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A B S T R A C T   

Mutations in the thyroid hormone transporter monocarboxylate transporter 8 (MCT8) lead to profound brain 
alterations, including myelination impairments, in humans. We aimed to further explore the pathophysiological 
mechanisms underlying the MCT8 deficiency-associated myelination impairments to unravel new biomarkers 
and therapeutic targets. We have performed brain histological analysis on an MCT8-deficient subject and his
tological, ultrastructural, and magnetic resonance imaging (MRI) analysis in the brain of a mouse model of the 
syndrome, lacking MCT8 and enzyme deiodinase type 2 (DIO2, Mct8/Dio2 KO). We have found that the MCT8- 
deficient subject presents severely reduced myelin lipid and protein staining and increased proportion of small- 
caliber myelinated axons in detriment of large-caliber ones. Mct8/Dio2 KO mice present myelination impair
ments and abnormal oligodendroglial development. We conclude that the greater proportion of small-caliber 
axons and impairments in the oligodendroglia lineage progression arise as potential mechanisms underlying 
the permanent myelination defects in MCT8-deficiency. Moreover, we present the Mct8/Dio2 KO mouse model, 
and MRI as a non-invasive biomarker, as highly valuable tools for preclinical studies involving MCT8 deficiency. 
These findings contribute to the understanding of the pathological mechanisms in MCT8 deficiency and suggest 
new biomarkers and therapeutic targets to consider therapeutic options for the neurological defects in patients.   

1. Introduction 

Thyroid hormones (THs), T3 (3,5,3′-triiodo-L-thyronine) and T4 
(3,5,3′,5′-tetraiodo-L-thyronine or thyroxine) play an essential role in 
the developing CNS (Bernal, 2005). While THs are synthesized in the 
thyroid gland and secreted mostly as T4, the transcriptionally active 
form is T3 (Cheng et al., 2010). T4 is then converted into T3 in the target 
tissues by the action of the enzymes deiodinase type 2 (DIO2) and type 1 
(DIO1). A crucial step for TH action in the brain is the transport of THs 
across the brain barriers and the plasma membrane of target cells 
(Bernal et al., 2015). Among all the transmembrane proteins that can 
transport THs, the monocarboxylate transporter 8 (MCT8) stands out for 
its physiological relevance as it presents the highest specificity for the 
transport of THs (Friesema et al., 2003) and its function is crucial at 

human brain barriers (Ceballos et al., 2009; López-Espíndola et al., 
2019). Mutations in this transporter lead to the Allan-Herndon-Dudley 
syndrome (AHDS) or MCT8 deficiency (Allan et al., 1944; Dumitrescu 
et al., 2004; Friesema et al., 2004), which is a rare X-linked syndrome 
characterized by severe psychomotor disability and global develop
mental delay. AHDS is an orphan disease as currently there is no effec
tive treatment for the neurological symptoms of the patients (Grijota- 
Martínez et al., 2020). MCT8-deficient patients have profound intel
lectual disability (IQ < 30), speech difficulties, as well as central hy
potonia, spastic paraplegia, and dystonic movements. One of the main 
hallmarks of AHDS is myelination impairments, as most patients have 
been diagnosed with abnormal white matter (WM) content in different 
early life stages (for a review, see Vancamp et al., 2020). 

Myelination consists of a network of finely regulated processes to 
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insulate axons and enable rapid saltatory conduction of action poten
tials, facilitating fast communication across neural systems and net
works, which is crucial for motor-sensory function and cognition (Saab 
and Nave, 2017). Importantly, myelination is dependent on TH levels 
(Calzà et al., 2015), as deficiencies in THs during development result in 
altered myelin gene expression, impaired oligodendrocyte cell-cycle and 
consequently in defective myelination (Baas et al., 1997; Bernal, 2005; 
Valcana et al., 1975; Younes-Rapozo et al., 2006). Oligodendrocytes 
(OLs), which are glial cells responsible for myelination (Kim and Pet
ratos, 2019), result from the differentiation of oligodendrocyte precur
sor cells (OPCs) and THs act as a potent differentiation cue during this 
maturation process (Baas et al., 1997). As myelination is dependent on 
TH action, is greatly affected in MCT8 deficiency and most patients show 
abnormal WM content during the first years after birth (Gika et al., 
2018; Kobayashi et al., 2014; La Piana et al., 2015; Papadimitriou et al., 
2007; Remerand et al., 2019). However, even though myelination de
fects have been largely known as a hallmark of the disease, the patho
physiological mechanisms behind this feature are still widely unknown. 
Filling this lack of knowledge would aid better characterization of the 
syndrome and would contribute to the search of new therapeutic targets 
and biomarkers to evaluate the outcome of new therapeutic options in 
preclinical trials. 

To this aim, in the present study we have further characterized the 
myelination phenotype observed by López-Espíndola et al. in 2014 in a 
MCT8-deficient patient. We have also studied potential alterations in 
myelination and oligodendroglial lineage in a well-stablished mice 
model of the disease lacking both MCT8 and DIO2 (Mct8/Dio2 KO) 
(Bárez-López et al., 2019), as Mct8 KO mice faithfully replicate the 
endocrine symptoms of AHDS but do not present gross neurological 
abnormalities due the existence of compensatory mechanisms in mice 
involving DIO2. In this study we have observed persistent myelination 
impairments in the MCT8-deficient patient, and important alterations in 
axonal caliber. Moreover, the Mct8/Dio2 KO mouse model has allowed 
to describe abnormalities in oligodendroglial development in vivo, 
which, in combination with the alterations in the axonal caliber, are 
potential mechanisms underlying the myelination defects in MCT8 
deficiency. These results represent a step forward in the study of AHDS 
to date, contributing to the understanding of the pathological mecha
nisms in MCT8 deficiency and uncovering therapeutic targets and bio
markers, including non-invasive ones, to consider possible treatments 
for the neurological defects in patients. 

