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Abstract    
 
 
We have previously demonstrated that thyromimetics stimulate oligodendrocyte precursor cell 

differentiation and promote remyelination in murine demyelination models.  We investigated 

whether a thyroid receptor-beta selective thyromimetic, sobetirome (Sob), and its CNS-targeted 

prodrug, Sob-AM2, could prevent myelin and axonal degeneration in experimental autoimmune 

encephalomyelitis (EAE). Compared to controls, EAE mice receiving triiodothyronine (T3, 

0.4mg/kg), Sob (5mg/kg)  or Sob-AM2 (5mg/kg) had reduced clinical disease and, within the  

spinal cord, less tissue damage, more normally myelinated axons, fewer degenerating axons and 

more oligodendrocytes. T3 and Sob also protected cultured oligodendrocytes against cell death. 

Thyromimetics thus might protect against oligodendrocyte death, demyelination and axonal 

degeneration as well as stimulate remyelination in multiple sclerosis. 
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Highlights 
 

• Thyroid hormone, the thyromimetic Sob and its CNS penetrating prodrug, Sob-AM2, 

reduce disease severity, reduce myelin and axonal degeneration and protect 

oligodendrocytes in EAE.  

• The benefits of Sob and Sob-AM2 may be via direct protective effects on 

oligodendrocytes and reduction in activity of microglia/macrophages. 
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1. Introduction 
 
Thyroid hormone (TH) regulates oligodendrocyte differentiation and myelination during 

development and stimulates remyelination (Billion et al. 2002; Schoonover et al. 2004; Calza et 

al. 2018; Hartley et al. 2019). The active form of TH, 3,5,3’-triiodothyronine (T3), binds and 

activates thyroid hormone receptors TRa and TRb that act as transcription factors to influence 

gene expression of thyroid hormone regulated genes (Bernal 2007). Importantly, TH accelerates 

remyelination in the cuprizone and lysolecithin models of demyelination (Zendedel et al. 2016; 

Hartley et al. 2019). TH treatment also provides beneficial effects in experimental autoimmune 

encephalomyelitis (EAE), displaying anti-inflammatory effects and reduction in demyelination 

and axonal injury (Calza et al. 2002; Dell’Acqua et al. 2012).  Despite its therapeutic benefit in 

models of multiple sclerosis (MS), TH cannot be used therapeutically in MS because there is 

likely no margin separating the beneficial CNS effects from systemic thyrotoxicosis (Wooliscroft 

et al. 2020).  

The TRb selective thyroid hormone agonist sobetirome (Sob) (also called GC-1) lacks the 

systemic toxic effects of TH but retains its therapeutic benefits (Scanlan 2010). To enhance the 

CNS effects of Sob, we previously developed and evaluated CNS-penetrating prodrugs, 

including Sob-AM2, that cross the blood brain barrier and within the CNS are hydrolyzed to 

produce high levels of Sob (Meinig et al. 2017, 2018; Ferrara et al. 2017; Bárez-López et al. 

2018; Ferrara and Scanlan 2020). Compared to Sob, an equivalent bioavailable fraction of Sob-

AM2 delivers more than ten times the thyromimetic exposure to the CNS while masking 

thyromimetic activity in the periphery, thus increasing therapeutic index (Meinig et al. 2018).   

We previously showed that Sob and Sob-AM2  stimulated oligodendrocyte precursor cell (OPC) 

differentiation and remyelination in a novel genetic mouse model of demyelination and Sob 
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promoted remyelination in the cuprizone and lysolecithin models (Hartley et al. 2019). In the 

present study, we assessed for the first time the therapeutic benefits of Sob and Sob-AM2 in an 

EAE model of MS.  

2. Methods 
 
2.1 EAE induction and drug delivery: The VA Portland Health Care System (VAPORHCS) 

IACUC committee approved all experiments. C57BL/6 female mice (The Jackson Laboratory, 

Bar Harbor, ME, ages 8-10 weeks) were immunized with 200µg of myelin oligodendrocyte 

glycoprotein (MOG) 35-55 peptide (PolyPeptide Laboratories, San Diego, CA) in complete 

Freund’s adjuvant containing 400µg of Mycobacterium tuberculosis per mouse (subcutaneous 

injection of 0.2ml volume). Pertussis toxin (List Biological labs Inc, Campbell, CA) was 

administered via intraperitoneal (ip) injection at day 0 (75ng per mouse) and day 2 (200ng per 

mouse) after immunization. Mice were scored for clinical signs of EAE daily using a previously 

described 9-point scale (Forte et al. 2007). Scoring was done daily before administration of 

treatment and without reference to previous EAE scores. Mice received daily ip injections of 

vehicle (50% DMSO or 8mM NaOH, both in saline) or drug (T3 0.4mg/kg, Sob 5mg/kg, or Sob-

AM2 5mg/kg) starting on day 7 before signs of EAE and continued daily treatment through 

euthanasia on day 21 post-immunization. The experiment was repeated 3 times with 6-8 mice per 

group for each experiment. After 21 days, mice were euthanized and spinal cords were isolated 

after perfusion (2% glutaraldehyde and 2% paraformaldehyde, n=2 per group) or immersion 

fixation (4% paraformaldehyde, n=4-6 per group). Spinal cords were isolated and the tissue was 

further fixed using microwave fixation (Calkins et al. 2019). Only immersion fixed tissue was 

used for immunofluorescence. Spinal cords sections from perfused and immersion fixed tissue 
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were used for embedding in plastic which was used for determination of tissue damage and 

electron microscopy (EM). 

