorously vortexed for 15 seconds and incubated on ice 370 

for 10 minutes. Ice-cold CER2 buffer was added, vortexed for 5 seconds and incubated on ice for 371 

1 minute. Sample was vortexed and centrifuged at 16,000g for 5 minutes. The supernatant 372 

(cytoplasmic fraction) was transferred to a clean tube. Pellet was resuspended in ice-cold NER 373 

buffer, vortexed and incubated on ice for 40 minutes, with intermittent vortex every 10 374 

minutes. Sample was centrifuged at 16,000g for 10 minutes and supernatant (nuclear fraction) 375 

was transferred to a clean tube. 376 

 377 

Electrophoretic mobility shift assay. The LightShift Chemiluminescent EMSA Kit and the 378 

Chemiluminescent Nucleic Acid Detection Module Kit were utilized as instructed by the 379 

manufacturer’s recommendations (Thermo, 20148 and 89880). In brief, a pre-cast DNA 380 

retardation gel (Invitrogen, EC6365BOX) was equilibrated, and wells were flushed using 0.5X TBE 381 

buffer (5X TBE Buffer contained 450 mM Tris-Base, 10 mM EDTA and 450 mM boric acid at a pH 382 

of 8.3). The gel was ran without any samples for 30-60 minutes at 100 V. The binding reaction 383 
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was prepared utilizing the nuclear fraction from the cellular fractionation section. 0.5 µg of 384 

nuclear protein extract was incubated with 4 pmol of biotin labeled target DNA (Biotin-5′-385 

GATAAGTAGGGGAAAGGTCA-3′) in binding buffer (1X binding buffer, 2.5% glycerol, 5 mM 386 

MgCl2, 50 ng/ul of poly (dI•dC), 0.05% NP-40) for a total volume of 20 µl. The binding reaction 387 

was incubated at room temperature for 20 minutes. The samples were then resuspended in 388 

loading buffer (supplied in the kit) and ran in equilibrated pre-cast DNA retardation gel for 60 389 

minutes at 100 V. The membrane was activated, and samples were transferred as described in 390 

the gel electrophoresis and immunoblotting section above. Membrane was UV-crossed linked 391 

using the Stratalinker UV Crosslinker 1800 (Stratagene, La Jolla, CA) using the “auto cross-link” 392 

function (60 seconds, 1200 uJ/cm2 x 100). Blocking buffer and wash buffer were pre-warmed to 393 

37 ºC. Membrane was blocked for 15 minutes with agitation followed by 15-minute incubation 394 

with stabilized streptavidin-horseradish peroxidase conjugate in blocking buffer. Membrane was 395 

washed 4 times for 5 minutes each using wash buffer and equilibrated for 5 minutes using the 396 

substrate equilibration buffer, while maintained protected from light. Membrane was incubated 397 

with the substrate working solution (Luminol/Enhancer Solution + Stable Peroxide Solution at a 398 

1:1 v/v ratio) for 5 minutes and imaged using the ImageQuant LAS 4000 (GE Healthcare, 399 

Piscataway, NJ 08855-1327). 400 

 401 

Liposome extrusion and liposome flotation assay. Lipids were purchased at Avanti Polar Lipids 402 

Inc. (LPC 18:1 cat no. 855773 and LPC 18:0 cat no. 855774). Lipids were resuspended in 403 

chloroform, and 30 μg of lipid was aliquoted in glass vials, desiccated in speed vacuum, and 404 

resuspended in 100 μL of PBS using sonication. Lipids were extruded using the NanoSizer MINI 405 

extruder kit (T&T Scientific, TT-030-0001) through a 100 nm NanoSizer (T&T Scientific, TT-002-406 

0010). Extruded liposomes (100 μL) were incubated with 2.5 μg (1 μL) of mouse optic nerve 407 
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protein homogenate for 30 min at room temperature. Liposomes/micelles and protein mixture 408 

were then resuspended in 50% sucrose. Sucrose gradient was prepared by layering from bottom 409 

to top over 1 mL of liposome/micelle–protein mixture in 50% sucrose, 2 mL of 25% sucrose in 410 

PBS, and 1 mL of PBS. The gradient was ultracentrifuged at 114,000g at 4 °C for 3.5 hours. 411 

Fractions were collected using a mechanical pump to aspirate 1 mL of the bottom fraction 412 

followed by 2 mL of the middle fraction and 1 mL of the top fraction. The collected fractions 413 

were washed using PBS followed by centrifugation at 18,000g 4 °C for 25 min (Beckman Rotor 414 

GH-3.8). The supernatant was discarded, and the pellet was processed for mass spectrometry, 415 

as described above. 416 

 417 

Protein–lipid overlay assay. Lipids listed above were dotted on a PVDF membrane at 30 μg per 418 

dot and allowed to completely dry. Cell culture lysate was depleted from endogenous lipids by 419 

adding 400 µl of 1:1 v/v methanol/chloroform mix to 200 µl of cell culture lysate. Lysate was 420 

vortexed and incubated in ice for 5 minutes, followed by the addition of 350 µl of chloroform. 421 

Lysate was centrifuged at 18,000g for 15 minutes at 4ºC. The organic layer containing lipids 422 

(bottom layer) was transferred to a new tube while the aqueous layer containing protein (top 423 

layer) was desiccated using the CentriVap Concentrator system. Protein was resuspended in 1X 424 

PBS. The membrane was incubated for 1 hour at 4 °C with 2.5 μg of cell culture lysate (OPC, 425 

oligodendrocytes and RGC) in PBS, followed by cross-linking at 1200 × 100 μJ for 50 s 426 

(Stratagene, La Jolla, CA, Stratalinker UV crosslinker, model 1800). The membrane was blocked, 427 

washed, and probed using primary and secondary antibodies, as described in gel electrophoresis 428 

and immunoblotting section above. 429 

 430 
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Statistics. Data are expressed as mean ± S.E. of three separate replicates. Statistical significance 431 

was assessed using paired (for PERG data) and unpaired (remaining data) t-test with Prism 432 

software version 9 (GraphPad). p<0.05 was considered statistically significant. Deimination 433 

levels were the measurement of raw densitometry for Cit-MBP normalized to MBP densitometry 434 

after membrane striping. Lipid abundance ratios were normalized to protein concentration 435 

found in each sample used for lipidomic analysis. ANOVA analysis was used for multiple group 436 

comparisons using the Prism software. MataboAnalyst version 4.0 was used to generate and 437 

analyze proteomics data. Reactome software version 75 was uses to analyze protein pathways. 438 

 439 

Data availability. Mass spectrometry data (PRIDE archive accession: PXD024966, PXD025176, 440 

PXD025177, PXD025175 and Metabolomics Workbench archive accession: ST002047). 441 

 442 

Results 443 

 444 

LPC 18:1 is deficient in disease and has different biochemical behavior than LPC 18:0. 445 