2. Materials and methods 

2.1. Human samples 

Brain tissues were obtained at autopsy from a MCT8-deficient subject 
and closely age-matched control subjects without known brain 
pathology. 

An 11-year-old boy with MCT8 gene mutation (Q96X) that suffered 
from severe psychomotor developmental delay, seizures and charac
teristic thyroid test abnormalities was analyzed in this study. Magnetic 
resonance imaging (MRI) scan at 9 months of age was within normal 
limits except for mildly delayed myelination, characteristic of 5 to 6 
months of age. A second MRI at age 6.5 years showed mild dilatation of 
the frontal horns of the lateral ventricles, but no other intracranial ab
normality. The child died of respiratory failure secondary to aspiration 
pneumonia. The tissue blocks were provided by the Sydney Children’s 
and Prince of Wales Hospitals, Randwick, Australia. The following so
matic parameters were obtained at autopsy: body weight 29.9 kg; body 
length approximately 151 cm, brain weight 1285.5 g, cerebral hemi
spheres weight 1100 g; cerebellum weight 127 g; brainstem weight 25 g. 

A 10-year-old girl who died as a result of acute pulmonary oedema 
during preparation for bone marrow transplant and a 12-year-old boy 
who died as a result of a diffuse lymphocytic myocarditis were analyzed 
as control subjects. Paraffin blocks were provided by the Biobank IdiPAZ 

(PT20/00004), and L’Hospital Infantil Sant Joan de Déu Biobank, 
respectively. Tissue blocks were fixed in formalin and embedded in 
paraffin using standard procedures. Seven μm thin sections were ob
tained in a microtome (Microm, HM 310) and adhered to glass slides 
pre-treated with Poly-L-Lysine solution (Sigma-Aldrich, P8920). 

2.2. Animal model 

Animals were housed in light- and temperature- controlled condi
tions at 22 ± 2 ◦C on a 12:12 light–dark cycle (lights on at 7 AM), with ad 
libitum food and water access. In all experiments, WT and Mct8− /y/ 
Dio2− /− (Mct8/Dio2 KO) mice were compared. As MCT8-deficiency is an 
X-linked syndrome, studies in mice were performed in males. Mct8/Dio2 
KO mice were obtained as described in Bárez-López et al. (2019). All 
genotypes were confirmed by tail DNA PCR as described in Ceballos 
et al. (2009). Histological experiments were performed in P21, P90 and 
P180 mice and MRI studies were conducted in P90 and P180 mice. 

For histological procedures, mice were anesthetized with ketamine 
(75 μg/g of body weight) and medetomidine hydrochloride (1 μg/g of 
body weight), and transcardially perfused with 4% paraformaldehyde in 
0.1 M phosphate buffer pH 7.2–7.4 (PB). Brains were removed, post- 
fixed overnight in 4% paraformaldehyde in 0.1 M PB, cryoprotected in 
30% sucrose and cut into 30 μm free-floating coronal sections on a 
cryostat. 

For transmission electron microscopy (TEM) procedures, mice were 
anesthetized with ketamine (75 μg/g of body weight) and medetomidine 
hydrochloride (1 μg/g of body weight), and transcardially perfused with 
2% paraformaldehyde and 2% glutaraldehyde in 0.1 M PB. Brains were 
removed and postfixed overnight in 2% paraformaldehyde and 2% 
glutaraldehyde in 0.1 M PB at 4 ◦C, then conserved in 0.05% sodium 
azide in 0.1 M PB at 4 ◦C and finally cut into 100 μm sagittal sections on 
a vibratome. 

2.3. Immunohistochemistry (IHC) 

2.3.1. Human samples 
Immunohistochemical procedures were the same for the antibodies 

Myelin Basic Protein (MBP; 1:1000, Abcam ab24567), Myelin Oligo
dendroglial Glycoprotein (MOG; 1:1000, Abcam ab109746), Proteolipid 
Protein (PLP; 1:1000, Abcam, Ab9311) and the 70 kDa Neurofilament 
(NEFL; ready to use, Dako IS607). To avoid methodological differences, 
tissue from control and MCT8-deficient subjects were processed in 
parallel. Moreover, specificity of the secondary antibodies was validated 
for each experiment using negative controls without primary antibodies. 
Sections were deparaffinized in xylene and hydrated in decreasing 
ethanol concentrations. Following dewaxing and hydration, tissue sec
tions were subjected to an antigen retrieval process with EnVision FLEX 
High pH (Dako, K8004) solution at 95 ◦C for 20 min. Endogenous 
peroxidase was blocked for 15 min with 3% hydrogen peroxide in 
distilled water at room temperature (RT) in dark. In order to reduce the 
nonspecific binding for the antibodies, samples were incubated in a 
blocking solution containing 4% BSA (Sigma, A4503), 0.1% Triton X- 
100 in PBS pH 7.2–7.4) with 5% of serum (Vector Laboratories, S-1000), 
for 1 h. Sections were incubated overnight at 4 ◦C with primary anti
bodies in 4% BSA, 0.1% Triton X-100 and 1% serum. Tissues were 
incubated with biotinylated secondary antibodies at 1:200 concentra
tion in 4% BSA, 0.1% Triton X-100 and 1% serum at RT for 1 h. For 
signal amplification, the sections were incubated with Avidin-Biotin 
Complex (ABC Elite Kit Vector Laboratories, #32050) in dark at RT 
for 1 h and developed with 0.5 mg/mL diaminobenzidine (Sigma, 
D5637) and 0.01% hydrogen peroxide. Finally, sections were dehy
drated in ascending ethanol concentrations, cleared in xylenes, and 
covered with hydrophobic mounting medium Depex (Serva, 18243). 

