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Gold has traditionally been considered biologically inactive. Ancient cultures took note of its 

resistance to corrosion, using it to symbolize longevity, and including powdered gold in recipes 

for life-extending elixirs. Indeed, the stability of gold has been used in a variety of ways for the 

improvement of human health for over 2500 years, which has presently culminated in the 

modern-day applications of gold related to bio-imaging, biosensors, and drug delivery (23). 

More recently, advancing technologies for the manufacture of gold nanoparticles have revealed 

new properties specific to nanoparticulate gold, namely, its catalytic abilities at the nanoscale. In 

addition to oxidation of NADH to NAD+ first characterized by Huang et al (12) and discussed 

above, gold nanoparticles have demonstrated peroxidase, oxidase, catalase, and super oxide 

dismutase-like properties, all of which have significant relevance to biologic systems (24, 25).  

We now propose that a novel preparation of clean-surfaced faceted crystalline gold has direct 

therapeutic ability to support intracellular bioenergetic activities.  

We sought to harness gold’s potent catalytic properties at the nanoscale, while minimizing the 

particles’ potential adverse effects, by devising a novel method of nanocrystal creation using an 

aqueous electrocrystallization process to grow highly faceted, pure gold crystals that did not rely 

on any capping or stabilizing agents. This new method afforded several significant advantages:  

1) the nanocatalytic activity of CNM-Au8 was significantly enhanced compared to that of 

standard citrate-reduced gold nanoparticles (Fig. 1C), 2) CNM-Au8 nanocrystals were non-toxic 

to OPC and OL cells in culture (Fig. 6A, B), and 3) CNM-Au8 functionally improved motor 

behaviors in mice in vivo following exposure to the toxin, cuprizone (Fig. 5). In contrast, gold 

nanoparticles made using traditional methods with added capping and surfactant agents have 

been shown to introduce adverse effects in other biological systems (17).  
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Here we have described the creation of a stable CNM-Au8 suspension with highly faceted 

nanocrystals of an average diameter of 13 nm that are free of surfactants and other modifying 

chemicals. In several in vivo remyelination assays, treatment with CNM-Au8 significantly 

improved not only the quantifiable detection of myelinated axons in the brains of experimental 

animals, but also significantly improved mouse behaviors and functional movements in the open 

field test and kinematic assays. The currently available FDA-approved drugs for the treatment of 

MS act to suppress the recurrent autoimmune attack on myelin during disease progression. These 

drugs generally limit disease progression by reducing the frequency and intensity of autoimmune 

attacks. Used alternately or in conjunction with such drugs, a remyelinating therapy opens up the 

possibility of restoration of functions that were previously impaired or lost due to MS disease 

activity, thereby improving patients’ quality of life and potentially reversing disease progression. 

CNM-Au8 appears to act through an entirely novel mechanism we term ‘nanocatalysis,’ which 

improves the bioenergetics of nervous system cells through a pathway involving the energetic 

coenzymes NAD+ and NADH. NAD+ and NADH are vital for driving cellular reduction-

oxidation (redox) reactions in living cells in both the glycolytic as well as the oxidative 

phosphorylation pathways of energy generation. In addition to its redox role, NAD+ also acts as 

a binding partner and substrate for key regulators of metabolism and repair (26). NAD+ is also a 

precursor for NADP+/NADPH, which are required for cellular anabolic pathways including the 

synthesis of long chain fatty acids that are required not only for myelin production, but also to 

protect cells from reactive oxygen species (ROS) (27). A NAD+ deficiency of more than 50% 

has been detected in the serum samples of MS patients compared to healthy controls (28). 

Intriguingly, this NAD+ deficiency increases amongst MS subgroups with increasing severity of 
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the disease (28).  NAD+ has been proposed to be a potential therapeutic target for MS treatment 

(28–30).  

NADH supplementation has been studied as a therapeutic for neurodegenerative diseases in the 

past, for example for Parkinson’s Disease (PD). However, the promising results of an initial 

small study using NADH supplementation in 34 PD patients (31) were not able to be replicated 

independently (32).  A NAD-regenerative component accompanies a catalytic therapeutic such 

as CNM-Au8, thereby significantly increasing the potential impact on a NAD-deficient system. 

In addition, use of CNM-Au8 does not preclude additional NAD supplementation; and together, 

NAD supplementation with CNM-Au8 may act synergistically. Additional studies to explore 

these possibilities are warranted. 

Aerobic glycolysis, even more so than oxidative phosphorylation, plays a key role in 

oligodendrocyte remyelination (4). The reaction provides both energy in the form of ATP as well 

as pyruvate, a precursor for many myelin-associated molecules (4). It has been suggested that the 

OPCs present in MS lesions are unable to remyelinate because they have undergone cellular 

stresses that have led to their bioenergetic failure (3). We have demonstrated that CNM-Au8 

treatment of isolated OPCs in culture stimulated the differentiation of OPCs to mature OLs. This 

activity can explain the enhanced number of mature OLs we observed in demyelinated lesion 

sites in response to CNM-Au8 treatment in our animal models.  

Many neurodegenerative diseases, including Alzheimer’s, Parkinson’s, and Huntington’s 

diseases are all thought to involve bioenergetic failure, which manifests as the inability to 

efficiently protect the brain from excitotoxic events associated with neural activity, inability to 

modulate reactive oxygen species, and inability to continuously provide adequate energy stores 

for normal neuronal function as aging progresses (33). Moreover, a 31P magnetic resonance 
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spectroscopy study has shown that NAD+/NADH redox potential declines in the aging brain, 

and lowered NAD+/NADH redox potential has been observed in patients with schizophrenia 

compared to age-matched, gender matched controls (34, 35).  

There are other remyelinating agents in various stages of clinical development, including 

opicinumab, an anti-LINGO monoclonal antibody; elezanumab, an anti-RGMa monoclonal 

antibody; NDC-1308, an estradiol derivative; and clemastine fumarate, an older generation 

antihistamine and M1/M3 muscarinic receptor reverse antagonist (36–38). Remyelination is a 

complex process involving multiple intrinsic and extrinsic signals to the OL (37). Accordingly, 

these therapies work by blocking inhibitory signaling pathways, or by stimulating positive 

signaling pathways, of OPC differentiation (38–40). Unlike these signaling therapies, CNM-Au8 

catalytically compensates for energy loss, stimulating OPC differentiation and accelerating 

myelination in a unique mode of action that likely falls downstream of many stimulatory 

signaling pathways (29, 30). Moreover, bioenergetic failure is a noted pathophysiologic 

mechanism common to many age-related neurodegenerative diseases (33). Because CNM-Au8 

does not target one specific pathway or cell type in the CNS, the applicability CNM-Au8 as a 

neurotherapeutic is potentially wide-ranging and highly significant to many neurodegenerative 

diseases impacted by impaired cellular bioenergetics. 