Phenome-wide association study (PheWAS) analysis of MS and optic neuritis highlighted 446 

level alteration for five lipid metabolism genes (Fig. 1A, upper panel). Gene expression during 447 

developmental myelination (control versus demyelination) identified two common genes with 448 

elevated expression levels associated with demyelination (Fig. 1A, lower panel) that are 449 

consistent with alteration of central nervous system (CNS) lysolipid pool. On the other hand, MS 450 

and neuromyelitis optica (NMO) associated gene changes also may result in predictive changes 451 

in phospholipid metabolism (Fig. 1B). These predictive changes converged with the lysolipid LPC 452 

18:1 as a lipid deficient in the optic nerve in animal model of MS (Valdivia et al., 2020). Lyso-453 

phospholipids (LPCs) are not bonafide components of the membrane bilayer but they potentially 454 
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serve diverse biological function such as intracellular signaling (Cebecauer, Amaro et al., 2018). 455 

LPCAT1, ENPP2, PLA2G4C, LPGAT1 and LIPC are enzymes that may act on both LPC 18:0 and LPC 456 

18:1 and undergo a significant change during demyelination (Fig. 1A). The Km value of ENPP2 and 457 

LPCAT1 are higher at Vmax for LPC 18:1 than LPC 18:0, despite differing in a single bond in their 458 

chemical structure (Fig. 1C). LPGAT1 and LIPC are the enzymes for which LPC 18:1 (but not LPC 459 

18:0; summarized in BRENDA database) is the substrate. The higher levels of these two enzymes 460 

are consistent with a decrease in LPC 18:1 in demyelinating conditions (Dugi, Dichek et al., 1995, 461 

Hill, Davis et al., 1996, McCoy, Sun et al., 2002, Yang & Subbaiah, 2015, Yang, Cao et al., 2004). 462 

LPC 18:1 is found deficient in both human MS patients and mouse model systems (Del Boccio et 463 

al., 2011, Valdivia et al., 2020). Consistent with prior findings in humans, the peptide induced 464 

experimental autoimmune encephalomyelitis (EAE) mouse model of MS has an increase in total 465 

protein deimination that is proportionate to disease severity (Fig. 1D). Based on our elaborate 466 

experiments we now report in vitro conservation of LPC 18:1 mediated protection against hyper-467 

deimination of MBP5 from mouse to human (Fig. 1E, F) (Valdivia et al., 2020), corroborating 468 

lipid-complexation conferring protection against aberrant deimination. 469 

Our further investigations have corroborated differential biochemical behavior of LPC 470 

18:1 and LPC 18:0. This strikingly difference is interesting since LPC 18:0 only differs from LPC 471 

18:1 by a single bond and LPC 18:0 is used to generate the lysolecithin mouse model of 472 

demyelination (Fig. 1C). The differential effect of LPC 18:0 and LPC 18:1 was evaluated in the 473 

EAE mouse model, using recombinant human and murine MBP5 (MS/remyelination associated 474 

isoform) (Fig. 1F, 1-1A, B). Lipid rafts were isolated from controls and EAE via sucrose density 475 

centrifugation and validated with markers (Fig. 1-1C-E). Only MBP incubated with EAE (but not 476 

control) derived lipid rafts showed hyper-deimination while EAE lipid rafts supplemented with 477 

LPC 18:1 protected MBP against hyper-deimination (Fig. 1F). LPC 18:1 protection of MBP hyper-478 
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deimination is consistent with our previous report and this protection is conserved across 479 

mouse, bovine, human and likely in other mammalian species as well (Valdivia et al., 2020).   480 

 481 

LPC 18:1 optic nerve injections improve visual function in EAE mice. 482 

Next, we aimed to test whether in vivo supplementation of LPC 18:1 in the optic nerve 483 

can improve optic nerve function. To test this, we developed a new sub-optic nerve sheath 484 

injection approach in C57BL/6J mice for direct delivery of LPC 18:1 into the optic nerve (Fig. 2A). 485 

We determined the appropriate non-toxic LPC 18:1 dose-response to be 150 μM (sub-inflection 486 

point) while LPC 18:0 showed toxicity and PBS did not show any effect (Fig. 2B). LPC 18:0 but not 487 

LPC 18:1 injection showed a decreased in optic nerve function (lower pattern electroretinogram 488 

(PERG) amplitude) suggesting that neither LPC 18:1, nor the procedure, damages the optic nerve 489 

(Fig. 2C-E). The observed decreased optic nerve function due to LPC 18:0 is consistent with its 490 

known demyelinating effects that was further confirmed using histologic examination (Fig. 2E). 491 

LPC 18:1 injection lacked such demyelination (Fig. 2E, 2-2A). 492 

To determine the localization of LPC 18:1, fluorescent LPC 18:1-Cy5 was injected in the 493 

optic nerve of C57BL/6J. Following immediate optic nerve injections (1 hour post injection), LPC 494 

18:1-Cy5 distributed to the periphery of the optic nerve and continued to show persistence for 4 495 

days (Fig. 2F, 2-2B). This pattern may not be reflective of the true localization of LPC 18:1, as the 496 

large fluorescent tag attached to the head group can contribute to this pattern and cannot be 497 

completely ruled out, however, our imaging mass spectrometry (IMS) analyses are consistent 498 

with non-tagged LPC 18:1 presenting the same pattern.  499 

 Next, LPC 18:1 was delivered to the optic nerve using the same approach (Fig. 2A) in EAE 500 

mice with a clinical score of 2 (Fig. 1-1A and 2-1). Optic nerve deimination levels assessed 12 501 

days post-injection (12-DPI), showed a decrease when injected with LPC 18:1 but not with LPC 502 
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18:0 or the no-injection control (Fig. 2G). Clinical disability score 2 and 3 in EAE mice show a mild 503 

and severe decrease in optic nerve function respectively, thus a score of 2 enable a better 504 

readout of LPC 18:1 protective effect than that of score 3 and hence they were selected for 505 

deimination analysis. EAE eyes demonstrated three distinct types of optic nerve responses to 506 

LPC 18:1 delivery: (1) optic nerve function was preserved at around baseline levels (Stay 507 

Normal), (2) a severe decrease in optic nerve function followed by a period of increased optic 508 

nerve function (High-Recovery), and (3) a drastic decrease in optic nerve function which was 509 

sustained throughout the study (Low-Recovery) (Fig. 2H, I). The differential response to LPC 18:1 510 

might be partly due to the EAE intrinsic pathology and cannot be completely ruled out. Our 12-511 

DPI LPC 18:1 treatment demonstrated an increase in optic nerve function for all treatment 512 

groups compared to the no-injection control group (Fig. 2H). Majority of the EAE animals were 513 

at score 3 at the 12-DPI time point and LPC 18:1 showed maximal vision protective restorative 514 

effect on all treated animals at this assessment point. 515 

 EAE mice were also assessed for outer retinal or photoreceptor activity to ensure that 516 

their decreased optic nerve function was not due to their inability to perceive light or 517 

photoreception (Fig. 2J). Further histological and electron microscopy analysis showed 518 

consistency of the structural optic nerve health in the treated groups and demyelination in the 519 