2.2 Immunofluorescence staining of spinal cord slices: After immersion fixation, lumbar 

spinal cord was isolated and sectioned. 50µm sections were cut for immunostaining and 350µm 

sections were used for embedding in plastic. For each spinal cord, two sections (50µm) were 

randomly chosen and permeabilized with 0.2% Triton X in PBS for 30-45 min and then blocked 

with 0.5% fish skin gelatin, 3% BSA in PBS for 2 hours at room temperature. The sections were 

then incubated with primary antibodies: anti CD4 (BD Biosciences, 550280, 1:25 dilution), 

CD11b (BioRad, Hercules, CA, MCA711, 1:250 dilution), Iba1 (Wako, Richmond, VA, 019-

19741, 1:250 dilution), or aspartoacylase (ASPA, Millipore, Burlington, MA, ABN1698, 1:200 

dilution) at 4oC overnight. The sections were washed three times and incubated with Alexa fluor 

secondary antibodies for two hours at room temperature. Donkey anti-rat IgG Alexa Fluor 488, 

A21208 or Donkey anti-Rabbit IgG Alexa Fluor 555, A-31572 (both from Thermo Fisher, 

Waltham, MA) were used as secondary antibodies at 1:200 dilution. DAPI (1 µg/ml) was used as 

a nuclear marker. The sections were mounted in Prolong Gold antifade (Thermo Fisher, P36934) 

and imaged using Zeiss 780 laser scanning confocal. All sections were processed without 

knowledge of treatment group. 

2.3 Light and electron microscopy of plastic embedded spinal cord: Lumbar spinal cord 

sections (350µm) from immersion fixed and perfused mice were embedded using a previously 

described protocol (Hartley et al. 2019, Calkins et al. 2019). Briefly, the spinal cord sections 

were post-fixed in 1.5% paraformaldehyde, 1.5% glutaraldehyde, 0.05M sucrose, 0.25% calcium 

chloride in 0.05M sodium cacodylate buffer pH 7.4. All embedding steps were performed using 

the Biowave Pro + (Ted Pella, Redding, CA). The tissue was processed using 2% osmium-1.5% 
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potassium ferrocyanide, rinsed with distilled water, immersed in 0.5% uranyl acetate, passed 

through series of acetone solutions (20, 30, 50, 75, 95, 100%) for dehydration, infiltrated with 

acetone/resin mixtures and finally with resin (Spurr and Eponate 12). The blocks were 

polymerized in an oven for 1-2 days at 63oC. The blocks were removed from capsules, sectioned 

semi-thin (0.5µm) for light microscopy and ultra-thin (70nm) for EM. All sections were 

processed without knowledge of treatment group. 

2.4 Imaging and analysis: The spinal cords stained with immunofluorescence were imaged on a 

Zeiss confocal using 20X 0.8 NA Plan Apo (image size 425.1µm x 425.1µm) and 40X 1.2 NA C 

Apo (image size 212.5µm x 212.5µm) objectives. Images were acquired as 16 bit and 

1024x1024 dimensions. Images were taken from dorsal, ventral, and two lateral locations in axial 

sections of the spinal cord. CD4, CD11b and Iba1 images were quantified using thresholding 

method in MetaMorph (7.10 version) software. The data was represented as % stained area 

(Chaudhary et al. 2011). ASPA labeled cells were imaged using a z stack and the images were 

converted to a single maximum intensity projection images using Zen Black software. ASPA 

positive cells were counted and represented at per mm2.  

Plastic embedded semi-thin spinal cord sections were imaged using Zeiss Imager 2 microscope 

at 10X 0.45 NA Plan Apochromat, 20X 0.8 NA Plan Apochromat and 63X 1.4 NA Plan 

Apochromat (198x159 µm) using black and white Axiocam 506 mono camera. Images at 20X 

were stitched together to get the entire spinal cord montage using Zen software. The images were 

300-400MB so they could be digitally zoomed to look at axons providing enough details for 

analysis. The entire ventrolateral area of each section was analyzed for damage (areas with 

absence of axons, decompacted myelin with separation of lamellae and degenerating axons that 

contained electron dense axoplasm and absence of cytoplasmic details, Chaudhary et al. 2011) 
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using MetaMorph software. The damaged area was totaled and represented as % damaged area.  

The ultra-thin spinal cords sections on nickel grids were stained using 5% uranyl acetate and 

Reynold’s lead citrate, dried and imaged using FEI Techani T12 electron microscope. EM 

images were acquired from lateral spinal cord. Eight images (18.5 x 14.5 microns, 2900X) were 

collected from both sides of each spinal cord. Two out of the 8 images were randomly chosen for 

analysis. The total axons counted were classified into normal myelinated, degenerated and 

unmyelinated. The axons were plotted across all groups. All imaging analyses were done blinded 

to the treatment condition. 

2.5 Oligodendrocyte progenitor cell (OPC) culture: OPCs were purified from postnatal rat 

brains according to the procedure described by Dugas and Emery 2013. Briefly, OPCs were 

purified by positive selection using O4 immunopanning after removal of astrocytes and OL using 

Ran2 and anti-GalC, respectively. Purity of the cultures was ~95% as verified by O4 staining. 