There are limitations to this study. While we demonstrated an improvement in open field and 

fine motor behaviors in response to CNM-Au8 in cuprizone-treated mice, many of the individual 

parameters measured did not reach statistical significance distinct from the cuprizone-treated 

controls (Fig. 4). Post-hoc sample size calculations based on the observed differences between 

the Group 1 (sham) animals and the Group 2 (vehicle plus cuprizone treated) animals indicated 

that significantly more animals would be needed for an appropriately powered experiment. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 23, 2019. ; https://doi.org/10.1101/712919doi: bioRxiv preprint 

https://doi.org/10.1101/712919


 40 

Indeed, the inherent variability of the effects of cuprizone on the corpus callosum indicated that 

even in the large (N=15 mice per group) remyelination replication study (Fig. 2) a higher 

powered study would better be able to statistically distinguish morphometric differences in 

remyelinated axons in the CNM-Au8 treated groups versus vehicle. At this point in time, we do 

not have a clear explanation as to why the therapeutic arm treatment groups outperformed 

corresponding groups in the prophylactic arm, in spite of the fact that animals in the prophylactic 

arm were treated with CNM-Au8 for a longer duration. Cuprizone itself does not consistently 

demyelinate brain areas uniformly when evaluated both on a within-animal and a between-

animal basis (41); therefore the toxin’s effects, particularly if mild, can be difficult to 

demonstrate on a quantitative basis. Nevertheless, remyelination due to CNM-Au8 treatment was 

reproducibly demonstrated in all five cuprizone and the lysolecithin models presented herein, 

when evaluated on ultrastructural, cellular, and functional levels. The observed functional 

improvements with oral administration of CNM-Au8 in every parameter measured in the open 

field test, and the overall gait improvement observed using fine motor kinetics are encouraging 

indicators of efficacy that future studies will be able to confirm. 

While we demonstrated the remyelinating capabilities of CNM-Au8 treatment using two 

independent models in mice and rats, namely cuprizone and lysolecithin, a third widely-used 

demyelinating model of experimental autoimmune encephalomyelitis (EAE) model produced 

inconsistent results with CNM-Au8. In contrast to the cuprizone and lysolecithin models, the 

EAE model involves the induction of an autoimmune attack on the animals’ myelin by injection 

of myelin proteins subcutaneously, resulting in an aggressive, continual autoimmune attack with 

no periodic times for remyelination recovery. The very nature of this experimental model may be 

the reason for our experiments using the EAE model being inconclusive, since the extensive 
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axonal loss associated with chronic EAE and subsequent neurological deficit may preclude the 

possibility of a remyelinating therapy demonstrating efficacy in these models due to the lack of 

sufficient substrate (axons) for which OLs can remyelinate (42, 43). Some have raised concerns 

that the model does not accurately reproduce key features of MS pathology; and even though 

EAE models led to the development of some MS therapies such as glatiramer acetate and 

natalizumab, numerous other candidates that showed promise in EAE models were found to be 

detrimental or ineffective for MS (44).   

In addition to the preclinical efficacy studies of CNM-Au8 as a potential remyelinating 

therapeutic for MS described here, the drug development program for CNM-Au8 included IND-

enabling toxicology studies as well as a First-in-Human Phase I study. The results of the 

genotoxicity, safety pharmacology, and acute and chronic toxicology studies for six months’ 

duration in rodents and nine months’ duration in canines indicated a clean safety profile for 

CNM-Au8, with no severe adverse effects identified in any of these studies even at the highest 

maximum feasible doses tested. A Phase I First-In-Human study of CNM-Au8 was completed in 

October 2016 (Study AU8.1000-14-01; NCT02755870), involving 86 healthy volunteers and two 

study arms, a single ascending dose and multiple ascending dose arms. All dosing regimens were 

well-tolerated in this study, with treatment-emergent adverse events reported as predominantly 

mild. There were no serious adverse events or events leading to treatment discontinuation. Due 

to promising preclinical data described here and the favorable toxicity profiles achieved by 

CNM-Au8, a Phase II, double-blinded, randomized, placebo-controlled VISIONARY-MS 

(Treatment of Visual Pathway Deficits In Chronic Optic Neuropathy for Assessment of 

Remyelination in Stable Relapsing-Remitting Multiple Sclerosis) is currently underway. 
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Materials and Methods 

 

Animal care and husbandry 

All procedures were performed with the approval of the Hooke Labs, Charles River Labs, 

Northwestern University, and the George Washington University Institutional Animal Care and 

Use Committees, and all laboratories adhered to the NIH Guide for the Care and Use of 

Laboratory Animals in accordance with Federal Animal Welfare Regulations. All animals were 

housed under pathogen–free conditions with food and water provided ad libitum, except as noted 

in text when CNM-Au8 or vehicle was provided as animals’ sole fluid source instead of water. 

Gavage administered animals were still provided water ad libitum. C57BL/6 was the mouse 

strain used in all experiments involving mice or primary cell cultures from mice. Sprague-

Dawley rats were used in all experiments involving rats or primary cell cultures from rats. 

 

Vehicle 

Vehicle used in all experiments is 6.5 mM NaHCO3.  In gavage experiments, volume of vehicle 

delivered was always equivalent to the gavage dose of CNM-Au8 (10 mL/kg). 

 

Cell-free NADH oxidation assays 

Oxidation of NADH to NAD+ in presence of CNM-Au8 was monitored by UV-VIS absorbance 

spectra as previously described (12). NADH disodium salt (bioPLUS, Dublin, OH) was 

dissolved in DI water to a concentration of 1mM stock solution. NIST 30nm and NIST 10 nm 

were acquired from the National Institute of Standards and Technology (Gaithersburg, MD). 

UV-VIS Spectra were exported into MS Excel and analyzed with Origin 6.0 software.  
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In vitro quantitation of NAD+ and NADH levels 

Rat mesencephalic neurons and glia were cultured as described (45).  Briefly, midbrains obtained 

from 15-day-old rat embryos were dissected under a microscope. Midbrains were removed and 

dissociated by trypsinization for 20 min at 37 C. The reaction was stopped by the addition of 

Dulbecco’s modified Eagle’s medium (DMEM) containing DNAse I grade II (0.5 mg/mL) and 

10% fetal calf serum (FCS). Cells were mechanically dissociated by three passages through a 10 

mL pipette, then centrifuged at 180 x g for 10 min at +4 C on a layer of BSA (3.5%) in L15 

medium. The supernatant was discarded and cell pellets were resuspended in Neurobasal 

(Invitrogen) supplemented with B27 (2%), L-glutamine (2mM), 2% of P/S, 10 ng/mL brain-

derived neurotrophic factor (BDNF), and 1 ng/mL glial-derived neurotrophic factor (GDNF). 