EAE control group (Fig. 2K, 2-2C, and 2-3). The non-injected group, as expected, showed optic 520 

nerve demyelination which gradually decreased in the LPC 18:1 injected group and positively 521 

correlated with improved optic nerve function (Fig. 2H, I). EAE mice injected with LPC 18:0, 522 

consistent with prior findings (Gregg, Shikar et al., 2007), showed a sustained decrease in optic 523 

nerve function (Fig. 2L). Improvement in optic nerve function mediated by LPC 18:1 was also 524 

observed in the SJL/J- PLP139-151 EAE model (Fig. 2M), suggesting that the dramatic improvement 525 
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in vision exerted in vivo by LPC 18:1 occurs in multiple demyelination models, irrespective of 526 

genetic background.  527 

Manifestations of optic neuritis in human subjects has been found to be heterogenous, 528 

with an individual-intrinsic component (Klistorner et al., 2007). In the EAE model similar intrinsic 529 

heterogeneity prevails which contributes to heterogeneous manifestation in the optic nerve. 530 

However, pattern electroretinogram is a non-invasive technique that allows the objective 531 

measurement of optic nerve function in individual eyes (left and right). Therefore, the separate 532 

assessment of eyes that exhibit optic nerve demyelination can be identified real-time by the 533 

decrease in PERG amplitude. Non-injected EAE eyes that exhibited optic nerve demyelination 534 

(Fig. 2K) consistently demonstrated a decrease in PERG amplitude (Fig. 2H), while the ones that 535 

did not exhibited optic nerve demyelination remained within baseline levels (data not shown). 536 

As the EAE model exhibits heterogeneity in optic nerve demyelination, EAE animals were 537 

injected in both eyes to account for this heterogeneity. Therefore, EAE eyes in the stay normal 538 

group reflect this heterogeneity, in which these eyes might not have develop optic nerve 539 

demyelination or they responded earlier to the effects of LPC 18:1 (Fig. 2H, K). On the other 540 

hand, EAE eyes that had a decrease in PERG amplitude post-injection reflect the subset of eyes 541 

that developed optic nerve demyelination (Fig. 2H, K, EAE Low- and High-Recovery). To address 542 

this heterogeneity, a more aggressive form of the EAE model was utilized (SJL/J- PLP139-151 EAE 543 

model). This aggressive model consistently developed optic nerve functional deficits in both 544 

eyes and responded similarly to LPC 18:1 injection (Fig. 2L, M). Despite heterogeneity and 545 

genetic background, the low- and high-recovery EAE groups in both models demonstrated a 546 

substantial improvement in optic nerve function, due to LPC 18:1 when compared to the no-547 

injection group, attesting the improving effects of this specific lysolipid (Fig. 2H-M). 548 

 549 
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LPC 18:1 optic nerve injections promote re-myelination in EAE mice. 550 

Next, we asked whether LPC 18:1 treatment responsive vision recovery is due to 551 

prevention of demyelination or due to the promotion of remyelination. Our labeled proteomics 552 

(iTRAQ) revealed that these four groups (low-, high-recovery, stay normal and, control no-553 

injection) were compositionally distinct from each other (Fig. 3A). Proteins that were found both 554 

statistically significant in levels (Fig. 3B) and in the correlation pattern (Fig. 3C) were further 555 

analyzed for their role in biological pathways. Proteins that demonstrated a gradual increase in 556 

their correlation pattern were associated with processes such as myelination, axonal guidance, 557 

neuroprotection, and modulation of the immune system, whereas proteins with a gradual 558 

decrease were associated with DNA damage response, modulation of the immune system, and 559 

cell motility (Fig. 3D, 3-3). These results suggested that LPC 18:1 might be promoting 560 

remyelination.  561 

To determine how optic nerve myelination pattern might be related to known 562 

myelination biology, western blot and immunohistochemistry analyses were carried out. We 563 

found that LPC 18:1 treated groups inversely correlated with oligodendrocyte progenitor cells 564 

(PDGFR-α) markers and positively correlated with mature oligodendrocytes (MBP, MOG) 565 

markers (Fig. 3E). We further found that in LPC 18:1 treated optic nerves mature 566 

oligodendrocytes localize to areas of myelination (Fig. 3F). These findings suggested that LPC 567 

18:1 promotes remyelination through oligodendrocyte maturation. We also demonstrated that 568 

LPC 18:1 acts through MBP to maintained deimination patters on EAE mice, which we have 569 

previously reported to promote structure stability of the myelin sheath (Fig. 1E, F, 2G). This 570 

suggest the notion that remyelination might be sustained by a secondary effect in maintaining 571 

deimination patters of myelin proteins.   572 
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To further test this hypothesis another cohort of EAE mice were injected with a mixture 573 

of LPC 18:1 + isobaric C13-histidine. We standardized and validated this new assay, wherein 574 

incorporation of C13-histidine in bonafide myelin proteins would suggest remyelination (Fig. 3-575 

1A). We found 10 µM isobaric C13-histidine was the optimal concentration (Fig. 3G). Isobaric 576 

C13-histidine was only found to be incorporated into MBP from the LPC 18:1 group, suggesting 577 

new MBP5 synthesis (Fig. 3H, 3-1B-E). Pathway analysis of C13-histidine labeled proteins 578 

showed an association with myelination, axonal guidance, receptor/channel activation, 579 

supporting the notion of oligodendrocyte maturation and remyelination (Fig. 3-2, 3-4). 580 

Receptor/channel activation was the pathway that suggested LPC 18:1 exerted effects might be 581 

receptor mediated; therefore, a liposome flotation assay was carried out using LPC 18:1 and LPC 582 

18:0 micelles to identify proteins that are directly complexing with LPCs. Four proteins (TLR1, 583 

ANO1, NKD1, and NOM1) were identified to differentially complex with LPC 18:1 offering insight 584 

into the potential mechanism of action (Fig. 3-2, 3-5). This highlights the diverse biological 585 

effects LPC 18:1 has, which include an initial potential to promote oligodendrocyte maturation 586 

(Fig. 3E), followed by the promotion of remyelination (Fig. 3F, H) and maintenance of 587 

myelination by maintaining homeostatic deimination patters in myelin proteins (Fig. 1E, F, 2G). 588 

 589 

LPC 18:1 mediates oligodendrocyte maturation. 590 

To understand the effects of LPC 18:1 at isolated cellular level, rat oligodendrocyte 591 

progenitor cells (OPCs) were cultured and incubated in the presence of LPC 18:1 and LPC 18:0 592 

(Fig. 4A, 4-1). LPC 18:1 exposed (24 hours post incubation) OPCs showed differentiation into 593 

mature oligodendrocytes compared to controls. LPC 18:0 lacked this maturation effect (Fig. 4B, 594 

4-2). OPC cultures incubated in the presence of isobaric C13-histidine with either LPC 18:1 or 595 

LPC 18:0 showed protein synthesis consistent with observed cellular level effects (Fig. 4C). LPC 596 



 