Purified OPCs were expanded in poly-d-lysine coated flasks for 4-5 days in SATO serum-free 

media containing Platelet-Derived Growth Factor-AA (PDGF-AA, 10 ng/ml, PeproTech), 

neurotrophin-3 (NT-3, 1 ng/ml, PeproTech, Rocky Hill, NJ), and ciliary neurotrophic factor 

(CNTF,10 ng/ml, PeproTech). For differentiation and survival assays, OPCs were passaged and 

plated onto poly-d-lysine coated glass coverslips in 24 well plates at 50,000 cells per well in 

SATO serum-free media containing NT-3 (1 ng/ml, PeproTech), and CNTF (10 ng/ml, 

PeproTech). OPC differentiation was induced by withdrawal of PDGF for 48 hours in the 

absence of T3 and cells were then treated with either 0.1% DMSO (vehicle control), 50nM T3 or 

Sob for a further 24 hours. For assessment of differentiation, cells were fixed for 10 minutes in 

4% paraformaldehyde and stained overnight with anti- 2', 3'-cyclic nucleotide 3'-

phosphodiesterase (CNP, Millipore MAB326) and proteolipid protein (PLP, AA3 rat hybridoma, 
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kind gift of Richard Reynolds) in 0.3% Triton X-100 and 10% normal goat serum in PBS. The 

coverslips were washed and stained with Alexa Fluor 488- conjugated anti-mouse and 555-

conjugated anti-rat secondary antibodies for two hours at room temperature. Coverslips were 

mounted with Fluoromount-G with DAPI nuclear stain (ThermoFisher). Images were taken from 

six independent coverslips on a Zeiss Axio Imager M2 using a 20X objective and the proportion 

of viable cells positive for PLP and CNP determined by a scorer blind to the experimental 

condition. Dead cells were identified by condensed and/or fragmented DAPI-stained nuclei. For 

survival assays, cells were incubated for 10 minutes in calcein AM and ethidium homodimer 

using the Live/Dead viability assay (ThermoFisher) per manufacturer’s instructions. Live (green) 

and dead (red) cells were imaged using an IncuCyte ZOOM analysis system (Essen Biosciences 

Inc, Ann Arbor, MI). Four images per well, 3 wells/condition were manually scored for the 

number of live and dead cells by a blinded observer. 

2.6 Statistical analysis: All analyses were done in a blinded manner and the mice were 

randomly assigned to vehicle or treatment groups. Statistical differences were compared between 

vehicle and treatment groups using Mann Whitney U tests using Graphpad, Prism (San Diego, 

CA). A p value of 0.05 was considered to be significant. All p values and number of mice used in 

each group are indicated in the figure legends. Vehicle mice (50% DMSO and 8mM NaOH) 

were pooled for analysis. For disease scores, statistical differences were assessed using a one-

way ANOVA with a Tukey’s multiple comparison test for significance. For cell culture 

experiments, statistical differences were assessed using a one-way ANOVA with a Bonferroni’s 

multiple comparison test for significance.  

3. Results 
 
3.1 T3, Sob and Sob-AM2 reduced Total EAE scores and damage to the spinal cord 
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The suppression effects of T3, Sob and Sob-AM2 were assessed in a widely used murine EAE 

model in C57BL/6 mice. EAE was induced in mice using MOG 35-55 peptide where the average 

onset of disease was at day 15 post-immunization in mice receiving vehicle. Compared with 

vehicle, T3, Sob, and Sob-AM2 significantly reduced EAE disease severity (Fig 1A,B, Table 1).  

The mean total EAE scores ± SE were vehicle 31.2±3.6, T3 19.1 ± 4.0 (p<0.05), Sob 10.8 ± 3.1 

(p <0.0009), and Sob-AM2 5mg/kg 4.3 ± 1.9 (p <0.0009). One-way ANOVA was performed for 

total EAE score and the p value for all groups was <0.0001. Further analysis using Tukey’s 

multiple comparisons were done (Sob, T3 and SobAM2 groups compared to vehicle were 

significant p value 0.0005, 0.04, and <0.0001 respectively, Table 1). While T3, Sob and Sob-

AM2 consistently suppressed clinical EAE, initiating treatment after onset of signs of clinical 

EAE did not alter clinical course or pathology (data not shown).  

3.2 T3, Sob and Sob-AM2 reduced spinal cord damage and preserved myelinated axons 

We evaluated the lumbar spinal cords for axonal/myelin damage using toluidine blue staining. 

Ventro-lateral total area was measured and the areas with absent axons, degenerated axons and 

decompacted myelin were marked as damaged areas (Fig 2A-D). Damaged area was expressed 

as a percent of ventro-lateral white matter. Mice receiving vehicle had the highest percent 

damage at 9.7±1.6 and Sob-AM2 5mg/kg had the least amount of damage at 2.2 ± 1.1 (p 

<0.0009, Fig 2A’-D’, E).  Percent damage ± SE for T3 was 6.4 ± 1.8 (p<0.05); and for Sob was 

5.2 ± 2.0 (p<0.02). All statistical comparisons were done with vehicle group. 

EM of spinal cord sections demonstrated significantly more normal appearing myelinated axons 

in mice receiving T3, Sob and Sob-AM2 compared with vehicle treated mice (Fig 3A-F). T3, 

Sob and Sob-AM2 also showed a significant decrease in degenerated axons (Fig 3G). No 

difference was detected in the number of completely unmyelinated axons and unmyelinated 
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axons were similar in number to that of naïve mice, suggesting that primary demyelination had 

not occurred as previously described for this EAE model (Jones et al. 2008). The healthy 

myelinated axons had normal morphologic appearance. Mean percent normal appearing 

myelinated axons + SE: vehicle 42.8± 4.3, T3 62.4 ± 3.9 (p<0.005), Sob 62.8 ± 5.2 (p<0.02), 

Sob-AM2 68.0± 4.0 (p <0.0009) and naïve 74.8 ± 3.0. Mean percent degenerated axons + SE: 

vehicle 39.6 ± 3.7, T3 24.3 ± 3.5 (p<0.005), Sob  22.2 ± 4.0 (p<0.005), Sob-AM2 5mg/kg 20.0 ± 

3.6 (p <0.0009) and naïve 7.3 ± 0.9. Thus T3, Sob and Sob-AM2 significantly decreased myelin 

and axon degeneration compared with vehicle. 