Viable cells were counted in a Neubauer cytometer using the trypan blue exclusion test. Cells 

were seeded at a density of 40,000 cells/well in 96-well plates pre-coated with poly-L-lysine and 

maintained in a humified incubator at 37 C in 5% CO2. After four days of culture, CNM-Au8 

(10ng/mL, 100 ng/mL, 1 µg/mL, 10 µg/mL final concentrations), BDNF (50 ng/mL), or vehicle 

was added for 36 h. Quantitation of NAD+ and NADH was performed using Promega’s 

NAD+/NADH-Glo quantification kit (cat # G9071).  

 

In vitro quantitation of ATP levels 

The human oligodendrocytic hybrid cell line M03.13 (TebuBio, 007CLU301-A) was grown in 

low glucose DMEM (5mM glucose, PAN BIOTECH P04-01550) with HEPES 10mM and 10% 

FBS. Cells were seeded at a density of 20,000 cells per well in a 96-well plate, and then treated 

with CNM-Au8 (0.1 µg/mL, 0.32 µg/mL, 1 µg/mL) or vehicle for 72h. Prior to lysing cells, half 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 23, 2019. ; https://doi.org/10.1101/712919doi: bioRxiv preprint 

https://doi.org/10.1101/712919


 44 

of the wells (N=3 per condition) were treated with a mitochondrial blocking cocktail (100 µM 

antimycin A, 0.5µM rotenone, 3 µM oligomycin) for two hours, then immediately lysed in buffer 

containing luciferase. ATP concentration in lysates was determined by measurement of 

bioluminescence using a 1s integration time on a luminometer (CLARIOstar, BMG LABTECH). 

Mitochondrial ATP production was calculated by subtracting the average ATP level from 

mitochondria-blocked cells from average total ATP levels measured in untreated cells. 

 

Extracellular Acidification Rate (ECAR) measurements 

Murine OPCs derived from P7 mouse pups were immunopanned as described above and seeded 

in 96-well Agilent plates in OPC optimal medium (21) for one day to allow for stabilization. 

CNM-Au8 (0.3 ng/mL, 1 ng/mL, 3 ng/mL, 10 ng/mL) or vehicle was added to the culture for 24 

h. Aerobic glycolysis, as determined by extracellular acidification rate (ECAR) of culture media, 

was measured using the Seahorse flux analyzer (Agilent). Protein content was determined using 

the Bradford assay (BioRad). Experiments were performed in triplicate.  

 

Cuprizone treatment 

The 5-week cuprizone demyelination model was used as described (20). One hundred and five 

male mice (Taconic Farms, 8 weeks old) were assigned to one of seven groups, with each group 

balanced by weight, N = 15 animals in each group. The 0.2% cuprizone chow (catalog 

#TD.140803) and normal control chow were supplied by Harlan Laboratories (Bethesda, MD). 

Groups 1-5 were given vehicle (0.5 mg/mL 6.5 mM NaHCO3 at 10 mL/kg by gavage daily) or 

CNM-Au8 (10 mg/kg/day) by gavage at the same time (+/- 1 hour) every day. Cuprizone 

treatment started on Day 0 for all groups except Group 1, which was fed normal chow for the 
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duration as a negative control. Prophylactic dosing was started on Day 0 for Groups 1-4 and 

Group 6 and continued to the end of the study. Therapeutic dosing started on Day 14 for Groups 

5 and 7 and continued to the end of the study. Group 2 mice were sacrificed on Day 14; all other 

groups were sacrificed on Days 34-36 (five weeks of treatment). Three mice, one from each of 

Groups 1, 5, and 7 died before their scheduled termination. 

 

For the post-cuprizone CNM-Au8 treatment study, twenty-five 8-week old, male mice were 

divided by weight into five groups. For treatment schematic for each group, see Fig. 2A. Groups 

2 and 3 were fed 0.2% cuprizone for five weeks, then the feed was replaced with normal chow, 

and CNM-Au8 (10mg/kg/day by gavage once daily) or vehicle (0.5 mg/mL NaHCO3 at 10 

mL/kg by gavage once daily) was provided for one (Groups 2a and 2b) or two weeks (Groups 3a 

and 3b) before animals were sacrificed for immunohistochemical analyses. Group 1 was fed 

normal chow for the first five weeks and was then provided vehicle by gavage. 

 

Corpus callosum sectioning and TEM imaging 

Mice were anesthetized by Avertin (250-400 mg/kg) injection into the peritoneum then perfused 

with 50 ml cold saline (0.9%NaCl in dH2O) until the liver became completely clear. After fixing 

tissue with 150 -180 ml of fixative (3.5% paraformaldehyde, 1.5% glutaraldehyde in 0.1M 

cacodylate), two 2 mm sagittal slices of brain tissue on either side of the midline containing the 

posterior corpus callosum were dissected. Samples were post-fixed in 1% osmium tetroxide in 

cacodylate buffer, followed by post-fixation in 1% uranyl acetate (Ted Pella #19481). After 

stepwise dehydration in increasing concentrations of ethanol, the samples were embedded in 

resin (Eponate 12; Ted Pella #18005 for sectioning. 90 nm thick sections were cut between 
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Bregma 0.82mm and -1.82 mm using an Ultramicrotome (Reichert Jung Ultracut). Imaging was 

carried out at 4000x, 16,000x, and 40,000x magnifications using Zeiss Libra 120 transmission 

electron microscope. 