 26 

18:1 treated cells showed newly synthesized proteins for cell proliferation, cell maturation and 597 

activation, G-protein signaling, while LPC 18:0 treated group showed pathways such as signal 598 

attenuation and phospholipid catabolism (Fig. 4C), which lends support that LPC 18:1 promotes 599 

oligodendrocyte maturation. To investigate the direct complexation of LPC 18:1 with OPC 600 

proteins, OPCs were incubated in the presence of LPC 18:1-Cy5 and UV crossed-linked at 601 

different time points (1 to 60 minutes). Subsequent isoelectric focusing-gel fractionation and 602 

mass spectrometry identified several proteins crossed-linked to LPC 18:1-Cy5 (Fig. 4D). These 603 

included proteins known to be involved in oligodendrocyte maturation, such as SNX4 and CHD7 604 

(Fig. 4D, 4J). PCLO is a protein identified which is associated with neurogenesis therefore, a 605 

subset of experiments using mouse retinal ganglion cells (RGCs) were performed. 606 

Taken together, these findings suggest SNX4 mediated transport of exogenous LPC 18:1 607 

into the cytosol where it can induce nuclear translocation of proteins that can cause changes in 608 

gene expression such as PPAR-δ (Fig. 4J). We next used siRNA against enzymes known to 609 

metabolize LPCs (LPCAT1, PLA2G4C and LIPC) on OPC and RGC cultures (Fig. 4-3, 4-5A). We 610 

measured levels of LPC 18:1 in all experiments subjected to enzyme modulation. siRNA 611 

inhibition of enzymes (LPCAT1, PLA2G4C and LIPC) showed an increased level of LPC 18:1 (Fig. 612 

4E). Conversely, we overexpressed recombinant LPGAT1 and LIPC proteins in OPCs and RGCs 613 

that resulted in decreased levels of LPC 18:1 (Fig. 4F, 4-3, 4-5B). These results are consistent 614 

with modulation of LPC 18:1 level mediated by these enzymes (Fig. 4F), which were differentially 615 

identified to undergo alteration in human MS and optic neuritis (Fig. 1A, B). Cultured OPCs and 616 

RGCs treated with exogenous LPC 18:1 showed SNX4 translocation into the cytoplasm while 617 

PPAR-δ, CHD7 and PCLO translocated to the nucleus respectively (Fig. 4G, 4-4). The active status 618 

of nuclear translocated PPAR-δ was confirmed by electrophoretic mobility shift assay which 619 

demonstrated an upward shift (Fig. 4H, 4-4). 620 
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Our studies indicate that LPC 18:1 exerts its effect to improve optic nerve function by 621 

promoting remyelination and partly by promoting neurogenesis and deimination homeostasis. 622 

We have also investigated the underlying mechanism of LPC 18:1 action. We identified the 623 

interaction of sorting nexin 4 (SNX4), a protein critical for endocytosis (Lingelem, Kavaliauskiene 624 

et al., 2020), with LPC 18:1 (Fig. 4I). SNX4-mediated endocytosis requires recruitment of several 625 

proteins. The modulation of these interactions depends upon membrane lipid composition 626 

(Lingelem et al., 2020) and involves GPI-AP enriched early endosomal compartment (Kumari, Mg 627 

et al., 2010, Lingelem et al., 2020). SNX4 mediated alkyl-lyso-phospholipid endocytosis reported 628 

earlier supports our findings (Cuesta-Marbán, Botet et al., 2013). LPC 18:1 mediated the 629 

activation of PPAR-δ in human skeletal muscle cells (Klingler, Zhao et al., 2016), which is also 630 

consistent with our finding of activation of PPAR-δ in oligodendrocytes and RGCs (Fig. 4G, H). 631 

PPAR-δ is known to complex with RXR-α and in turn complex with CHD7, a protein also 632 

identified in our experiments (Fig. 4D, G). CHD7 has been shown to regulate the onset of 633 

remyelination in the central nervous system (He, Marie et al., 2016, Klingler et al., 2016). These 634 

studies suggest that LPC 18:1 is internalized within cells by endocytosis, activates signaling 635 

mediated by PPAR-δ that in turn activates CHD7 in rat OPCs and PCLO in mouse RGCs promoting 636 

cell maturation, remyelination, and growth of RGCs respectively. 637 

 638 

Discussion  639 

 640 

In demyelinating diseases and in MS, the presence of hyper-deimination in the brain and 641 

other CNS tissue was recorded more than three decades ago (Whitaker et al., 1992). However, 642 

occurrence of hyper-deimination during early development presented a paradox (Moscarello, 643 

Wood et al., 1994b). Neuron-ectopic hyper-deimination in demyelinating diseases finally 644 
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resolved this paradox. The serendipitously analysis of retina due to MS associated vision loss 645 

was critical towards this resolution (Enriquez-Algeciras, Ding et al., 2013). In contrast to the 646 

brain, the relative lack of astroglial cells within the retina helped recognize simultaneous hypo-647 

deimination in neurons and hyper-deimination in other cells. This contributed to recognition of 648 

neuron-ectopic hyper-deimination as a pathological component during demyelination 649 

(Bhattacharya et al., 2008). Immature oligodendrocytes have long been known to undergo 650 

deimination and potentially aberrant hyper-deimination in MS (Akiyama, Sakurai et al., 1999). 651 

Recently it was shown that deimination is necessary for oligodendrocyte differentiation and 652 

myelination (Falcao, Meijer et al., 2019). With recognition of processivity of PADs and PAD2 in 653 

particular, we conjectured protein-lipid complexation to protect against aberrant hyper-654 

deimination and potentially restore optic nerve function during demyelination (Valdivia et al., 655 

2020).  656 

Here we show conservation of LPC 18:1 protection of MBP5 from aberrant hyper-657 

deimination across different mammalian species, which is consistent with a generalized 658 

mechanism in mammals. Deficiency of specific lipids such as LPC 18:1 (Fig. 1A, B) thus results in 659 

aberrant PAD access and deimination leading to autolysis and initiation of an immunogenic 660 

cascade in demyelinating diseases (Musse et al., 2006). PheWAS genomics analyses of 661 

developmental onset of myelination (control versus demyelination, Fig. 1A) showed differences 662 

in ENPP2, LPCAT1, PLA2G4C, LPGAT1 and LIPC enzymes during myelination. ENPP2, LPCAT1 and 663 

PLA2G4C may act on both LPC 18:0 and LPC 18:1 (as described by their enzymatic properties in 664 

the BRENDA database). However, changes in LPGAT1 and LIPC that act only on LPC 18:1 but not 665 

LPC 18:0, alone can account for the observed deficiency or absence of LPC 18:1. Thus, 666 

suggesting the importance of lipid metabolism in demyelinating disease pathology.  667 
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Our comparison of phospholipid metabolism differences in MS and EAE provides insight 668 

into lipid deficiencies and potential aberration of lipid metabolizing enzymes, consistent with 669 

observed LPC 18:1 deficiency (Fig. 1B). LPC 18:1 as a conserved lipid protecting against aberrant 670 

hyper-deimination and restoring optic nerve function (Fig. 1, 2) is surprising, given that its 671 

structurally related homolog LPC 18:0 is a well-established toxin-induce demyelinating agent. 672 

This is the second instance that a remarkable contrast in biological function is attributed to a 673 

change in a single bond (Chaurasia, Tippetts et al., 2019) and likely one of the very first for the 674 