3.3 Thyromimetics effects on CD4, CD11b, and Iba1 staining  

To address whether the tissue protective effects of T3 and the thyromimetics were related to 

reduction in inflammatory cells, we studied the effects on the populations of CD4 positive T 

cells, and CD11b and Iba1 positive microglia/macrophages in T3, Sob and Sob-AM2 treated 

mice as compared to vehicle. This analysis was performed in the lumbar spinal cords at the end 

of the EAE time course (day-21).  CD4-positive T cells were affected by T3 and Sob-AM2 

treatment, which significantly lowered the T cell population relative to vehicle control whereas 

Sob had CD4-positive cell numbers that did not differ significantly from vehicle control (Fig 4A-

D). Percent CD4 staining ± SE values were vehicle 1.1 ± 0.2, T3 0.6 ± 0.1 (p=0.05), Sob 0.7 ± 

0.2 (n.s.), and Sob-AM2 0.4 ± 0.1 (p <0.0009) (Fig 4E).   

Both CD11b+ and Iba1+ microglia/macrophage population were significantly reduced by Sob 

and Sob-AM2 treatment. T3 treatment also significantly decreased CD11b staining but did not 

significantly affect Iba1 staining (Fig 5A-L).  Percent CD11b staining ± SE values were the 

following: vehicle 9.6 ± 1.2; T3  5.5 ± 1.2 (p<0.05); Sob 4.1 ± 1.2 (p<0.005); Sob-AM2 2.6 ± 0.8 
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(p <0.0009, Fig 5M). Percent Iba1 staining ± SE values were the following: vehicle 8.7 ±1.2; T3 

6.2 ± 1.5; Sob 4.7 ± 1.2 (p<0.05); and Sob-AM2 2.3 ± 0.5  (p<0.0009, Fig 5N). 

3.4 CNS selective thyromimetics decrease loss of mature ASPA labeled oligodendrocytes 

In order to assess whether treatment with T3, Sob or the Sob-AM2 prodrug reduced loss of 

oligodendrocytes in EAE, we assessed the density of mature oligodendrocytes, using ASPA as a 

marker at the Day 21 time-point. Relative to naïve mice, vehicle treated EAE mice showed a 

significant reduction in the density of ASPA+ oligodendrocytes, consistent with the expected 

myelin degeneration  and oligodendrocyte loss (1137 ± 66 cells/mm2 in naïve vs. 800 ± 60 

cells/mm2 in vehicle treated EAE mice, p<0.02, Fig 6). In contrast, drug treated groups did not 

show a reduction in ASPA+ oligodendrocyte densities relative to the naïve controls (p>0.05 for 

all comparisons). Both the T3 (1005 ± 64 cells/mm2) and Sob-AM2 (1098 ± 61 cells/mm2)  

treated animals showed a significant increase in OL densities relative to vehicle treated EAE 

mice (p<0.05 and p<0.005, respectively), restoring them to naïve control levels. Sob had higher 

number of ASPA+ cells as compared with vehicle but the difference did not reach significance 

(p= 0.1).  

3.5 Thyromimetics increase the survival of mature OL in cell culture 

In addition to thyroid hormone’s role in promoting OPC differentiation (Billon et al. 2002; 

Schoonover et al. 2004; Barres et al. 1994), it has also been shown to promote the survival of 

oligodendrocytes (Jones et al. 2003). The relative preservation of ASPA+ oligodendrocytes 

along with normal appearing myelin in the T3, Sob and Sob-AM2 treated EAE mice suggested 

that these agents may be partially acting through an oligodendrocyte protective mechanism. We 

therefore assessed the ability of T3 and Sob to enhance oligodendrocyte survival in culture. Rat 

OPCs were differentiated for 48 hours in the absence of PDGF, by which time the majority of 
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cells are multipolar CNP+ OLs. The OLs were then exposed to vehicle (0.1% DMSO), 50nM T3 

or 50nM Sob for a further 24 hours and their viability assessed (Fig 7A). It has previously been 

noted that immature OLs are highly susceptible to apoptosis, with ~50% of developing 

oligodendrocytes undergoing apoptosis during development (Barres et al. 1992; Trapp et al. 

1997). Cultured oligodendrocytes display a similar vulnerability to apoptosis. Consistent with 

previously published observations (Jones et al. 2003), T3 exposure increased viability of the 

oligodendrocytes from 59.7 ± 2.4% in the vehicle condition to 80.9 ± 1.7% (p<0.005). Sob 

promoted oligodendrocyte survival equally well (84.3 ± 1.5%, p<0.005, Fig 7B). Staining of the 

cultures with an early (CNP) and late (PLP) maker for differentiation confirmed that the majority 

of cells in all conditions were mature PLP+ oligodendrocytes (Fig. 7C). When only viable cells 

were assessed the proportion of cells positive for PLP was significantly increased by both T3 and 

Sob (46.9 ± 5.1 in vehicle, 67.0 ± 2.0 in T3 and 72.5 ± 3.5 in Sob, p<0.005 and <0.02 for T3 and 

Sob, respectively). Although this difference may in part reflect promotion of differentiation by 

T3 and Sob, the majority of dead cells (identified by pyknotic or condensed nuclear and 

fragmented processes) were PLP+ (Fig. 7C). This suggests that the difference in the proportion 

of viable cells that were PLP+ may be accounted for by the selective increase of survival of the 

maturing oligodendrocytes.  The ability of T3 and Sob to promote survival of oligodendrocytes 

in vitro may result from increasing the resistance of maturing oligodendrocytes to apoptosis to 

which they are vulnerable (Barres et al. 1992; Sun et al. 2018). Together, these results indicate 

that like T3, Sob can promote the viability of OLs in vitro. 