 

Coronal brain sectioning, fixing, immunohistochemical staining and quantitation of signal 

Mice were deeply anesthetized and transcardially perfused with 30 ml cold PBS followed by 30 

ml 4% paraformaldehyde in PBS. Intact brains were removed and post-fixed in 4% 

paraformaldehyde in PBS overnight. Brains were then cryopreserved in 30% sucrose in PBS 

approximately 2 days until they sank. A coronal block encompassing approximately 1 mm to 

either side of bregma was cut, immersed in OCT, then snap frozen. 10 µm coronal sections were 

cut by cryostat and mounted onto glass slides. Matched coronal brain sections including the body 

of the corpus callosum (approximately 10 sections per animal) were identified, blocked with 

donkey serum, and stained for MBP (Abcam, ab40390) or APC (Abcam, ab15270). Sections 

were stained with 5 µg/ml MBP or 1 µg/ml APC overnight at 4°C, washed in PBS, then stained 

with AlexFluor 488 or AlexaFluor 594 (Millipore, AP182B, 1:500) for one hour at room 

temperature. Sections were counterstained with Hoechst. Slides were imaged on a Nikon A1R+ 

Confocal Laser Microscope and images encompassing the midline of the corpus callosum were 

acquired. Post-image analysis was conducted using ImageJ software. Briefly, total number of 

CC1+ cell bodies (at least 8 sections per animal) were counted in a standardized region of 

interest (ROI) and compared between experimental groups. Density of MBP staining in a 

standardized ROI of the corpus callosum (at least 8 sections per animal) was determined by 

computing the integrated density of the fluorescence signal and compared between experimental 

groups. 
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Qualitative assessment of TEM images 

Qualitative ultrastructural analyses of over 3000 TEM images (at magnifications of 4000x, 

13,500x, 16,000x, and 40,000x) from 85 mice (10-15 animals per treatment group) were carried 

out by an expert pathologist (S.K.) who was blinded to the treatments of the experimental 

groups. The data for each animal was presented as a series of images (8 minimum) arranged 

from lowest to highest power. 

 

Quantitation of percent myelination and g-ratios from TEM images 

Three investigators (B.F, J.F., N.C.) who were blinded to the treatment protocol independently 

reviewed all available TEMs taken at 16,000x magnification from the corpus callosum of 

animals from all seven groups [N=587 images total;  70 images from Group 1 (N=7 animals), 

110 from Group 2 (N= 15 animals), 79 from Group 3 (N= 8 animals), 94 from Group 4 (N= 9 

animals), 90 from Group 5 (N= 9 animals), 53 from Group 6 (N=7 animals), and 91 from Group 

7 (N= 7 animals).]. ImageJ was used to count the number of myelinated and unmyelinated axons 

in each image to calculate the percentage of myelinated axons per image. Because of the high 

variability of the number of axons in each image, there was high variability in the extent of 

demyelination due to cuprizone per image as well. Therefore to be able to compare images with 

similar axon densities against each other, the dataset for each group was divided into quartiles 

based on the number of myelinated axons of Group 1 control images. G-ratios are calculated as 

the inner myelin circumference divided by the outer myelin circumference. 

 

Lysolecithin injection demyelination model 
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The demyelinating lysolecithin lesion model was used as described (46). In brief, local 

laminectomy exposed the area of T7 spinal cord of deeply anesthetized rats, and 1.5ml of 2% 

LPC is delivered locally using a pulled glass needle over a 5-min period. Animals were allowed 

to recover for 7 or 14 days prior to analysis. Vehicle (N=15 rats) or CNM-Au8 (N=15) was 

administered by gavage daily (10 mg/kg/day) starting on day 3 following lysolecithin injection. 

Animals were sacrificed on day 7 or day 14 and lesioned areas, marked by charcoal, were 

sectioned for light microscopy. Sections were stained for myelin using Luxol fast blue or 

toluidine blue. Quantitation of myelinated axon counts was conducted on TEM images of lesion 

sections by counting the number of thinly-wrapped (2-4 wraps) axons within lesion boundaries, 

in blinded fashion. 

 

Open field and fine motor kinematic studies 

Open field (N=12/group) and fine motor kinematic (N=10/group) analyses of cuprizone/CNM-

Au8 treated animals were performed by Charles River Laboratories. 

For the open field test: Activity chambers (Med Associates Inc, St. Albans, VT; 27 x 27 x 20.3 

cm) were equipped with infrared beams. Female mice were placed in the center of the chamber 

and their behavior was recorded for 30 min in 5-min bins. Quantitative analysis was performed 

on the following dependent measures: total path length, path length in the center of the open 

field, total vertical rearing, vertical rearing in the center, total number of jumps, number of jumps 

in the center, total time spent jumping, time spent jumping in center, and speed. 

For fine motor kinematic analysis: Fine motor skills and gait parameters were assessed using a 

high precision kinematic analysis method (MotoRater, TSE Systems, Homberg, Germany), 

allowing for automated analysis of general gait patterns, body posture, balance and fine motor 
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skills. Before each test session, mice were externally marked on joints of limbs and tail. The 

movement data were captured using a high speed (300 fps) cameras positioned above, below, 

and at the side of the animal. SimiMotion software was used to track the marked points of the 

body in relation to the ground and in each of the three dimensions. Gait patterns and movements 

were analyzed using a custom automated analysis system (Charles River, Inc.). The analyzed 

parameters included general gait pattern parameters (stride time and speed, step width, stance 

and swing time during a stride, interlimb coordination), 2) body posture and balance (toe 

clearance, iliac crest and hip height, hind limb protraction and retraction, tail position and 

movement), and 3) fine motor skills (swing speed during a stride, jerk metric during swing 

phase, angle ranges and deviations of different joints, vertical and horizontal head movement). 

The analysis provided 83 different parameters related to fine motor capabilities and gait. Data 

were analyzed for distinctive individual parameters, as well as by principal component analysis 

(see Statistical methods). 

 

Viability assay and flow cytometry proliferation/differentiation assays of immunopanned 

OPCs 

Oligodendrocyte precursor cells (OPCs) from stage P5-7 C57BL/6 mouse pups were 

immunopanned as described (21) in media supplemented with 0.01 µg/mL PDGF (‘proliferative 

conditions’) or 0.04 µg/mL triiodothyronine (T3) (‘driving conditions’),  and treated with vehicle 

or CNM-Au8 for 72 hours. Flow cytometry was performed as described (22). 

 

RNASeq Transcriptomics 
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Oligodendrocyte precursor cells (OPCs) from stage P10 C57BL/6 mouse pups were 

immunopanned and cultured as described (21), then treated with vehicle, 0.04 µg/mL 

triiodothyronine (T3), 0.01 µg/mL PDGF, or 1 ug/mL or 10 ug/mL CNM-Au8 for 72 hours. Two 

technical replicates were conducted for each condition. 

RNAseq libraries were prepared using RNA extracted from treated OPCs then sequenced 

(Illumina Hiseq4000). Reads were aligned using STAR; gene counts were computed by htseq-

count. Downstream analyses were performed using R, and the limma, edgeR, TopGO 

Bioconductor packages. Heatmaps were plotted using the gplots R package. 