CNS. Recent research has emphasized the role of lipids in regeneration and remyelination 675 

simultaneously (Berghoff, Spieth et al., 2021, Uyeda & Muramatsu, 2020). Pharmacological 676 

remyelinating agents dramatically improve visual dysfunction, suggesting the possibility of an 677 

underlying strong neuronal regeneration component in addition to remyelination (Sekyi, 678 

Lauderdale et al., 2020). Thus, it is unsurprising to observed similar effects mediated by LPC 679 

18:1. Here, we found a link to PPAR-δ, CHD7 and PCLO activation in oligodendrocytes and 680 

neurons, respectively; however, the further detail nature of this link remains to be uncovered.  681 

Two paradigms for the pathogenesis of demyelinating diseases propose an initial event 682 

triggering an autoimmune response occurring outside the CNS (outside-in) or inside the CNS 683 

(inside-out) (t Hart, Luchicchi et al., 2021). Consensus between these two paradigms has yet to 684 

be reached, with evidence supporting both hypotheses. Our proposed model for LPC 18:1 685 

deficiency leading to aberrant PAD2 mediated hyper-deimination would explain the observed 686 

increase in immunogenic MBP peptides, supporting the notion of an inside-out paradigm (Fig. 4-687 

6). Our pre-clinical data uncovered a striking difference in biological behavior in the CNS 688 

mediated by a change in a single bond. LPC 18:1 demonstrated to confer protection against 689 

protein hyper-deimination, shift the equilibrium of OPCs to mature oligodendrocytes, and 690 

promote restoration of optic nerve function, contrasting the toxic effects of LPC 18:0. These 691 
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findings suggest a potential translational application for a spectrum of diseases with 692 

heterogenous optic nerve demyelination.  693 
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Figure 1. LPC 18:1 protects against hyper-deimination of MBP in vitro. A. UK Biobank ICD 858 

PheWeb Analysis points towards genes associated with ocular manifestations of MS (UK 859 

BioBank: Multiple Sclerosis, accession number: 335 and Optic Neuritis, accession number: 860 

377.3). Gene expression analysis during different myelin conditions points towards elevated 861 

levels of LPGAT1 and LIPC in demyelinating conditions (GEO accession number: GSE19403). * = 862 

higher levels of these enzymes would metabolize LPC 18:1 resulting in lower levels of LPC 18:1. 863 

B. Genes reported to have been associated in multiple sclerosis (MS) and neuromyelitis optica 864 

(NMO) using the DisGeNET database (Multiple Sclerosis, CUI: C0026769 and Neuromyelits 865 

Optica, CUI: C0027873). Genes were curated for genes involved in phospholipid metabolism and 866 

subsequently compared for genes shared between MS and NMO. Shared genes were associated 867 

with plasma membrane synthesis. * Phospholipid profile comparison was taken from our 868 

previous study 13. ON = optic nerve, EAE = Experimental Autoimmune Encephalomyelitis. Based 869 

on our previous study LPC 18:1 is the only lipid to protect against aberrant hyper-deimination. C. 870 

Structural difference between LPC 18:0 and LPC 18:1. Arrow indicates the positon of 871 

unsaturation in the acyl chain of LPC 18:1. D. Dot blot analysis of levels of deimination in EAE 872 

brain and spinal cord (S.C.). Levels of deimination increase as the EAE clinical score increases 873 

(Brain score 0 one-way ANOVA n.s.; Brain score 1 one-way ANOVA n.s.; Brain score 2 one-way 874 

ANOVA n.s.; Brain score 3 one-way ANOVA **p≤0.01; S.C. score 0 one-way ANOVA n.s.; S.C. 875 

score 1 one-way ANOVA **p≤0.01; S.C. score 2 one-way ANOVA **p≤0.01; S.C. score 3 one-way 876 

ANOVA **p≤0.01). Citrulline, Millipore-MABS54887. n=3. E. Mass spectrometry analysis of 877 

mouse and human MBP isoform 5 deimiantion reaction in the presence of LPC 18:0 and LPC 878 

18:1. Deiminated cites=bold-red arginine (R). F. Mass spectrometry analysis of mouse MBP 879 

isoform 5 deimiantion reaction in the presence of LPC 18:0 and LPC 18:1 and lipid rafts isolated 880 
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from C57BL6/J WT or EAE mouse brain. Deiminated cites=bold-red arginine (R). Extended data: 881 

Figure 1-1. 882 
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Figure 2. LPC 18:1 optic nerve injections improve visual function in EAE mice. A. Surgical 884 

procedure for ON injections. Image created using BioRender. B. Dose-response curve analysis 885 

for determining LPC 18:1 dose. 150 µM was the inflection point at which the control lipid LPC 886 

18:0 decreased visual function while LPC 18:1 retained normal visual function. C. Visual function 887 

analysis using pattern electroretinogram (PERG) for optic nerve injections determined that 150 888 

µM of LPC 18:1 does not affect visual function (****p≤0.0001; one-way ANOVA ****p≤0.0001). 889 

D. PERG waves demonstrate that 150 µM optic nerve injection of LPC 18:1 does not affect visual 890 

function 4 days post injection (DPI). E. Immunohistochemistry of C57BL6/J WT animals injected 891 

with LPC 18:0 and LPC 18:1 at 150 µM. MBP, Abcam, ab7349. Blue = DAPI, Green = MBP. F. 892 

Immunohistochemistry of C57BL6/J WT animals injected with 150 µM Cy5-LPC 18:1 1 hour post 893 

injection (HPI) and 4 days post injection (DPI). MBP, Abcam, ab7349. Blue = DAPI, Green = MBP, 894 

Pink = Cy5-LPC 18:1. G. Dot blot analysis of levels of deimination in the C57BL6/J- MOG35-55 895 

EAE optic nerves injected with either LPC 18:0 or LPC 18:1. Levels of deimination are attenuated 896 

when injected with LPC 18:1 (***p≤0.001; one-way ANOVA ***p≤0.001). Citrulline, Millipore-897 

MABS54887. H. PERG analysis of LPC 18:1 optic nerve injections in the C57BL6/J- MOG35-55 EAE 898 

animals at a clinical score of 2. Duration of the PERG measurements stopped 12 days post LPC 899 

18:1 optic nerve injection (DPI) when tissue was harvested. PERG analysis at 12-DPI 900 

demonstrates a statistical significance between all the groups (***p≤0.001; ****p≤0.0001; one-901 

way ANOVA ****p≤0.0001). I. Composition of animals in each of the groups. J. Flash ERG 902 

analysis demonstrates that loss in visual function is not due to changes in inner retinal activity 903 

(photoreceptors). K. Immunohistochemistry of EAE animals injected with LPC 18:1 at 150 µM 904 

demonstrates increased myelination in the treated groups. MBP, Abcam, ab7349. Blue = DAPI, 905 

Green = MBP. L. PERG analysis of LPC 18:0 optic nerve injections in the C57BL6/J- MOG35-55 906 