4. Discussion 

This study confirms previous studies on the therapeutic benefit of thyroid hormone in EAE, and 

for the first time demonstrates the therapeutic effects in EAE of a TRb selective thyromimetic, 
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Sob, and its CNS penetrating prodrug Sob-AM2.  Importantly, we demonstrate the protection of 

myelin, oligodendrocytes and axons in EAE by T3 and the thyromimetics.  Of interest is that we 

have recently demonstrated the ability of Sob and Sob-AM2 to stimulate remyelination in non-

EAE murine models of CNS demyelination (Hartley et al. 2019). The current study thus 

broadens the treatment potential for Sob and Sob-AM2 in MS, suggesting that thyromimetics 

may be neuroprotective as well as being able to stimulate remyelination.  

The mechanisms by which T3, Sob, and Sob-AM2 reduce myelin degeneration, oligodendrocyte 

loss and axonal degeneration are likely to be complex (Figs 2,3).  All cell types express thyroid 

hormone receptors and therefore have the potential for T3 and the thyromimetics to influence their 

function. The effects of T3 on oligodendrocyte maturation are well known and we and others have 

shown that Sob can stimulate differentiation of OPC into oligodendrocytes (Baxi et al. 2014). We 

demonstrate here that Sob, like T3, can promote survival of oligodendrocytes in vitro (Fig 7) and 

demonstrate a protective effect in EAE mice exposed to T3 and Sob (Fig 6).  Protection of 

oligodendrocytes by T3 and Sob would be expected to reduce loss of myelin and also indirectly 

protect axons.  Thus, we propose that protection of oligodendrocytes may be one important 

mechanism to explain the positive effects of T3 and Sob in EAE, although effects on other CNS 

cell types, such as astrocytes, need to be considered.  It is important to note that, astrocytes play 

an important role in TH metabolism in vivo, influencing the local levels of T3 through deiodination 

of T4 via type 2 deiodinase (Morte and Bernal 2014). In addition, TH signaling can enhance 

astrocyte glutamate uptake (Mendes-de-Aguiar et al. 2008), providing a protective effect against 

glutamate-mediated toxicity. We demonstrate here that Sob, like T3, can promote survival of 

oligodendrocytes in vitro  and propose that a similar direct pro-survival effect may occur in EAE 

mice exposed to T3 or Sob. Nevertheless, since the in vitro studies used purified OPCs, the 
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beneficial effects of T3 and Sob in vivo may also involve indirect effects mediated by astrocytes 

or other cell types. The relative contributions of different cell types (such as oligodendrocytes, 

astrocytes and immune cells) to the beneficial effects of T3 and Sob will be important to establish 

in future work, perhaps through conditional ablation of TH receptors. 

We also identified effects on inflammatory cells in EAE mice receiving T3, Sob and Sob-AM2 

(Fig 4 and 5). The effects on CD4+ T cells were not consistent.  Compared with vehicle, T3 had 

a modest but significant lowering of CD4+ cells and Sob did not have a significant lowering of 

CD4+ cells whereas Sob-AM2 reduced CD4+ cells.  Despite these differences in effects on 

CD4+ cells, all three treatments decreased EAE severity, reduced tissue injury and inhibited 

myelin and axonal degeneration. As such, we believe the beneficial effects of T3, Sob and Sob-

AM2 cannot be explained solely by an effect on CD4+ cells.  All three agents however caused 

reductions in CD11b+ microglia/macrophages and Sob and Sob-AM2 reduced expression of an 

activation marker, Iba1, on microglia/macrophages. Microglia and macrophages are effector 

cells in EAE and actively involved in phagocytosis of myelin. TH is known to play a role in 

innate immunity and TH receptors are expressed by both macrophages and microglia (van der 

Spek et al. 2017).  So the effects of T3, Sob and Sob-AM2 on CD11b+ cells might be related to 

reduction in the number and activation state of these cells.  The effect of Sob and Sob-AM2 but 

not T3 on Iba1 expression suggest that TRß selective thyromimetics may inhibit microglial 

activation more effectively than T3. It is also possible that the reduction in CD11b+ cells could 

be secondary to the reduction in myelin degeneration.  Myelin fragments are known to activate 

microglia and monocytes (Williams et al. 1994; Kopper and Gensel 2018) and so the changes in 

CD11b+ cells in mice receiving T3, Sob and Sob-AM2 could result from their inhibition of 

myelin fragmentation.  The importance of anti-inflammatory effects to the therapeutic benefit of 
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T3, Sob and Sob-AM2 in EAE is uncertain and warrant further investigation, particularly the 

apparent effects of Sob and Sob-AM2 on microglial activation. 

Despite the uncertainty of how T3, Sob and Sob-AM2 modulate EAE, the effects are impressive 

and are at least in part consistent with a neuroprotective effect with particular inhibition of 

myelin and axon degeneration and oligodendrocyte loss.  Of the three treatments, Sob-AM2 had 

the most profound effects compared with T3 and Sob.  Sob-AM2 has increased penetrance of the 

blood brain barrier compared with Sob and, once gaining access to the CNS, fatty acid amide 

hydrolase cleaves the amide side-chain from the prodrug to produce high levels of Sob in the 

CNS (Meinig et al. 2017)  Sob-AM2 produces low levels of Sob in the circulation so it has an 

even lower potential of producing systemic thyrotoxic side-effects than the parent compound.   