2.3.2. Mice samples 
The same protocol was followed for the following antibodies platelet- 
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derived growth factor receptor-alpha (PDGFRα: 1:250, R&D, AF1062), 
oligodendrocyte transcription factor 2 (OLIG2; 1:250, Calbiochem, 
AB9610), and adenomatous polyposis coli clone CC1, for mature oli
godendrocytes (CC1; 1:100, Millipore, OP80). For MBP (1:1000, Abcam 
ab24567) an additional step was added, as slices were incubated for 15 
min in cold methanol (kept at − 20 ◦C) prior to incubation in blocking 
solution. WT mice and Mct8/Dio2 KO mice tissues were processed in 
parallel. Endogenous peroxidase for free-floating mice sections was 
blocked by incubating in dark with 3% hydrogen peroxide and 10% 
methanol in PBS at RT for 15 min, and no antigen retrieval was per
formed. Nonspecific antibody binding was prevented by blocking with 
4% BSA, 0.1% Triton X-100, 0.1 M Lysin and 5% serum at RT for 1 h. 
Incubation with primary and secondary antibodies, signal amplification 
and development were the same as described above for human tissues. 

Analysis of myelin status was performed in both human and mice 
samples immunolabeled with MBP. In mice, 30 μm tissue sections from 
the forebrain at Bregma 1.10, 0.86, 0.62, 0.38, and 0.14 were used for 
each animal at all the studied timepoints. Secondary motor cortex of 
both hemispheres was captured at 10× magnification (Numerical 
aperture 0.30) with a Nikon Eclipse 80i microscope and a Nikon DSFi1 
digital camera. By means of NIH Image J® software (Wayne Rasband, 
National Institutes of Health), both the percentage of area occupied by 
the immunolabelling as well as the intensity of the immunoreaction 
(mean gray value) were recorded for each photograph and used to 
calculate the AI index (% area immunolabeled multiplied by the mean 
gray value) as described by Almolda et al. (2014). For the quantification 
of MBP immunolabelling intensity in the corpus callosum (cc), three 
10× magnification images were captured covering all the cc structure 
for each tissue section. Each tissue section was assigned a value calcu
lated as the average of three identical regions of interest (ROIs), placed 
one on each cc knee and one at the midline of the cc. cc thickness was 
measured at the midline of each section by Image J®. 

For human samples, given that only one subject per condition was 
available, 5 random images were captured at 10× magnification in both 
subjects for each cortical layer of the motor cortex, and the AI index was 
calculated for the entire image as described above. The analysis and 
delimitation of the cortical layers in the human CNS was done based on 
the axonal disposition in the MBP immunopositive tissue sections and 
using an adjacent tissue section stained with Luxol Fast Blue (LFB) 
counterstained with 10% cresyl acetate (Klüver-Barrera’s stain) to stain 
neural cell bodies as well as myelin sheaths. Layer I was easily delimited 
due to its enrichment in horizontal myelinated fibers, that can be asso
ciated with thalamo-cortical matrix-type axons. Layers II and III present 
a much lower abundance of axonal tracts as compared to layers I and IV. 
In layer IV or internal granular layer, both horizontal (cortico-cortical) 
and vertical (thalamo-cortical) fibers can be found, where thalamo- 
cortical fibers tend to aggregate around the granular neurons charac
teristic of this layer. In layer V, pyramidal tract neurons can be found, 
along with their projection of axonal tracts towards subcortical struc
tures such as basal ganglia or towards intratelencephalic neurons. 
Finally, layer VI spans from the lower limit of layer V to the transition 
zone towards the subcortical white matter. 

Quantification of oligodendroglial lineage cells was performed in the 
anterior commissure (ac) using at least three animals for each genotype 
at each studied timepoint (P21, P90, P180). For each animal, brain 
sections were stained for CC1, PDGFRα, and OLIG2 and all the immu
nopositive cells in the ac were counted along the whole Z-axis using a 
100× oil-immersion objective (Numerical aperture 1.30). Images for the 
all the oligodendroglial markers were taken at the ac using a 40×
objective (Numerical aperture 0.75). 

2.4. Histological staining 

2.4.1. Sudan Black B (SBB) staining 
Sections were hydrated in progressively decreasing ethanol con

centrations up to 70% and then incubated in 0.5% SBB (Fluka, 86015) 

70% ethanol for 30 min. Finally, samples were rinsed in 70% ethanol 
and rehydrated progressively before covering them in in hydrophilic 
mounting medium (8% gelatin, 50% glycerin in distilled water). 

2.4.2. LFB staining 
LFB was performed following the manufacturer’s protocol (Electron 

Microscopy Sciences, 26681). 
In human samples the diameter of well-defined myelinated axons 

was measured in several axonal tracts (cerebral peduncle, medial 
lemniscus, superior cerebellar peduncle, medial longitudinal fasciculus) 
of pons and midbrain sections from control and MCT8-deficient subjects 
using the LFB technique. Transverse cuts present in 3 random fields of 
0.01 mm2 each, at a 100× magnification, were measured using Nikon 
NIS software. Measurements were made from one side to the opposite of 
the outer edges of the myelin sheath. In cases where the sheath shape 
was elongated and not rounded, the smaller diameter was measured. 

Images for both IHC and histological staining were obtained with a 
Nikon Eclipse 80i microscope and a Nikon DSFi1 digital camera. 