EAE animals at a clinical score of 2. Duration of the PERG measurements stopped 12 days post 907 
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LPC 18:1 optic nerve injection (DPI) when tissue was harvested. M. PERG analysis of LPC 18:1 908 

optic nerve injections in the SJL/J- PLP139-151 EAE animals at a clinical score of 2. Duration of 909 

the measurements stopped 12-DPI when tissue was harvested. PERG analysis at the 12-DPI 910 

demonstrates a statistical significance between the two groups (****p≤0.0001; one-way ANOVA 911 

****p≤0.0001). Extended data: Figure 2-1, 2-2, 2-3. 912 

 913 

 914 

 915 

 916 

 917 

 918 

 919 

 920 

 921 
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Figure 3. LPC 18:1 optic nerve injections promote re-myelination in EAE mice. A. Multivariable 924 

dimension-reduction analysis (principal component analysis, left panel) and bilinear factor 925 

model analysis (partial least squares discriminant analysis, right panel) demonstrating the 926 

separation of samples into 4 distinct groups (NI=No-Injection control, LR=Low Recovery, 927 

HR=High Recovery and SN=Stay Normal groups). B. Quantitative iTRAQ mass spectrometry 928 

analysis of EAE optic nerves injected with LPC 18:1 (No-Injection control, Low Recovery, High 929 

Recovery and Stay Normal groups). One-way Analysis of Variance (ANOVA) demonstrating 88 930 

significant proteins. Adjusted p-value cutoff = 0.001, post-hoc analysis = Fisher’s LSD. C. 931 

Correlation pattern analysis demonstrating the top 10 proteins that either increase (red) or 932 

decrease (blue) starting with the no-injection control group and progressively moving towards 933 

the SN group. Distance measure: Pearson R. D. Reactome pathway analysis of proteins that are 934 

shared between the ANOVA and correlation pattern analysis (50 proteins for positive correlation 935 

and 38 proteins for negative correlation). Reactome pathways interactors were excluded, 936 

pathway p-value ≤ 0.05. E. Western blot analysis demonstrating a negative correlation between 937 

oligodendrocyte progenitor cells markers and mature oligodendrocyte markers (PDGFR-α one-938 

way ANOVA ***p≤0.001; MBP one-way ANOVA ***p≤0.001; MOG one-way ANOVA 939 

***p≤0.001). PDGFR-α, Abcam, ab134123; MBP, Abcam, ab7349; MOG, Abcam, ab28766. n=3, 940 

NI=No-Injection control, LR=Low-Recovery, HR=High-Recovery and SN=Stay Normal groups. F. 941 

Immunohistochemistry of EAE animals injected with LPC 18:1 at 150 µM demonstrating mature 942 

oligodendrocyte localization (yellow arrowhead). MBP, Abcam, ab7349; OSP, Abcam, ab7474. 943 

Blue = DAPI, Green = MBP, Red = OSP. G. Dose curve analysis for determining histidine dose. 10 944 

µM was the concentration used for C13-histidine + LPC 18:1 EAE optic nerve injections. H. Mass 945 

spectrometry C13-histidine + LPC 18:1 EAE optic nerve injections demonstrating the 946 
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incorporation of isobaric C13-histidine in myelin basic protein. Extended data: Figure 3-1, 3-2, 3-947 

3, 3-4, 3-5. 948 
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Figure 4. Oligodendrocyte maturation is mediated by LPC 18:1. A. Rat oligodendrocyte 950 

progenitor cells culture depicts with typical OPC morphology (bright field). Arrows point towards 951 

OPCs, inlet panel represents area in doted square at a higher magnification. B. 952 

Immunocytochemistry of rat OPCs treated with LPC 18:1 or LPC 18:0 at 10 µM, and C13-953 

Histidine at 10 µM demonstrating LPC 18:1 mediated oligodendrocyte maturation. MBP, Abcam, 954 

ab7349; OSP, Abcam, ab7474. Blue = DAPI, Green = MBP, Red = OSP. Scale bar = 25 µm. C. 955 

Reactome pathway analysis of proteins labeled with C13-Histidine in the LPC 18:1 and LPC 18:0 956 

OPC treated groups. Reactome pathway interactors were excluded, pathway p-value ≤ 0.05. D. 957 

OPC groups incubated with Cy5-LPC 18:1 at different time points followed by UV cross-linking. 958 

PhastGel identification of proteins crossed linked with Cy5-LPC 18:1 (pink band). E. Relative 959 

abundance of LPC 18:1 in rat OPC, rat oligodendrocyte and mouse retinal ganglion cell cultures 960 

transfected with siRNAs. LPCAT1, Ambion, s102346; PLA2G4C, Ambion, s107315; LIPC, Ambion, 961 

s67780. ±SEM; *p≤0.05, **p≤0.01. F. Relative abundance of LPC 18:1 rat OPC, rat 962 

oligodendrocyte and mouse retinal ganglion cell cultures transfected with overexpression 963 

constructs. LPGAT1, Genecopoeia, Ex-mm15104-M61; LIPC, Genecopoeia, Ex-mm03119-M61. 964 

±SEM; *p≤0.05, **p≤0.01. G. OPC cell cultures treated with exogenous LPC 18:1 or LPC 18:0 965 

followed by cellular fractionation. SNX4, Abcam, ab198504; PPAR-δ, Abcam, ab23673; CHD7, 966 

Cell Signaling, 6505S, PCLO, Abcam, ab20664. EF = extracellular fraction, CF = cytosolic fraction 967 

and NF = nuclear fraction. H. Nuclear fraction electrophoretic mobility shift assay (EMSA) of OPC 968 

cell cultures treated with exogenous LPC 18:1 or LPC 18:0. I. Protein-lipid overlay assay 969 

demonstrating binding of selected proteins with LPC 18:1 and LPC 18:0. SNX4, Abcam, 970 

ab198504; PPAR-δ, Abcam, ab23673; CHD7, Cell Signaling, 6505S, PCLO, Abcam, ab20664. J. 971 

Proposed model for LPC 18:1 mediated remyelination through oligodendrocyte maturation. 972 

Extended data: Figure 4-1, 4-2, 4-3, 4-4, 4-5, 4-6. 973 
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 974 

Extended Data 975 

 976 

Figure 1-1. Lipid raft isolation from mouse spinal cord and brain tissue. A. EAE clinical score 977 

graph demonstrating the progression of clinical symptoms. LPC 18:1 injections were delivered to 978 

EAE animals when they reached a score of 2. B. Immunoprecipitation myelin basic protein (MBP) 979 

from BL21 cells. MBP, Abcam, ab7349. MBP isoform 5 from both mouse and human were 980 

isolated. P=pellet, W=wash discard, E=eluent. C. Gradient set up for isolation of lipid rafts using 981 

sucrose density centrifugation. Sucrose fractions were collected in 18 fractions, but only 1-15 982 

were used as fractions 16-18 are not typically considered raft fractions. D. Western blot analysis 983 

of sucrose fractions 1-15 demonstrates that only fractions 1 and 2 of brain tissue are (+) for 984 

Flot1 and (-) for TfR. * = This criteria is typical for lipid raft identification. E. Total protein 985 

quantification and total cholesterol quantification for lipid raft fraction. Lipid rafts typically have 986 

low protein content and high cholesterol content, supporting the presence of lipid rafts in 987 

sucrose fractions 1 and 2. 988 

 989 



 