Further investigation is needed to elucidate the mechanisms of the neuroprotective effect of Sob 

and its prodrug, Sob-AM2.  Given its ability to produce high concentrations of Sob within the 

CNS, its low potential to cause systemic thyrotoxicosis and its neuroprotective effects and ability 

to stimulate remyelination, Sob-AM2 and related compounds warrant consideration as a 

treatment for MS. 
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T3  TH, 3,5,3’-triiodothyronine  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 21, 2020. ; https://doi.org/10.1101/2020.12.20.423638doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.20.423638


 18 

References   
 

1. Bárez-López S, Hartley MD, Grijota-Martínez C, Scanlan TS, Guadaño-Ferraz A. (2018) 
Sobetirome and its Amide Prodrug Sob-AM2 Exert Thyromimetic Actions in Mct8-
Deficient Brain. Thyroid. 28(9):1211-1220. doi: 10.1089/thy.2018.0008. Epub 2018 Jun 
29. PMID: 29845892; PMCID: PMC6154442. 
 

2. Barres BA, Hart IK, Coles HS, Burne JF, Voyvodic JT, Richardson WD, Raff MC. 
(1992) Cell death and control of cell survival in the oligodendrocyte lineage. Cell. 
70(1):31-46. doi: 10.1016/0092-8674(92)90531-g. PMID: 1623522. 
 

3. Barres BA, Lazar MA, Raff MC. (1994) A novel role for thyroid hormone, 
glucocorticoids and retinoic acid in timing oligodendrocyte development. Development. 
120(5):1097-1108. PMID: 8026323.  
 

4. Baxi EG, Schott JT, Fairchild AN, Kirby LA, Karani R, Uapinyoying P, Pardo-
Villamizar C, Rothstein JR, Bergles DE, Calabresi PA. (2014) A selective thyroid 
hormone β receptor agonist enhances human and rodent oligodendrocyte differentiation. 
Glia. 62(9):1513-1529. doi: 10.1002/glia.22697. Epub 2014 May 24. PMID: 24863526; 
PMCID: PMC4107024. 
 

5. Bernal J. (2007) Thyroid hormone receptors in brain development and function. Nat Clin 
Pract Endocrinol Metab.3(3):249-259. doi: 10.1038/ncpendmet0424. PMID: 17315033. 
 

6. Billon N, Jolicoeur C, Tokumoto Y, Vennström B, Raff M. (2002) Normal timing of 
oligodendrocyte development depends on thyroid hormone receptor alpha 1 (TRalpha1). 
EMBO J. 21(23):6452-6460. doi: 10.1093/emboj/cdf662. PMID: 12456652; PMCID: 
PMC136965. 

 
7. Calza L, Fernandez M, Giuliani A, Aloe L, Giardino L. (2002) Thyroid hormone 

activates oligodendrocyte precursors and increases a myelin-forming protein and NGF 
content in the spinal cord during experimental allergic encephalomyelitis. Proc Natl Acad 
Sci U S A. 99(5):3258-3263. doi: 10.1073/pnas.052704499. Epub 2002 Feb 26. PMID: 
11867745; PMCID: PMC122506. 

 
8. Calzà L, Baldassarro VA, Fernandez M, Giuliani A, Lorenzini L, Giardino L. (2018) 

Thyroid Hormone and the White Matter of the Central Nervous System: From 
Development to Repair. Vitam Horm. 106:253-281. doi: 10.1016/bs.vh.2017.04.003. 
Epub 2017 Jun 12. PMID: 29407438. 

 
9. Calkins E, Pocius E, Marracci G, Chaudhary P. (2019) A microwave method for plastic 

embedding of nervous tissue for light and electron microscopy. Heliyon. 6(1):e03036. 
doi: 10.1016/j.heliyon.2019.e03036. PMID: 31909244; PMCID: PMC6938874. 

 
10. Chaudhary P, Marracci G, Yu X, Galipeau D, Morris B, Bourdette D. (2011) Lipoic acid 

decreases inflammation and confers neuroprotection in experimental autoimmune optic 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 21, 2020. ; https://doi.org/10.1101/2020.12.20.423638doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.20.423638


 19 

neuritis. J Neuroimmunol. 233(1-2):90-96. doi: 10.1016/j.jneuroim.2010.12.002. Epub 
2011 Jan 7. PMID: 21215462; PMCID: PMC4987082. 

 
11. Dugas JC, Emery B. (2013) Purification of oligodendrocyte precursor cells from rat 

cortices by immunopanning. Cold Spring Harb Protoc. 2013(8):745-758. doi: 
10.1101/pdb.prot070862. Erratum in: Cold Spring Harb Protoc. 2017 Nov 
1;2017(11):pdb.corr102947. PMID: 23906908. 

 
12. Dell'Acqua ML, Lorenzini L, D'Intino G, Sivilia S, Pasqualetti P, Panetta V, Paradisi M, 

Filippi MM, Baiguera C, Pizzi M, Giardino L, Rossini PM, Calzà L. (2012) Functional 
and molecular evidence of myelin- and neuroprotection by thyroid hormone 
administration in experimental allergic encephalomyelitis. Neuropathol Appl Neurobiol. 
38(5):454-470. doi: 10.1111/j.1365-2990.2011.01228.x. PMID: 22007951. 
 

13. Ferrara SJ, Meinig JM, Placzek AT, Banerji T, McTigue P, Hartley MD, Sanford-Crane 
HS, Banerji T, Bourdette D, Scanlan TS. (2017) Ester-to-amide rearrangement of 
ethanolamine-derived prodrugs of sobetirome with increased blood-brain barrier 
penetration. Bioorg Med Chem. 25(10):2743-2753. doi: 10.1016/j.bmc.2017.03.047. 
Epub 2017 Mar 23. PMID: 28385597; PMCID: PMC5505648. 