 

Statistical methods  

Unless described below, all statistical analyses indicated in the text were carried out using 

statistical calculators included in the standard MS Excel package and/or Prism 7.0. Statistical 

significance was defined as p values of 0.05 or less.  

 

Myelinated-Percent of Normalized Distributions per TEM Image by Quartile 

Group 2 (early sacrifice) results were excluded from analysis.  The remaining 6 treatment groups 

used were analyzed independently by quartile.  Quartile assignment for each image was based on 

the distribution per Normal Myelin Axon Count from Group 1. For each treatment group, 

summary statistics (mean, standard deviation, median, minimum, maximum) of the Myelinated- 

Percent of Normal Distribution per TEM Image were calculated. To test for treatment 

differences, analyses using a nested mixed model were carried out. A nested mixed model was 

used to account for within subject (mice) correlations between images.  For the model, the unit of 

analysis (dependent variable) was the Myelinated- Percent of Normal Distribution per TEM 
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Image.  The fixed effect for treatment was included in the model.  A random effect was included 

in the model for the individual mice.  In addition, the effect for mouse was nested within 

treatment group.  The Kenward-Roger method was used to compute the degrees of freedom for 

the test of fixed effects. 

Least square (LS) means were presented for each treatment.  LS means were calculated to 

account for the unbalanced data of the model effects.  For each LS mean calculated, an 

associated 95% confidence interval (CI) was presented.  Comparisons of treatment groups were 

carried out by calculating the difference of the LS means.  All possible pairwise comparisons that 

involved Group 1 (no cuprizone, vehicle control) and Group 3 (plus cuprizone, vehaicle control) 

were carried out.  A p-value < 0.05 was taken to be significant. 

 

Open Field Parameters Analysis 

Endpoints analyzed were the following: Path Length, Central Path Length, Vert. Rearing, Central 

Vert Rearing, Jump Counts, Jump Time.  Each endpoint had results for 3 time points: Baseline, 

Week 3, Week 6.  For each post baseline time point (Week 3, Week 6), change from baseline 

was calculated.  Summary statistics (n, mean, standard deviation, median, minimum, maximum) 

for both the raw scores and the change from baselines were calculated. 

To test for treatment differences (change from baseline), mixed model repeated measures 

(MMRM) analyses were carried out to account for the longitudinal nature of the data.  Covariates 

included the baseline score of the endpoint of interest and the baseline weight.  An unstructured 

covariance model was used to account for correlated measures within a subject.  The Kenward-

Roger method was used to compute the degrees of freedom for the test of fixed effects. LS 

means and an associated 95% confidence interval (CI) for each treatment and time point were 
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calculated to account for the unbalanced data of the main effects and covariates. Comparisons of 

treatment groups were carried out by calculating the difference of the LS means. A p-value £ 

0.05 was taken to be significant. 

 

Mouse Motor Kinematics 

 

Ten principal components (PC) of gait features were identified from over 100 kinematic gait 

parameters collected on mice (Charles River Labs – look up ref).  Those 10 components were 

labeled as follows: PC1- Slowness, PC2- Tail Tip Height, PC3- Knee Function, PC4- Step 

Length, PC5- Interlimb Coordination, PC6- Vertical Movement, PC7- Hip Angle, PC8- 

Hindlimb Trajectory, PC9- Hip Height, PC10- Forelimb Trajectory.  Each principal component 

had results for 2 timepoints: Week 3, Week 6.  

The three treatment groups used for this analysis were Sham, Vehicle, and CNM-Au8.  For each 

treatment group and time point, summary statistics (n, mean, standard deviation, median, 

minimum, maximum) for the raw scores were calculated. 

To test for treatment differences, mixed model repeated measures (MMRM) analyses were used 

to account for the longitudinal nature of the data.  For the model, the unit of analysis (dependent 

variable) was the principal component.  Each principal component was analyzed separately.  

Fixed effects for treatment and visit and the interaction term treatment and visit were included in 

the model.  A random effect was included in the model for the individual mice.  An unstructured 

covariance structure was used to account for measures within a subject being correlated.  The 

model converged using the unstructured covariance structure.  The Kenward-Roger method was 

used to compute the degrees of freedom for the test of fixed effects. 
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Least square (LS) means were presented for each treatment and time point.  LS means were 

calculated to account for the unbalanced data of the main effects.  For each LS mean calculated, 

an associated 95% confidence interval (CI) was presented.  Comparisons of treatment groups 

were carried out by calculating the difference of the LS means.  A p-value £ 0.05 was taken to be 

significant.   
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Supplemental Materials and Methods 

 

Preparation of CNM-Au8 and characterization of CNM-Au8 (Table 1 and TEM) 

 

Preparation and characterization of gold nanocrystals CNM-Au8 were as described in U. S. 

Patent 9,603,870 B2.  

 

Cuprizone experiments  

Cuprizone experiments described in the Supplemental section were performed as described in the 

main paper Materials and Methods, with the following changes:  

For the pilot cuprizone experiment, sixteen mice were divided into four groups with N=4 per 

group. Group 1 served as a negative control with vehicle provided ad libitum in drinking water 

and normal chow. Group 2 was fed 0.2% cuprizone chow with vehicle provided ad libitum in 

drinking water. Group 3 received CNM-Au8 (50 µg/mL) in their drinking water, and normal 

chow. Group 4 received CNM-Au8 (50µg/mL) in their drinking water, and 0.2% cuprizone 

chow. After five weeks of treatment, animals were prepared for TEM imaging as described. The 

average intake of CNM-Au8 in the treatment groups was measured on a daily, per cage basis. 

From this data, a daily dose of 10 mg CNM-Au8/kg/day was calculated to be a sufficient dose 

for detectable effects on myelin. 
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For the early sacrifice cuprizone experiment, four groups of mice were treated as follows: Group 

1 (N=4) was given normal chow and vehicle (10mL/kg) by gavage; Group 2 (N=6) was given 

0.2% cuprizone chow and vehicle by gavage; Group 3 (N=6) was given 0.2% cuprizone chow 

and CNM-Au8 by gavage (10 mg/kg); Group 4 (N=6) was given 0.2% cuprizone chow on Day 0, 

and CNM-Au8 by gavage (10 mg/kg) starting seven days prior to Day 0 when all other groups 

were started on both cuprizone and CNM-Au8 or vehicle, and continuing through to Day 14. All 

animals were sacrificed on Day 14 and coronal brain slices were prepared for 

immunohistochemical staining and quantitation as described in Materials and Methods. 

 

PLP staining and quantitation 

7 µm thick serial coronal brain sections between bregma-0.82 mm and bregma-1.82 mm were 

prepared and analyzed. 