2.5. Transmission electron microscopy (TEM) 

Mice brain slices were postfixed in 2% OsO4 in 0.1 M PB (90 min at 
RT) and 2% uranyl acetate stained (150 min at 4 ◦C in the dark), ethanol 
dehydrated, immersed in propylene oxide (Lab Baker, Deventry, 
Holland) and embedded overnight in Araldite (Durcupan, Fluka, Buchs 
SG, Switzerland). Ultrathin sagittal sections (60 nm) of the cc genu were 
obtained using an ultramicrotome (Leica Ultracut S, Leica, Heidelberg, 
Germany) then put on 200 mesh copper grids and counterstained with 
lead citrate. 

Images were then obtained with a transmission electron microscope 
Jeol Jem1010 (Jeol, Tokyo-Japan) equipped with a Gatan SC200 digital 
camera (Gatan Inc., Pleasanton, CA). 

For quantitation of myelin thickness and G ratio in mice samples, 
axon and fiber diameter were measured in 10 random axons per field (at 
least 5 fields per animal) using Image J®. Myelin thickness was calcu
lated as (fiber diameter-axon diameter)/2, and G ratio was calculated as 
(axon diameter)/(fiber diameter). Percentage of myelinated axons was 
calculated for each animal as the average of (number of myelinated 
axons)/(myelinated + non-myelinated axons) for each field. 

2.6. MRI experiments 

MRI experiments were performed on a Bruker Pharmascan system 
(Bruker Medical Gmbh, Ettlingen, Germany) using a 7.0-T horizontal- 
bore superconducting magnet equipped with a 1H selective birdcage 
resonator of 23 mm and a Bruker gradient insert with 90 mm of diameter 
(maximum intensity 36 G/cm). All data were acquired using a Hewlett- 
Packard console running Paravision 5.1 software (Bruker Medical 
Gmbh) operating on a Linux platform. Mice were anesthetized with a 2% 
isoflurane in 1 L of oxygen in an induction chamber. Animal temperature 
was maintained approximately at 37 ◦C. The physiological state of the 
animals was monitored using an MRI compatible small animal gating 
system by SA Instruments (Stony Brook, NY) that controlled the respi
ratory rate. Diffusion tensor imaging (DTI) data were acquired with a 
spin echo single shot echo planar imaging (EPI) pulse sequence using the 
following parameters: TR/TE 3500/40 ms; a signal average of 4.7, 
noncollinear diffusion gradient scheme with a diffusion weighting b =
110 and 1400 s/mm2, slices thickness 1 mm without a gap, field of view 
23 × 23 mm and acquisition matrix = 128 × 128. Fractional anisotropy, 
mean diffusivity, trace, the eigenvalues and eigenvector maps were 
calculated with a homemade software application written in Matlab 
(R2007a). The captured images were analyzed using Image J, that cal
culates the mean value for all pixels contained in the selected brain re
gion. T2-weighted (T2-W) spin-echo images were acquired with a rapid 
acquisition with relaxation enhancement (RARE) sequence in axial 
orientations. The following parameters were used: TR = 2500 ms, TE =
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44.3 ms, RARE factor = 8, Av = 3, FOV = 2.3 cm, acquisition matrix =
256 × 256 corresponding to an in-plane resolution of 90 × 90 m2, slice 
thickness = 1.00 mm without gap and number of slices = 14. 

2.7. Statistics 

Data were expressed as mean ± SEM. Statistical analyses were per
formed with GraphPad Software (www.graphpad.com). Assessment of 
the normality of data was performed by Shapiro-Wilk test. Means be
tween two groups were compared by 2-tailed, unpaired Student’s t-test 
for parametric data or by Mann-Whitney test for non-parametric data. 
Differences between means for more than two groups was performed by 
Kruskal-Wallis test for non-parametric data. Significant differences were 
represented as *P < 0.05; **P < 0.01, and ***P < 0.001. 

2.8. Ethics statement 

2.8.1. Human studies 
Tissue samples were collected and processed following standard 

operating procedures with the appropriate approval of the Ethics and 
Scientific Committees (Consejo Superior de Investigaciones Científicas, 
CSIC, permit number SAF2017-86342-R) and with written informed 
consent from the parents of all subjects, in agreement with the Decla
ration of Helsinki. The smallest possible number of samples was used to 
perform these studies and all personal data were treated anonymously. 

2.8.2. Animal studies 
All experimental procedures involving animals were performed 

following the European Union Council guidelines (directive 2010/63/ 
UE) and Spanish regulations (R.D. 53/2013) and were approved by the 
ethics committee Comité de Ética y Experimentación Humana y Animal 
(CEEHA) at CSIC and by the Comunidad Autónoma de Madrid Review 
Board (proex 162/17) for the use of animals for scientific purposes. 

3. Results 

3.1. Persistent myelination impairments in the MCT8-deficient brain 

In order to study the myelin status in MCT8 deficiency we have 
analyzed different myelin lipid and protein components. To assess the 
lipid component, histological stainings were performed with SBB and 
LFB. For the protein component, IHC was used to study MBP, MOG, and 
PLP. 

The study of the lipids revealed paler lipid staining by both SBB and 
LFB in the WM of the cerebellum (Fig. 1) and the internal capsule 
(Supplementary Fig. 1) of the 11-year-old MCT8-deficient subject 
compared to the control. Similar results were found regarding proteins, 
as MOG and PLP stainings revealed lower myelin protein signal in the 
cerebellar WM of the MCT8-deficient patient in comparison to the 
control (Fig. 1). The same pattern was observed in myelin-related pro
teins in the motor cortex (Fig. 2) and the internal capsule (Supplemen
tary Fig. 1). Moreover, when studied at greater magnification, the 
MCT8-deficient WM showed a lower density of myelin sheaths 
compared to the control subjects in all regions studied, as shown for the 
cerebellum and motor cortex (Fig. 1k,l,o,p and Fig. 2i,j). 