 
14. Ferrara SJ, Scanlan TS. (2020) A CNS-Targeting Prodrug Strategy for Nuclear Receptor 

Modulators. J Med Chem. 63(17):9742-9751. doi: 10.1021/acs.jmedchem.0c00868. Epub 
2020 Aug 20. PMID: 32787092. 
 

15. Forte M, Gold BG, Marracci G, Chaudhary P, Basso E, Johnsen D, Yu X, Fowlkes J, 
Rahder M, Stem K, Bernardi P, Bourdette D. (2007) Cyclophilin D inactivation protects 
axons in experimental autoimmune encephalomyelitis, an animal model of multiple 
sclerosis. Version 2. Proc Natl Acad Sci U S A. 104(18):7558-7563. doi: 
10.1073/pnas.0702228104. Epub 2007 Apr 26. Erratum in: Proc Natl Acad Sci U S A. 
2007 Oct 30;104(44):17554. Rahder, Micha [added]; Stem, Katie [added]. PMID: 
17463082; PMCID: PMC1857227. 
 

16. Hartley MD, Banerji T, Tagge IJ, Kirkemo LL, Chaudhary P, Calkins E, Galipeau D, 
Shokat MD, DeBell MJ, Van Leuven S, Miller H, Marracci G, Pocius E, Banerji T, 
Ferrara SJ, Meinig JM, Emery B, Bourdette D, Scanlan TS. (2019) Myelin repair 
stimulated by CNS-selective thyroid hormone action. JCI Insight. 4(8):e126329. doi: 
10.1172/jci.insight.126329. PMID: 30996143; PMCID: PMC6538346 
 

17. Jones SA, Jolson DM, Cuta KK, Mariash CN, Anderson GW. (2003) Triiodothyronine is 
a survival factor for developing oligodendrocytes. Mol Cell Endocrinol. 199(1-2):49-60. 
doi: 10.1016/s0303-7207(02)00296-4. PMID: 12581879. 
 

18. Jones MV, Nguyen TT, Deboy CA, Griffin JW, Whartenby KA, Kerr DA, Calabresi PA. 
(2008) Behavioral and pathological outcomes in MOG 35-55 experimental autoimmune 
encephalomyelitis. J Neuroimmunol.199(1-2):83-93. doi: 
10.1016/j.jneuroim.2008.05.013. Epub 2008 Jun 25. PMID: 18582952. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 21, 2020. ; https://doi.org/10.1101/2020.12.20.423638doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.20.423638


 20 

 
19. Kopper TJ, Gensel JC. (2018) Myelin as an inflammatory mediator: Myelin interactions 

with complement, macrophages, and microglia in spinal cord injury. J Neurosci Res. 
96(6):969-977. doi: 10.1002/jnr.24114. Epub 2017 Jul 11. PMID: 28696010; PMCID: 
PMC5764830. 

 
20. Meinig JM, Ferrara SJ, Banerji T, Banerji T, Sanford-Crane HS, Bourdette D, Scanlan 

TS. (2017) Targeting Fatty-Acid Amide Hydrolase with Prodrugs for CNS-Selective 
Therapy. ACS Chem Neurosci. 8(11):2468-2476. doi: 10.1021/acschemneuro.7b00239. 
Epub 2017 Aug 18. PMID: 28756656; PMCID: PMC6342467. 
 

21. Meinig JM, Ferrara SJ, Banerji T, Banerji T, Sanford-Crane HS, Bourdette D, Scanlan 
TS. (2018) Structure-Activity Relationships of Central Nervous System Penetration by 
Fatty Acid Amide Hydrolase (FAAH)-Targeted Thyromimetic Prodrugs. ACS Med 
Chem Lett. 10(1):111-116. doi: 10.1021/acsmedchemlett.8b00501. PMID: 30655956; 
PMCID: PMC6331174. 
 

22. Mendes-de-Aguiar CB, Alchini R, Decker H, Alvarez-Silva M, Tasca CI, Trentin AG. 
(2008) Thyroid hormone increases astrocytic glutamate uptake and protects astrocytes 
and neurons against glutamate toxicity. J Neurosci Res.86(14):3117-3125. doi: 
10.1002/jnr.21755. PMID: 18543341. 
 

23. Morte B, Bernal J. (2014) Thyroid hormone action: astrocyte-neuron communication. 
Front Endocrinol (Lausanne). 5:82. doi: 10.3389/fendo.2014.00082. PMID: 24910631; 
PMCID: PMC4038973. 

 
24. Scanlan TS. (2010) Sobetirome: a case history of bench-to-clinic drug discovery and 

development. Heart Fail Rev. 15(2):177-182. doi: 10.1007/s10741-008-9122-x. Epub 
2008 Nov 11. PMID: 19002578. 

 
25. Schoonover CM, Seibel MM, Jolson DM, Stack MJ, Rahman RJ, Jones SA, Mariash CN, 

Anderson GW. (2004) Thyroid hormone regulates oligodendrocyte accumulation in 
developing rat brain white matter tracts. Endocrinology. 145(11):5013-5020. doi: 
10.1210/en.2004-0065. Epub 2004 Jul 15. PMID: 15256491. 
 

26. Sun LO, Mulinyawe SB, Collins HY, Ibrahim A, Li Q, Simon DJ, Tessier-Lavigne M, 
Barres BA. (2018) Spatiotemporal Control of CNS Myelination by Oligodendrocyte 
Programmed Cell Death through the TFEB-PUMA Axis. Cell. 175(7):1811-1826.e21. 
doi: 10.1016/j.cell.2018.10.044. Epub 2018 Nov 29. PMID: 30503207; PMCID: 
PMC6295215. 
 