According to the methods referenced previously3 , paraffin-embedded sections were de-waxed, 

rehydrated, while housed in a glass container partially filled with 10mM citrate buffer (pH 6.0), 

and then microwave-heated in a conventional 1.65 KW household microwave until the buffer 

began to boil.  Brain sections were then quenched with 0.3% H2O2, blocked for 1 hr in PBS 

containing 3% normal horse serum and 0.1% Triton X-100.  Sections were then incubated at 4°C 

overnight with anti-PLP antibodies (AbD Serotec) at a dilution factor of 1:500.   After washing 

with washing buffer (PBS buffer, pH 7.4), coronal brain sections were further incubated with 

biotinylated anti-mouse IgG secondary antibody (Vector Laboratories) for 1 hr, followed by 

exposure to peroxidase-coupled avidin-biotin complex (ABC Kit, Vector Laboratories) for 

30min and developed with diamino-3,3’benzidine reagent according to the manufacturer’s 
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instructions (Vector Laboratories). To determine the total cross-sectional area of all brain matter 

present on each slide, sections were also stained with hematoxylin to label all brain tissue.  

Specifically, to quantify the amount of immunopositive PLP in the coronal portion of each 

mouse brain, coronal sections (i.e., between bregma-0.82mm and 1.82mm) were scanned 

using a specially adapted Cannon Scanner (output resolution of 2400 dpi). Each pixel in the scan 

was then evaluated and automatically by Photoshop, assigned a value between 1 and 255, with 

“255” corresponding to the least intensity and “1” corresponding to the highest intensity. The 

data were then exported to Excel.  The total number of pixels assigned each number between 1 

and 255 were then tabulated to achieve a histogram. The data for each histogram was then 

analyzed and a quantitative weighted average for the amount of pixel intensity in each myelin-

stained coronal slide was determined.  This quantitative number (appropriately corrected for 

background) resulted in the ability to make a direct comparison of the amount of color for an 

equal area in each myelin-stained coronal slide.  

Further, in order to make a meaningful scientific comparison of the amount of 

demyelination/remyelination (i.e., color or shade intensity) in each mouse Group, it was also 

necessary to determine the total amount (i.e., cross-sectional area) of brain matter present in each 

of the coronal sections.  Thus, the total brain matter area on each coronal slide needed to be 

determined so that the total amount of color/brain matter area could be quantified and 

normalized.  The amount of color per unit area was then used to compare directly the relative 

amount of myelin present. Accordingly, hematoxylin was used to stain all of the brain matter in 

another immediately adjacent serial coronal section.  These brain sections were similarly 

quantified and the total “amount of color” (i.e., lightness or darkness) determined in a first 

coronal slide, was compared to the total cross-sectional area of brain matter present (represented 
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by both blue coloring and yellow-brown coloring intensity above a minimum threshold amount), 

determined in a juxtaposed or serial coronal slide to determine the total amount of color or 

shade/unit area of brain matter.  

As stated above, there were 8 groups of mice, and, for staining purposes, each group had 3 mice. 

Because staining intensity varied as a function of time (e.g., when the staining steps were 

performed) care was taken to normalize staining or color intensity variations.   

 

CNM-Au8 and cuprizone chelation of copper 

 

Materials: cuprizone (Sigma-Aldrich 14960), copper (II) sulfate, 5-hydrate - Macron (4844-04), 

copper (II) acetate mono-hydrate (Alfa Aesar A16203), potassium gold(III) chloride (Sigma-

Aldrich 334545). 1.0 mM cuprizone solutions were prepared by dissolving solid cuprizone in 

50% ethanol. Copper(II) sulfate and copper(II) acetate solutions (10.0 mM) were prepared in 

MilliQ water. Tris buffered saline (Tris 50.0 mM, NaCl 50.0 mM, pH 7.4) was prepared for 

spectroscopic experiments. 

 

The copper-cuprizone complex has been previously characterized and is known to have an 

absorbance peak at 595 nm. An Agilent 8453 spectrophotometer was used to monitor the binding 

of copper to cuprizone. All samples were blanked with Tris buffer. For saturation curve 

experiments, final molarity of cuprizone was 8.8 x 10-5 M, and copper concentration was 2.2 x 

10-5 M, 4.4 x 10-5 M, and 6.6 x 10-5 M to show the saturation of cuprizone in the cell. Saturation 

curves were produced in the presence of CNM-Au8 (26 μg/mL). After adding copper reagents, 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 23, 2019. ; https://doi.org/10.1101/712919doi: bioRxiv preprint 

https://doi.org/10.1101/712919


 58 

the samples were incubated for 5 minutes to stabilize the Cu-CPZ complex, and the full spectrum 

for each sample was recorded.  

 

Rat spinal cord culture and immunohistochemistry 

 

A standard laboratory protocol was followed; in brief, postnatal rat spinal cord cells were 

dissociated and plated on PLL coated coverslips. Cells were allowed to adhere for at least 24 

hours in base medium and then switched to vehicle or CNM-Au8 containing medium (final 

concentration of 0.01 ug/mL or 10 ug/mL), grown for 72 hours, fixed, and labeled with 

antibodies as follows: anti-Olig2, anti-MBP, anti-GFAP, anti-CC1. 

 
 
Acknowledgments:  

The consistent and enthusiastic support from Clene Nanomedicine’s CEO Rob Etherington, the 
support from our former CMO’s Drs. William Houghton, Consuelo Glenn, and Glen 
Frick, and the dedication of our amazing employees at Clene are greatly valued and 
appreciated. 

We thank Pieter D’Arnaud of Instat, Inc. for help with statistical analyses of the cuprizone 
remyelination and fine motor kinetic data. We thank Dr. Damiano Fantini, Matthew J. 
Schipma and the staff at the NuSeq core (Northwestern University) for sequencing the 
RNAseq libraries and preliminary statistical analysis of sequence data (test statistic, p-
value, false discovery rate), and especially Dr. Fantini for preliminary bioinformatics 
analyses of this data.  We also thank Carol Cooke of the Electron Microscopy Lab in the 
Neurology Department of Johns Hopkins University for technical help with transmission 
electron microscopy. Cellomet, Neuro/sys, and Charles River Labs performed contracted 
research for us. Funding: This work was funded by Clene Nanomedicine, Inc.  