Regarding MBP immunostaining, the MCT8-deficient subject 

Fig. 1. Cerebellar myelination impairments in an 11-year-old MCT8-deficient subject. Representative images showing LFB (a-d) and SBB (e-h) lipid staining and 
myelin protein immunostaining for MOG (i-l) and PLP (m-p) in tissue sections of the cerebellar vermis from control (a, c, e, g, i, k, m, o) and MCT8-deficient (b, d, f, h, 
j, l, n, p) child. Note the lower intensity staining (a, b, e, f, i, j, m, n) and lower density of myelin sheaths (c, d, g, h, k, l, o, p) in the cerebellum of the MCT8-deficient 
boy as compared to the 10-year-old control subject. Scale bars represent 1100 μm (a, b, e, f, i, j, m, n) and 110 μm (c, d, g, h, k, l, o, p). LFB: Luxol Fast Blue; MOG: 
Myelin Oligodendrocyte Glycoprotein; PLP: Proteolipid Protein; SBB: Sudan Black B. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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presented an overall reduction in comparison to the control in all the 
studied layers of the motor cortex (layer I, IV, V 51%, 77%, 14% 
reduction, respectively; Fig. 2), as well as in the subcortical WM (23% 
reduction; Fig. 2). In addition, the evaluation of the motor cortex of the 
MCT8-deficient subject revealed a disorganization of the myelinated 
tracts in layer V, compared to the control, as well as a decrease in the 
density of myelinated fibers in the subcortical WM (Fig. 2). 

3.2. Lower proportion of large caliber axons in several myelinated tracts 

The caliber of myelinated axons in the MCT8-deficient subject brain 
was studied using the LFB technique and immunostaining against NEFL 
in different regions of the brainstem (Fig. 3 and Fig. 4). In the cortico
spinal tract of the cerebral peduncle (Fig. 4a), the average caliber size 
was 2.12 ± 1.10 μm in the control subject, and much lower in the MCT8- 
deficient boy (1.51 ± 0.79 μm). Moreover, the corticospinal tract in the 
cerebral peduncle of the MCT8-deficient patient consisted mainly of 
small (less than 3 μm in diameter) caliber myelinated axons in detriment 

of medium-size ones (3–6 μm in diameter) and, in contrast to the control 
sample, no large (more than 6 μm in diameter) caliber myelinated axons 
could be detected. At the medial lemniscus (Fig. 4b), the average caliber 
size was 2.7 ± 1.24 μm for the control subject and 1.76 ± 0.88 μm in the 
MCT8-deficient patient. Similar findings were observed in the superior 
cerebral peduncle (Fig. 4c) and the medial longitudinal fasciculus 
(Fig. 4d) where the average myelinated axonal diameter was much 
lower in the MCT8-deficient patient, as control values were 3.22 ± 1.75 
μm and 2.71 ± 1.62 μm in the superior cerebral peduncle and the medial 
longitudinal fasciculus, respectively, and 1.98 ± 0.79 μm and 2.12 ±
0.84 μm in the MCT8-deficient patient. As for the corticospinal tract, the 
proportion of small caliber axons increased in detriment of medium-size 
and large caliber myelinated axons in the medial lemniscus, the superior 
cerebral peduncle and the medial longitudinal fasciculus of the MCT8- 
deficient subject, where no large caliber myelinated axons could be 
detected in contrast to the control sample (Fig. 3 and Fig. 4). Interest
ingly, the morphological features of the myelin sheaths of myelinated 
axons in the MCT8-deficient patient did not differ qualitatively from 

Fig. 2. Expression of MBP in the human motor cortex. Representative images showing expression of MBP in the motor cortex and subcortical WM from a control and 
a MCT8-deficient child. I, II, III, IV, V and VI represent the different layers of the cerebral cortex. Scale bar represents 1540 μm in a, b; and 77 μm in c-j. Each graph 
depicts fold changes in the AI index for the cortical layer to its left in the MCT8-deficient child as compared to the 12-year-old control subject. Data are shown as box 
and whiskers plots (min to max). MBP: Myelin Basic Protein; WM: White Matter. 
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control samples (Fig. 3). 
Similar results were obtained by analyzing the axonal diameter of 

axons immunostained with antibodies against the NEFL protein further 
supporting that, in the MCT8-deficient subject, all the studied axonal 
tracts are mostly composed of small caliber axons (Fig. 3). 

3.3. Reduced myelination in the Mct8/Dio2 KO mice brain: histological 
studies 

In order to assess possible abnormalities on WM formation and 
development on an animal model of MCT8 deficiency, coronal sections 
of Mct8/Dio2 KO and wild type (WT) mice brains were immunostained 
against MBP at different developmental stages. Staining intensities were 
visibly lower in the secondary motor cortex (46.5% reduction), as well 
as in WM areas such as the cc (24.5% reduction) (Fig. 5a,b) of Mct8/Dio2 
KO mice compared to WT animals at Postnatal day 21 (P21). Not only 
the intensity of the staining was lower but a significant reduction in cc 
size was also quantified in Mct8/Dio2 KO animals in comparison to WT 
(Fig. 5c). Moreover, in addition to the paler staining, axonal tracts in the 
caudate nucleus (Supplementary Fig. 2) were less defined in Mct8/Dio2 
KO tissue samples as a sign of lower density of myelin sheaths. 