27. Trapp BD, Nishiyama A, Cheng D, Macklin W. (1997) Differentiation and death of 
premyelinating oligodendrocytes in developing rodent brain. J Cell Biol. 137(2):459-468. 
doi: 10.1083/jcb.137.2.459. PMID: 9128255; PMCID: PMC2139778. 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 21, 2020. ; https://doi.org/10.1101/2020.12.20.423638doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.20.423638


 21 

28. van der Spek AH, Fliers E, Boelen A. (2017) Thyroid hormone metabolism in innate 
immune cells. J Endocrinol. 232(2):R67-R81. doi: 10.1530/JOE-16-0462. Epub 2016 
Nov 16. PMID: 27852725. 

 
29. Williams K, Ulvestad E, Waage A, Antel JP, McLaurin J. (1994) Activation of adult 

human derived microglia by myelin phagocytosis in vitro. J Neurosci Res. 38(4):433-443. 
doi: 10.1002/jnr.490380409. PMID: 7932874. 

 
30. Wooliscroft L, Altowaijri G, Hildebrand A, Samuels M, Oken B, Bourdette D, Cameron 

M. (2020) Phase I randomized trial of liothyronine for remyelination in multiple 
sclerosis: A dose-ranging study with assessment of reliability of visual outcomes. Mult 
Scler Relat Disord. 41:102015. doi: 10.1016/j.msard.2020.102015. Epub ahead of print. 
PMID: 32120028. 
 

31. Zendedel A, Kashani IR, Azimzadeh M, Pasbakhsh P, Omidi N, Golestani A, Beyer C, 
Clarner T. (2016) Regulatory effect of triiodothyronine on brain myelination and 
astrogliosis after cuprizone-induced demyelination in mice. Metab Brain Dis. 31(2):425-
433. doi: 10.1007/s11011-015-9781-y. Epub 2016 Jan 4. PMID: 26725831. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 21, 2020. ; https://doi.org/10.1101/2020.12.20.423638doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.20.423638


 22 

Figure Legends 
 
Fig 1. Lower disease scores and damage in T3, Sob and Sob-AM2 groups. Daily EAE scores (A) 

and Total EAE scores (B) in various groups were plotted. All values represented as averages ± 

SE. p value <0.0009**** and <0.05*. The graphs include data from vehicle n=18, T3 n=22, Sob 

n=16, and Sob-AM2 5mg/kg n=24. Data is a composite of three independently experiments 

performed following the same protocol. 

Fig 2. Reduction of damage in ventrolateral spinal cord. Representative damage in A,A’ Vehicle; 

B,B’ T3; C,C’ Sob; D,D’ Sob-AM2. Ventrolateral area and small areas of damage are marked to 

get percent damage. The graphs include data from vehicle n=18, T3 n=22, Sob n=16, and Sob-

AM2 5mg/kg n=24. F. plot of damage in all the groups. p value <0.0009****, <0.02** and 

<0.05*. 

Fig 3. Higher number of healthy axons and less number of degenerated axons were detected in 

treated groups. A. Naïve; B. T3; C. Sob; D. Sob-AM2; E. vehicle Red asterisk shows 

decompacted myelin, # axon with debris and triangle shows degenerated axon. 

F. quantitation of myelinated axons G. quantitation of degenerated axons. p value <0.0009****, 

< 0.005***, and <0.02**. The graphs include data from vehicle n=17, T3 n=16, Sob n=14 Sob-

AM2 n=18 and naïve n=8. Scale bar 2 µm.  

Fig 4. Reduction in CD4 positive T cells.  Representative CD4 images from T3, Sob and Sob-

AM2 groups show decrease in levels of CD4 cells. A. Vehicle; B. T3; C. Sob; D. Sob-AM2 

(Scale bar 20 µm); E. quantitation of CD4 staining. p value <0.0009**** and <0.05*.  

The graphs include data from vehicle n=13, T3 n=16, Sob n=12, and Sob-AM2 n=18.  

Fig 5. Reduction in CD11b and Iba 1 positive microglia and macrophages after treatment with 

T3, Sob and Sob-AM2. Representative CD11b and Iba1 double stained spinal cord images. 
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Green CD11b, red Iba1 and overlay of both staining is shown. A,B,C vehicle; D,E,F T3; G,H,I 

Sob; J,K,L Sob-AM2 (Scale bar 20 µm). M. CD11b quantitation; and N. Iba1 quantitation. p 

value <0.0009****, <0.005***, <0.02** and <0.05*. The graphs include data from vehicle 

n=13, T3 n=16, Sob n=12, and Sob-AM2 n=18.  

Fig 6.  T3 and Sob-AM2 treatment preserved ASPA+ oligodendrocyte numbers. Although there 

was an increase in the OL in Sob treated groups these numbers did not reach significance. A 

graph of ASPA counts/mm2 in the different groups. p value <0.005***, <0.02**, and <0.05*. 

The graphs include data from vehicle n=13, T3 n=16, Sob n=12, Sob-AM2 n=18 and naïve n=6. 

Scale bar 20 µm. 

Fig 7. Oligodendrocyte survival in vitro after exposure to T3 and Sob. T3 and Sob protect OL 

against cell death in culture. Rat OPCs were differentiated for 48 hours by withdrawal of PDGF 

before being cultured for a further 24 hours in vehicle (0.1% DMSO), 50nM T3 or 50nM Sob. A. 

Representative images from each condition stained to assess viability (Live/Dead) or 

differentiation (anti-CNP and PLP). B. Quantification of the proportion of viable cells in each 

condition, determined by the Calcein AM/Ethidium homodimer Live/Dead assay. C. 

Quantification of the proportion of viable cells in each condition that are mature (PLP+) OLs. p 

value <0.005*** and  <0.02**. Scale bars = 100µm. 
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