Author Contributions: 

AR and HET conducted the early and late cuprizone experiments and flow cytometry 
experiments. AR performed Seahorse experiments. AR and HET conducted the 
transcriptomics study. JZZ conducted the cuprizone pilot and replication studies. MM, 
ARD, and MGM produced CNM-Au8 and conducted the analytical and nanocatalytic 
characterizations of CNM-Au8. MK and RM performed all lysolecithin experiments as 
well as the isolated rat spinal OPC marker expression study. SK interpreted and 
qualitatively evaluated the corpus callosum micrographs from the cuprizone 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 23, 2019. ; https://doi.org/10.1101/712919doi: bioRxiv preprint 

https://doi.org/10.1101/712919


 59 

studies. MTH, SM, RM, MGM, and KSH designed the studies and analyzed data. KSH 
wrote the manuscript. 

 
Competing interests:  
All other authors have no competing interests. 
 
 
Cited References 
 
 1. K. K. Bercury, W. B. Macklin, Dynamics and mechanisms of CNS myelination, Dev Cell 32, 447–58 (2015). 

2. S. E. Pfeiffer, A. E. Warrington, R. Bansal, The oligodendrocyte and its many cellular processes, Trends Cell Biol 
3, 191–7 (1993). 

3. G. Figlia, D. Gerber, U. Suter, Myelination and mTOR, Glia 66, 693–707 (2018). 

4. T. Philips, J. D. Rothstein, Oligodendroglia: metabolic supporters of neurons, J Clin Invest 127, 3271–3280 
(2017). 

5. D. Mathur, A. L. Riffo-Campos, J. Castillo, J. D. Haines, O. G. Vidaurre, F. Zhang, F. Coret-Ferrer, P. Casaccia, 
B. Casanova, G. Lopez-Rodas, Bioenergetic Failure in Rat Oligodendrocyte Progenitor Cells Treated with 
Cerebrospinal Fluid Derived from Multiple Sclerosis Patients, Front Cell Neurosci 11, 209 (2017). 

6. L. Rosko, V. N. Smith, R. Yamazaki, J. K. Huang, Oligodendrocyte Bioenergetics in Health and Disease, 
Neuroscientist , 1073858418793077 (2018). 

7. M. B. Rone, Q. L. Cui, J. Fang, L. C. Wang, J. Zhang, D. Khan, M. Bedard, G. Almazan, S. K. Ludwin, R. Jones, 
T. E. Kennedy, J. P. Antel, Oligodendrogliopathy in Multiple Sclerosis: Low Glycolytic Metabolic Rate Promotes 
Oligodendrocyte Survival, The Journal of neuroscience : the official journal of the Society for Neuroscience 36, 
4698–707 (2016). 

8. U. Funfschilling, L. M. Supplie, D. Mahad, S. Boretius, A. S. Saab, J. Edgar, B. G. Brinkmann, C. M. Kassmann, 
I. D. Tzvetanova, W. Mobius, F. Diaz, D. Meijer, U. Suter, B. Hamprecht, M. W. Sereda, C. T. Moraes, J. Frahm, S. 
Goebbels, K. A. Nave, Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity, Nature 485, 
517–21 (2012). 

9. J. M. Tennessen, N. M. Bertagnolli, J. Evans, M. H. Sieber, J. Cox, C. S. Thummel, Coordinated metabolic 
transitions during Drosophila embryogenesis and the onset of aerobic glycolysis, G3 (Bethesda) 4, 839–50 (2014). 

10. T. Hayashi, K. Tanaka, M. Haruta, Selective Vapor-Phase Epoxidation of Propylene over Au/TiO2Catalysts in 
the Presence of Oxygen and Hydrogen, Journal of Catalysis 178, 566–575 (1998). 

11. X. Shen, W. Liu, X. Gao, Z. Lu, X. Wu, X. Gao, Mechanisms of Oxidase and Superoxide Dismutation-like 
Activities of Gold, Silver, Platinum, and Palladium, and Their Alloys: A General Way to the Activation of 
Molecular Oxygen, J Am Chem Soc 137, 15882–91 (2015). 

12. X. Huang, I. H. El-Sayed, X. Yi, M. A. El-Sayed, Gold nanoparticles: catalyst for the oxidation of NADH to 
NAD(+), J Photochem Photobiol B 81, 76–83 (2005). 

13. C. Canto, K. J. Menzies, J. Auwerx, NAD(+) Metabolism and the Control of Energy Homeostasis: A Balancing 
Act between Mitochondria and the Nucleus, Cell Metab 22, 31–53 (2015). 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 23, 2019. ; https://doi.org/10.1101/712919doi: bioRxiv preprint 

https://doi.org/10.1101/712919


 60 

14. A. I. Amaral, M. G. Hadera, J. M. Tavares, M. R. Kotter, U. Sonnewald, Characterization of glucose-related 
metabolic pathways in differentiated rat oligodendrocyte lineage cells, Glia 64, 21–34 (2016). 

15. C. Novo, A. M. Funston, P. Mulvaney, Direct observation of chemical reactions on single gold nanocrystals 
using surface plasmon spectroscopy, Nature Nanotechnology 3, 598 (2008). 

16. A. M. Alkilany, C. J. Murphy, Toxicity and cellular uptake of gold nanoparticles: what we have learned so far?, 
J Nanopart Res 12 (2010), doi:10.1007/s11051-010-9911-8. 

17. N. Khlebtsov, L. Dykman, Biodistribution and toxicity of engineered gold nanoparticles: a review of in vitro and 
in vivo studies, Chem Soc Rev 40, 1647–71 (2011). 

18. J. Turkevich, P. C. Stevenson, J. Hillier, A study of the nucleation and growth processes in the synthesis of 
colloidal gold, Discussions of the Faraday Society 11, 55 (1951). 

19. G. Frens, Controlled Nucleation for the Regulation of the Particle Size in Monodisperse Gold Suspensions, 
nature physical science 241, 20–22 (1973). 

20. J. Praet, C. Guglielmetti, Z. Berneman, A. Van der Linden, P. Ponsaerts, Cellular and molecular neuropathology 
of the cuprizone mouse model: clinical relevance for multiple sclerosis, Neuroscience and biobehavioral reviews 47, 
485–505 (2014). 

21. B. Emery, J. C. Dugas, Purification of oligodendrocyte lineage cells from mouse cortices by immunopanning, 
Cold Spring Harb Protoc 2013, 854–68 (2013). 

22. A. P. Robinson, J. M. Rodgers, G. E. Goings, S. D. Miller, Characterization of oligodendroglial populations in 
mouse demyelinating disease using flow cytometry: clues for MS pathogenesis, PLoS One 9, e107649 (2014). 