With aging, some of these abnormalities appear to mitigate as, at 
P90, the differences in MBP immunostaining intensity values between 
Mct8/Dio2 KO and WT mice were less pronounced. Mct8/Dio2 KO mice 
displayed a 33.65% reduction in MBP staining intensity values in sec
ondary motor cortex and a 23.1% reduction in the cc (NS) in comparison 
to WT levels (Fig. 5a,b). In addition, cc size (Fig. 5c) and definition of 
axonal tracts in the caudate nucleus (Supplementary Fig. 2) were also 

more similar to WT samples, although none of them fully recovered. 
Finally, at P180, Mct8/Dio2 KO mice showed a bigger extent of recovery. 
While MBP immunostaining intensity (Fig. 5a,b) and cc size (Fig. 5c) 
were not statistically significant different from WT values, at a quali
tative level the lack of definition of the big axonal tracts and the pres
ence of non-grouped myelinated fibers in the caudate nucleus of Mct8/ 
Dio2 KO mice suggested structural myelination impairments at this age 
(Supplementary Fig. 2). 

3.4. Reduced myelination in the Mct8/Dio2 KO mice brain: MRI studies 

DTI, commonly used to evaluate microstructural variations in brain 
tissue, was used to study the myelin status in the Mct8/Dio2 KO mice 
brain. Data were obtained for three parameters: 1) Fractional Anisotropy 
(FA), which increases in presence of parallel myelinated axons; 2) Axial 
Diffusivity (AD), which is widely considered as a marker of axonal 
integrity; and 3) Radial Diffusivity (RD), which values increase with 
reduced myelin density (Sun et al., 2017; Yano et al., 2018). 

DTI data were obtained from WT and Mct8/Dio2 KO mice at P90 and 
P180, and FA, AD, and RD values were calculated in all animals for a ROI 
delimitating the cc (Fig. 6). The FA and AD values were significantly 
lower in Mct8/Dio2 KO mice at P90, as FA and AD values were 60% and 
43.5% lower, respectively, from the values observed in the WT animals, 
indicating impairments in myelination as well as in axonal integrity 
(Fig. 6a). RD values were higher in Mct8/Dio2 KO animals by 38% at P90 
indicating a decay on the myelination (Fig. 6a). At P180, differences in 
FA and AD persisted, as Mct8/Dio2 KO mice values were, respectively, 
58% and 40% lower than those observed in the WT animals (Fig. 6b). 

Fig. 3. Axon calibers as depicted by LFB and NEFL. Representative images showing LFB lipid staining (a, b, e, f, i, j, m, n) and NEFL immunostaining (c, d, g, h, k, l, o, 
p) in tissue sections of the brainstem at the corticospinal tract (a-d), the medial lemniscus (e-h), the superior cerebellar peduncle (i-l) and the medial longitudinal 
fasciculus (m-p) of control and MCT8-deficient children. Control samples correspond to the 10-year-old subject. Arrows point to some examples of large axons mainly 
found in the control subject. Note the low proportion of high caliber axons in the MCT8-deficient child. Scale bar represents 22 μm. LFB: Luxol Fast Blue; NEFL: 70 
kDa neurofilament. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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However, differences in RD, with Mct8/Dio2 KO values 23% higher than 
in WT animals, were non-statistically significant at this age (Fig. 6b). 

In summary, MRI studies showed persistent alterations in white 
matter microstructure. 

3.5. Reduced myelination in the Mct8/Dio2 KO mice brain: 
ultrastructural studies 

In order to deepen into the impairments in myelination observed in 
Mct8/Dio2 KO mice, ultrastructural studies were carried out by TEM on 
ultrathin brain sections of Mct8/Dio2 KO and WT mice at P90 and P180. 
The WM area chosen for this study was the cc at midline level in sagittal 
plane (Fig. 7). 

Mct8/Dio2 KO mice exhibited widespread patches of non-myelinated 
axons at both studied timepoints, with less than one third of the total 
number of axons being myelinated at both P90 (28.92 ± 2.78) and P180 
(31.81 ± 2.05). In contrast WT mice showed ubiquitous myelination at 
P90 and P180 (68.23 ± 1.41 and 65.42 ± 1.88, respectively) (Fig. 7a,b 
and Supplementary Fig. 3a). 

Moreover, the status of the myelin sheaths of the axons was also 

elucidated. For this, average myelin thickness and G-ratio were calcu
lated for both WT and Mct8/Dio2 KO mice at both timepoints, in addi
tion to a qualitative assessment of the myelin sheath integrity. Data 
obtained revealed no major differences in these parameters between 
both genotypes (Fig. 7a,c and Supplementary Fig. 3b). 

In summary, TEM studies showed a decrease in the number of 
myelinated axons, however, the axons that were myelinated presented 
no obvious alterations in myelin integrity. 

3.6. Oligodendroglial populations are disrupted in Mct8/Dio2 KO mice 

Oligodendroglial populations were studied at different timepoints 
(P21, P90, and P180) by IHC. Data analysis was conducted in the ac, as 
this is a TH-influenced WM representative area, which is easy to 
delimitate (Guadaño-Ferraz et al., 1994). 