 49 

 990 

Figure 2-1. EAE induction and optic nerve injection timeline. Animals were injected i.p. with 991 

pertussis toxin (Biological Laboratories, Cat #: 181) a day before and a day after immunization 992 

with MOG35-55 (Biosynthesis Inc., Cat #: 12668-05) emulsified in complete Freund's adjuvant. 993 

Visual function was assessed using pattern electroretinogram (PERG). Animals were monitored 994 

for development of EAE clinical scores until they reached an EAE score of 2, followed by optic 995 

nerve injections of LPC 18:1 or LPC 18:0 or PBS. Animal visual function was monitored 4, 6, 8, 10, 996 

and 12 days post optic nerve injection (DPI). Optic nerves were harvested the day after and 997 

processed for further analysis. 998 

 999 

 1000 

 1001 

 1002 

 1003 
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 1004 

Figure 2-2. Immunohistochemistry (IHC) of optic nerves in WT and EAE mice. A. Optic nerve of 1005 

C57BL6/J WT mice injected with either LPC 18:0 or LPC 18:1 at 150 µM. MBP, Abcam, ab7349. 1006 

Blue = DAPI, Green = MBP. B. Optic nerve of C57BL6/J WT mice injected with LPC 18:1-Cy5 at 1007 

150 µM. Tissue was harvested 1 hour post injection (HPI) and 4 days post injection (DPI). MBP, 1008 

Abcam, ab7349. Blue = DAPI, Green = MBP, Pink = Cy5-LPC 18:1. C. Optic nerve of EAE mice 1009 

injected with LPC 18:1 at 150 µM. Tissue was harvested 12 days post LPC 18:1 injection (DPI). 1010 

MBP, Abcam, ab7349. Blue = DAPI, Green = MBP.  1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 
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 1019 

 1020 

Figure 2-3. Electron microscopy of EAE optic nerves injected with LPC 18:1. Left panel shows 1021 

representative coronal cross section for wild type (WT) optic nerves (non-injected). Middle 1022 

panel shows representative optic nerve for EAE mice in the high recovery group (injected with 1023 

LPC 18:1). Right panel shows representative optic nerve for EAE mice in the no-injection group. 1024 

Yellow arrow points towards myelin sheath (dark rings). Myelin is observed to be compacted in 1025 

the left and middle panel, whereas its less compact in the right panel.  1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

 1036 

 1037 
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 1038 

Figure 3-1. Isolation of myelin proteins from EAE optic nerves injected with isobaric C13-1039 

histidine. A. Schematic experimental set up for isobaric optic nerve injections. Only newly 1040 

synthesized protein should incorporate isobaric C13-histidine in its sequence. B. Sucrose 1041 

gradient ultra-centrifugation of optic nerves (one optic nerve per tube). Myelin fraction is 1042 

localized to the top of the gradient. C. Validation of the presence of myelin proteins in myelin 1043 

fraction of the sucrose gradient ultra-centrifugation. MBP, Abcam, ab7349; MOG, Abcam, 1044 

ab28766. MBP = myelin basic protein, MOG = myelin oligodendrocyte glycoprotein. D. MBP 1045 

enrichment for mass spectrometry analysis. MBP, Abcam, ab7349. E. Mass spectrometry spectra 1046 

for demonstrating incorporation of C13-histidine into MBP peptide sequence.  1047 

 1048 
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 1049 

Figure 3-2. LPC 18:1 optic nerve injections promote myelination and neuroprotection. Proteins 1050 

identified using the liposome flotation assay complex directly with micelles made from LPC 18:1. 1051 

Proteins labeled during the isobaric C13-Histidine experiment are proteins that are newly 1052 

synthesized as a consequence of LPC 18:1 signaling. iTRAQ analysis identifies proteins that have 1053 

a gradual increase in abundance in the following pattern: No-Injection  Low-Recovery  High-1054 

Recovery  Stay-Normal. Cell specific protein expression was referenced using the EMBL-EBI 1055 



 

 54 

Expression Atlas database. Reactome pathway analysis demonstrated protective and beneficial 1056 

pathways being activated. 1057 

 1058 

 1059 

 1060 

 1061 

 1062 

 1063 

 1064 

 1065 

 1066 

 1067 

 1068 

 1069 

 1070 

 1071 

 1072 

 1073 

 1074 

 1075 

 1076 

 1077 

 1078 

 1079 
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Figure 3-3. iTRAQ NI-LR-HR-SN  

Pathway Proteins p-value 

1) Production of type I IFN and inflammatory 

cytokines 

2) Lectin pathway of complement activation 

3) Synthesis of PIPs at the plasma membrane and 

membrane trafficking 

4) Promotes myelination, axon guidance and tight 

junction disassembly 

5) Promotes neuroprotection 

6) Mediate cell death and inflammation 

1) Dhx36, Irak2 

2) Masp1 

3) Ptpn13, Synj2 

4) Arhgef18, Vav3 

5) Qrfpr 

6) Irak2 

1) 0.004962689 

2) 0.019624524 

3) 0.029294749 

4) 0.029592974 

5) 0.03805237 

6) 0.04362506 

 

iTRAQ analysis for proteins that are positively and negatively correlated with the following 

pattern: No-Injection – Low Recovery – High Recovery – Stay Normal (NI-LR-HR-SN). Pathway 

analysis was determined using the Reactome software version 75.  

 1080 

 1081 

 1082 

 1083 

 1084 

 1085 

 1086 

 1087 

 1088 

 1089 
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Figure 3-4. Isobaric C13-Histidine   

Pathway Proteins p-value 

1) Axonal guidance, myelination 

2) Activation of GIRK channel, GABA 

receptor, Prostacyclin receptor, 

Thromboxane receptor 

3) Immune system modulation 

4) Cellular response to external 

stimuli 

1) Ezr, Dnm1, Cltc, Actb, Sptb, 

Hsp90ab1, Itgb1 

2) Gnb2, Gnb3, Gnas, Gnai2 

3) Dnm1, Capza1, Cltc, Actr1b, Vcp, 

Rab3a, Pgm1, H2-T23, Eef2, Actr1b, 

Serpinb1a, Hsp90ab1, Rab10 

4) Hsp90ab1, Capza1, Stip1, Vcp, 

Hspa12a 

1) 2.83E-05 

2) 0.00194405 

3) 0.036384425 

4) 0.006 

Pathway analysis of proteins that incorporated isobaric C13-Histidine during cell culture. 