23. L. Dykman, N. Khlebtsov, Gold nanoparticles in biomedical applications: recent advances and perspectives, 
Chem Soc Rev 41, 2256–82 (2012). 

24. W. He, Y.-T. Zhou, W. G. Wamer, X. Hu, X. Wu, Z. Zheng, M. D. Boudreau, J.-J. Yin, Intrinsic catalytic 
activity of Au nanoparticles with respect to hydrogen peroxide decomposition and superoxide scavenging, 
Biomaterials 34, 765–773 (2013). 

25. Y. Lin, J. Ren, X. Qu, Nano-gold as artificial enzymes: hidden talents, Adv. Mater. Weinheim 26, 4200–4217 
(2014). 

26. K. A. Anderson, A. S. Madsen, C. A. Olsen, M. D. Hirschey, Metabolic control by sirtuins and other enzymes 
that sense NAD(+), NADH, or their ratio, Biochim Biophys Acta Bioenerg 1858, 991–998 (2017). 

27. W. Ying, NAD+/NADH and NADP+/NADPH in cellular functions and cell death: regulation and biological 
consequences, Antioxid Redox Signal 10, 179–206 (2008). 

28. N. Braidy, C. K. Lim, R. Grant, B. J. Brew, G. J. Guillemin, Serum nicotinamide adenine dinucleotide levels 
through disease course in multiple sclerosis, Brain Res. 1537, 267–272 (2013). 

29. V. K. Nimmagadda, T. K. Makar, K. Chandrasekaran, A. R. Sagi, J. Ray, J. W. Russell, C. T. Bever, SIRT1 and 
NAD+ precursors: Therapeutic targets in multiple sclerosis a review, J Neuroimmunol 304, 29–34 (2017). 

30. W. T. Penberthy, I. Tsunoda, The importance of NAD in multiple sclerosis, Current pharmaceutical design 15, 
64–99 (2009). 

31. J. G. Birkmayer, Coenzyme nicotinamide adenine dinucleotide: new therapeutic approach for improving 
dementia of the Alzheimer type, Ann. Clin. Lab. Sci. 26, 1–9 (1996). 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 23, 2019. ; https://doi.org/10.1101/712919doi: bioRxiv preprint 

https://doi.org/10.1101/712919


 61 

32. N. Dizdar, B. Kågedal, B. Lindvall, Treatment of Parkinson’s disease with NADH, Acta Neurol. Scand. 90, 345–
347 (1994). 

33. S. Camandola, M. P. Mattson, Brain metabolism in health, aging, and neurodegeneration, EMBO J 36, 1474–
1492 (2017). 

34. S. Y. Kim, B. M. Cohen, X. Chen, S. E. Lukas, A. K. Shinn, A. C. Yuksel, T. Li, F. Du, D. Ongur, Redox 
Dysregulation in Schizophrenia Revealed by in vivo NAD+/NADH Measurement, Schizophr Bull 43, 197–204 
(2017). 

35. X.-H. Zhu, M. Lu, B.-Y. Lee, K. Ugurbil, W. Chen, In vivo NAD assay reveals the intracellular NAD contents 
and redox state in healthy human brain and their age dependences, Proceedings of the National Academy of Sciences 
112, 2876 (2015). 

36. K. L. H. Cole, J. J. Early, D. A. Lyons, Drug discovery for remyelination and treatment of MS, Glia 65, 1565–
1589 (2017). 

37. R. M. Bove, A. J. Green, Remyelinating Pharmacotherapies in Multiple Sclerosis, Neurotherapeutics 14, 894–
904 (2017). 

38. A. J. Green, J. M. Gelfand, B. A. Cree, C. Bevan, W. J. Boscardin, F. Mei, J. Inman, S. Arnow, M. Devereux, A. 
Abounasr, H. Nobuta, A. Zhu, M. Friessen, R. Gerona, H. C. von Budingen, R. G. Henry, S. L. Hauser, J. R. Chan, 
Clemastine fumarate as a remyelinating therapy for multiple sclerosis (ReBUILD): a randomised, controlled, 
double-blind, crossover trial, Lancet (London, England) (2017), doi:10.1016/s0140-6736(17)32346-2. 

39. P. Acs, M. Kipp, A. Norkute, S. Johann, T. Clarner, A. Braun, Z. Berente, S. Komoly, C. Beyer, 17beta-estradiol 
and progesterone prevent cuprizone provoked demyelination of corpus callosum in male mice, Glia 57, 807–814 
(2009). 

40. L. C. Taylor, K. Puranam, W. Gilmore, J. P.-Y. Ting, G. K. Matsushima, 17beta-estradiol protects male mice 
from cuprizone-induced demyelination and oligodendrocyte loss, Neurobiol. Dis. 39, 127–137 (2010). 

41. I. Tagge, A. O’Connor, P. Chaudhary, J. Pollaro, Y. Berlow, M. Chalupsky, D. Bourdette, R. Woltjer, M. 
Johnson, W. Rooney, Spatio-Temporal Patterns of Demyelination and Remyelination in the Cuprizone Mouse 
Model, PLoS ONE 11, e0152480 (2016). 

42. M. V. Jones, T. T. Nguyen, C. A. Deboy, J. W. Griffin, K. A. Whartenby, D. A. Kerr, P. A. Calabresi, 
Behavioral and pathological outcomes in MOG 35-55 experimental autoimmune encephalomyelitis, J. 
Neuroimmunol. 199, 83–93 (2008). 

43. D. Papadopoulos, D. Pham-Dinh, R. Reynolds, Axon loss is responsible for chronic neurological deficit 
following inflammatory demyelination in the rat, Exp. Neurol. 197, 373–385 (2006). 

44. P. O. Behan, A. Chaudhuri, EAE is not a useful model for demyelinating disease, Mult Scler Relat Disord 3, 
565–574 (2014). 

45. N. P. Visanji, A. Orsi, T. H. Johnston, P. A. Howson, K. Dixon, N. Callizot, J. M. Brotchie, D. D. Rees, 
PYM50028, a novel, orally active, nonpeptide neurotrophic factor inducer, prevents and reverses neuronal damage 
induced by MPP+ in mesencephalic neurons and by MPTP in a mouse model of Parkinson’s disease, FASEB J. 22, 
2488–2497 (2008). 

46. M. B. Keough, S. K. Jensen, V. W. Yong, Experimental demyelination and remyelination of murine spinal cord 
by focal injection of lysolecithin, Journal of visualized experiments : JoVE (2015), doi:10.3791/52679. 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 23, 2019. ; https://doi.org/10.1101/712919doi: bioRxiv preprint 

https://doi.org/10.1101/712919