Antibodies against PDGFRα were used to assess the OPCs population 
in the Mct8/Dio2 KO mice. This study showed that OPCs density in WT 
mice does not change significantly throughout aging from P21 to P180 
(Fig. 8a). However, Mct8/Dio2 KO mice showed a higher OPCs density in 
comparison to WT animals at P21 that diminished throughout aging, so 

Fig. 4. Graphs describe the distribution of the diameter of myelinated axons of the brainstem at the corticospinal tract (a), medial lemniscus (b), superior cerebellar 
peduncle (c) and medial longitudinal fasciculus (d) from control (black line) and MCT8-deficient (gray line) children. The diameters of the myelinated axons are 
expressed in 0.5 μm ranges. Statistical analyses showed significant differences between the control and MCT8-deficient samples in axonal diameter in all tracts (p <
0.0001 for cerebral peduncle, medial lemniscus and superior cerebellar peduncle; and p = 0.0069 for medial longitudinal fasciculus were determined by Mann- 
Whitney test). 
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Fig. 5. Histological analyses of the myelination impairments in Mct8/Dio2 KO mice. Expression of MBP in brain coronal sections of WT (n = 4) and Mct8/Dio2 KO (n 
= 4) at different developmental stages (P21, P90 and P180). Representative images depict the secondary motor cortex (a) and the corpus callosum (cc; b). P21 Mct8/ 
Dio2 KO samples show paler staining for all the studied areas and a reduction in cc size (b). Throughout aging, differences in staining intensity become less pro
nounced, but are still present. Each graph on a and b depicts fold changes in the AI index for the structure and timepoint to its left in the Mct8/Dio2 KO as compared to 
WT animals. cc size was also measured for each of the Bregma points studied, as shown in c. AI Index: % area immunolabeled multiplied by the mean gray value. Data 
are shown as box and whiskers plots (min to max) in a, b, and mean ± SEM in c. *p < 0.05, p values were determined by unpaired Student’s t-test. Scale bars a and b 
500 μm, c 125 μm. MBP: Myelin Basic Protein. 
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at P90 and P180 differences in OPCs density could no longer be observed 
between WT and Mct8/Dio2 KO animals (Fig. 8a,d). Moreover, exami
nation of higher magnification images revealed abnormalities in OPCs 
morphology and size in Mct8/Dio2 KO mice at P21 as Mct8/Dio2 KO 
OPCs were larger in size and branching compared to WT mice (Fig. 8a 
and Supplementary Fig. 4). 

In order to study maturation of OLs, staining with anti-CC1 antibody, 
that labels mature OLs, was carried out. WT animals displayed a high 
density of CC1 immunopositive (CC1+) cells at P90 that decreased at 
P180 (Fig. 8b). Mct8/Dio2 KO mice showed a lower density of mature 
OLs at P90 in comparison to WT animals (Fig. 8b,e). 

Finally, the whole oligodendroglial lineage was assessed with anti- 
OLIG2 staining. In WT animals, a remarkable increase in oligoden
droglial cells density was observed between P21 and P90, which then 
decreased at P180 (Fig. 8c,f). In Mct8/Dio2 KO mice, the oligoden
droglial cells density at P21 was considerably higher than in WT mice. 
This difference was inverted at P90, as Mct8/Dio2 KO mice showed a 
lower oligodendroglial cells density compared to WT mice. At P180, 
however, no differences could be appreciated in oligodendroglial cells 
density between Mct8/Dio2 KO and WT mice (Fig. 8c, f). 

This in vivo study provides quantitative statistically significant data 
indicating that Mct8/Dio2 KO animals present alterations in oligoden
droglial lineage cells. 

4. Discussion 

Myelination, one of the most crucial stages during brain develop
ment, is known to be largely dependent on THs (Gothié et al., 2020). 
Even though impairments in myelin is one of the main hallmarks of 
MCT8 deficiency, the underlying mechanism remains poorly under
stood. In the present study we have explored the myelination impair
ments in an MCT8-deficient subject and in a model of MCT8 deficiency, 
Mct8/Dio2 KO mice, in order to describe the different myelination de
fects throughout aging and to unravel the causes underlying these 
impairments. 

In order to better characterize the myelin status in MCT8 deficiency, 

we have analyzed in more depth several myelin lipid and protein com
ponents in several brain regions, as well as the extent of myelination of 
axons from different tracts in post-mortem cerebral samples of an 11- 
year-old MCT8-deficient patient. We have found alterations in myeli
nation with decreased phospholipids and glycolipids staining, as well as 
lower immunostaining of myelin proteins such as MOG, PLP, and MBP in 
all the brain regions analyzed. Moreover, a detailed study of the 
myelinated axon diameter in different sensory and motor axonal tracts 
has revealed a higher proportion of small-caliber axons and significantly 
lower number of large-caliber myelinated axons in the MCT8-deficient 
patient. This was observed both by LFB staining and immunostaining 
for the neurofilament protein NEFL, being the latter consistent with 
previous findings where we found decreased staining of neurofilament 
proteins in MCT8-deficient fetal brain tissue (López-Espíndola et al., 
2014). In addition, in previous studies we also found paler neurofila
ment immunostaining in several brain regions of Mct8/Dio2 KO mice in 
comparison to WT (Bárez-López et al., 2019). Since neurofilaments 
regulate axonal diameter and, as axonal diameter is determinant for 
stimulation of myelination (Friede, 1972; Voyvodic, 1989), these find
ings raise the possibility that a small axonal diameter might be one of the 
factors impairing the correct myelination in MCT8 deficiency. 