Pathway analysis was determined using the Reactome software version 75. 
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 1095 

 1096 

 1097 
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 1099 

 1100 

 1101 
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 1102 

Figure 3-5. Proteins complexing with LPC 18:1 and LPC 18:0 micelles 

LPC 18:1 

UniProt Acc. # Protein Name 

Q9EPQ1 

Q8BHY3 

Q99MH6 

Q3UFM5 

Toll-like receptor 1 (Tlr1) 

Anoctamin-1 (Ano1) 

Protein naked cuticle homolog 1 (Nkd1) 

Nucleolar MIF4G domain-containing protein 1 (Nom1) 

LPC 18:0 

UniProt Acc. # Protein Name 

P04370 

Q91XV3 

P60710 

P05213 

P68369 

P62874 

Q6PIC6 

Q7TMM9 

P68372 

Q8VDN2 

Myelin basic protein (MBP) 

Brain acid soluble protein 1 (Basp1) 

Actin, cytoplasmic 1 (Actb) 

Tubulin alpha-1B chain (Tuba1b) 

Tubulin alpha-1A chain (Tuba1a) 

Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1 (Gnb1) 

Sodium/potassium-transporting ATPase subunit alpha-3 (Atp1a3) 

Tubulin beta-2A chain (Tubb2a) 

Tubulin beta-4B chain (Tubb4b) 

Sodium/potassium-transporting ATPase subunit alpha-1 (Atp1a1) 

Proteins identified in the top fraction of the liposome flotation assay (LFA) that are complexing 

with LPC 18:1 and LPC 18:0. Mass spectrometry analysis of only high confidence proteins.  

 1103 

 1104 
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 1105 

Figure 4-1. LPC 18:1 oligodendrocyte progenitor cell differentiation experimental set up. 1106 

Experimental set up for rat oligodendrocyte progenitor cell (OPC) cultures. OPC were plated at 3 1107 

X 104 cells per well/chamber (10 µl for 96 well plate and 30 µl for slide chamber). OPCs were 1108 

incubated at 37°C for 24 hours (incubated longer than 24 hours if cells were not fully attached). 1109 

Three different experimental set ups included 1) plating and exposing OPCs to LPC 18:1-Cy5 (10 1110 

µM) followed by UV cross-linking, cell lysis and phast gel separation. 2) plating and exposing 1111 

OPCs to differentiation supplement as a positive control, LPC 18:0 (10 µM), LPC 18:1 (10 µM) 1112 

and peptidyl arginine deiminase (PAD) followed by cell lysis and mass spectrometry analysis. 1113 

Only the treated groups included isobaric C13-histidine. 3) plating and exposing OPCs to LPC 1114 

18:0 (10 µM), LPC 18:1 (10 µM) and PAD followed by fixation using 4% paraformaldehyde (PFA) 1115 

and imagining. 1116 

 1117 

 1118 

 1119 

 1120 

 1121 
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 1122 

 1123 

Figure 4-2. Rat OPCs treated with LPC 18:1. A. Immunohistochemistry of rat OPCs treated with 1124 

LPC 18:1. MBP, Abcam, ab7349; OSP, Abcam, ab7474. Blue = DAPI, Green = MBP, Red = OSP. 1125 

Scare bar = 25 µm. B. Rat OPC cell culture treated with LPC 18:1 (bright field).  1126 

 1127 

 1128 

 1129 

 1130 
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 1131 

Figure 4-3. Lysolipid metabolic enzymes mediate levels of LPC 18:1 experimental set up. A. 1132 

Experimental set up for silencing of LPC metabolic enzymes via siRNA. Rat OPCs and mouse 1133 

RGCs were plated at 3 X 104 cells per well/chamber (10 µl for 96 well plate and 30 µl for slide 1134 

chamber). OPCs and RGCs were incubated at 37°C for 24 hours (incubated longer than 24 hours 1135 

if cells were not fully attached). OPCs were either differentiated into oligodendrocytes through 1136 

the addition of differentiation supplement. OPCs, oligodendrocytes and RGCs were transfected 1137 
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with siRNAs for LPCAT1, PLA2G4C and LIPC followed by cell lysis and mass spectrometry 1138 

lipidomic analysis for LPC 18:1 levels. B. The same experimental set up as described above was 1139 

implemented with the exception of cell transfection. Cells were transfected with an 1140 

overexpression construct for LPGAT1 and LIPC. Cells were lysed and analyzed by mass 1141 

spectrometry for levels of LPC 18:1.  1142 

 1143 

 1144 

 1145 

 1146 

 1147 

 1148 

 1149 

 1150 

 1151 

 1152 

 1153 

 1154 
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 1155 

Figure 4-4. Cellular fractionation and identification of proteins of interest experimental set up. 1156 

Experimental set up for rat oligodendrocyte progenitor cell (OPC) cultures. OPCs were plated at 1157 

3 X 104 cells per well (10 µl for 96 well plate). OPCs were incubated at 37°C for 24 hours 1158 

(incubated longer than 24 hours if cells were not fully attached) followed by treatment with 1159 

differential supplement control, LPC 18:0 (10 µM) or LPC 18:1 (10 µM). Cells were incubated for 1160 

24 hours followed by media collection (extracellular fraction) and NE-PER cellular fractionation. 1161 

Cellular fractions were analyzed using western blot for the presence of proteins of interest 1162 

(SNX4, PPAR-δ, CHD7 and PCLO). Nuclear fraction was further analyzed via electrophoretic 1163 

mobility shift assay.   1164 

 1165 

 1166 

 1167 

 1168 

 1169 

 1170 
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Figure 4-5. OPC cell culture with siRNA and overexpression construct. A. Representative cell 1172 

culture morphology for rat oligodendrocyte progenitor cells (OPC) treated with siRNA, rat 1173 

oligodendrocytes (OL) treated with siRNA and mouse retinal ganglion cells (RGC) treated with 1174 

siRNA. B. Representative cell culture morphology for rat oligodendrocyte progenitor cells (OPC) 1175 

treated with overexpression construct, rat oligodendrocytes (OL) treated with overexpression 1176 

construct and mouse retinal ganglion cells (RGC) treated with overexpression. OPC and OL 1177 

cultures were validated using mRNA and protein analyses following published papers (Jäkel et 1178 

al., 2019). 1179 

 1180 

 1181 

 1182 

 1183 

 1184 

 1185 

 1186 

 1187 

 1188 

 1189 

 1190 

 1191 

 1192 

 1193 

 1194 

 1195 
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 1196 

 1197 

Figure 4-6. Proposed model for LPC 18:1 mediated immune response. Upper left model depicts 1198 

the levels of protein (P) and deimination (D) during healthy conditions. Both levels are equal. 1199 

Lower left model depicts the levels of protein (P) and deimination (D) during multiple sclerosis. 1200 

Protein levels are stable however, the levels of deimination increase. A. Increase deimination 1201 

and the presence of LPC 18:1 permits the development of oligodendrocyte progenitor cells into 1202 

mature oligodendrocytes. This process is permissible for myelination. B. During myelination, 1203 

myelin basic protein (MBP) maintains baseline levels of deimination and a close conformation. 1204 

This close conformation allows for the formation of a stable compact myelin sheath. C. In the 1205 

absence of LPC 18:1 oligodendrocyte progenitor cells cannot fully differentiate which leads to an 1206 
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accumulation of aberrant hyper-deiminaion. Increase hyper-deimination on MBP is associated 1207 

with priming of the immune system. D. Aberrant hyper-deimination of MBP is also associated 1208 

with an open conformation which makes MBP more susceptible to proteolysis. This increase in 1209 

proteolysis depletes MBP from the myelin sheath, making it unstable and susceptible to 1210 

demyelination. All of these events contribute to autoimmune response observed in multiple 1211 

sclerosis.  1212 