In order to further explore the pathophysiological mechanisms un
derlying these myelination impairments, we have assessed whether the 
Mct8/Dio2 KO mouse reproduces the myelination impairments observed 
in humans (López-Espíndola et al., 2014). While the Mct8/Dio2 KO 
mouse model present its drawbacks as a model for MCT8 deficiency, as it 
lacks both MCT8 and DIO2 (an essential enzyme for TH metabolism in 
the brain), it is probably the most suitable mouse model available to date 
to study the human MCT8 deficiency neurological impairments. Mct8/ 
Dio2 KO mice resemble the neurocognitive impairments due to MCT8 
deficiency, and these arise from knocking out genes encoding proteins 
solely involved in TH availability and action. (Grijota-Martínez et al., 
2020). Histological, TEM and MRI studies showed severe myelin im
pairments present from early developmental stages that, although 
improved with age, persisted at later stages. Similar to the observations 
in human samples (López-Espíndola et al., 2014, and present studies), 

Fig. 6. Magnetic resonance imaging (MRI) diffusion tensor imaging (DTI) parameters in Mct8/Dio2 KO mice show permanent myelination impairments in the corpus 
callosum (cc). Graphs show differences, expressed as fold changes, between WT (P90: n = 5; P180: n = 9) and Mct8/Dio2 KO (P90: n = 8; P180: n = 5) mice for each 
DTI parameter: fractional anisotropy, axial diffusivity, radial diffusivity; in the cc, at P90 (a) and P180 (b). Data are shown as box and whiskers plots (min to max). *p 
< 0.05, **p < 0.01, ***p < 0.005, p values were determined by unpaired Student’s t-test. 
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MBP staining was lower in Mct8/Dio2 KO mice compared to WT animals 
at P21 and P90 and the WM architecture was also affected with smaller 
tract size and abnormal definition of large axonal tracts, such as the cc. 
These observations are consistent with findings in other MCT8-deficient 
models, such as the Mct8/Oatp1c1 double knock-out mice that presents 
decreased MBP staining from P12 to at least P120 and reduced width of 
the cc (Mayerl et al., 2014), and MCT8-deficient zebrafish models that 
present decreased mbp mRNA levels at the onset of myelination (Zada 
et al., 2014). An in-depth evaluation of the myelin status by TEM 
revealed that a high percentage of Mct8/Dio2 KO mice brain axons 

remain non-myelinated, even at late stages such as P180. However, the 
myelin sheaths of the effectively myelinated axons were no different 
from WT ones, which is also in agreement with findings in Mct8/Oatp1c1 
mice (Mayerl et al., 2014) and hypothyroid rats (Guadaño-Ferraz, 1992; 
Lucia et al., 2018). Moreover, myelination analysis by MRI in a model of 
MCT8 deficiency, provided for the first time in this study, indicate that 
this approach offers the possibility to perform long-term preclinical 
studies to evaluate the effect of potential therapeutic agents in 
improving the neurological impairments in MCT8 deficiency. This can 
be done by performing repeated measures throughout the treatment, 

Fig. 7. Altered myelination pattern in Mct8/Dio2 KO mice. (a) Ultrathin sections of the medial part of the corpus callosum (cc) were analyzed by electron microscopy 
at P90 (WT n = 5; Mct8/Dio2 KO n = 5) and P180 (WT n = 4; Mct8/Dio2 KO n = 5). The number of myelinated axons was severely decreased in Mct8/Dio2 KO mice as 
compared with WT animals. (b) Depicts the percentage of myelinated axons for each of the studied groups. No differences in the ultrastructure of the myelin sheaths 
were observed between both genotypes as seen in the higher-magnification insets (a) and in (c), which depicts the G ratio, calculated as (axon diameter)/(fiber 
diameter). Axon and fiber diameters were measured in 10 random axons per field (5 fields per animal). No significant differences were observed. Data are shown as 
box and whiskers plots (min to max). *p < 0.05, p values were determined by Kruskal-Wallis test. Scale bar represents 1 μm except in the insets, 250 nm. 
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Fig. 8. Altered oligodendroglial development in Mct8/Dio2 KO mice. Brain coronal sections of WT (n = 4) and Mct8/Dio2 KO (n = 4) mice were immunostained 
PDGFRα (a), CC1 (b) and OLIG2 (c) at P21, P90 and P180. Representative images depict the immunostaining pattern in the anterior commissure. PDGFRα 
immunopositive cell density is higher at P21 in the Mct8/Dio2 KO mice in comparison to WT animals, and this impairment improves throughout aging (a). CC1 
immunopositive cell density is lower at P90 in Mct8/Dio2 KO mice in comparison to WT mice and at P180 no differences can be observed between both genotypes (b). 
In comparison to WT mice, OLIG2 immunopositive cell density is higher at P21 in Mct8/Dio2 KO mice, significantly lower at P90, and no differences can be observed 
at P180 (c). Insets in A depict PDGFRα positive cells in both WT and Mct8/Dio2 KO mice. Mct8/Dio2 KO mice OPCs show an aberrant increase of size and branching as 
compared to WT (see also Supplementary Fig. 4). Quantification of the number of positive PDGFRα OPCs (d), CC1 OLs (e) and OLIG2, as the entire oligodendroglial 
lineage (f) in the anterior commissure. Scale bar represents 125 μm except in the insets, 50 μm. OL: oligodendrocyte; OPC: oligodendrocyte precursor cell. Data are 
shown as box and whiskers plots (min to max). *p > 0.05 ***p < 0.01 was determined by two-way ANOVA. 
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using myelination as a biomarker, by non-invasive evaluations, instead 
of obtaining a single outcome in post-mortem samples. 

Since the Mct8/Dio2 KO mouse model reproduces the myelin im
pairments observed in AHDS patients, we have explored the OPCs and 
mature OLs population and we have found alterations in both pop
ulations. These analyses were performed in the ac, a white matter tract 
widely studied in relation to TH and myelin (Guadaño-Ferraz, 1992; 
Lucia et al., 2018), because it presents several advantages when per
forming cell counting quantification analysis in comparison to other 
brain regions that present several complications as it has been already 
addressed in literature (Riise and Pakkenberg, 2011). Similar studies in 
the entire cc and motor cortex will allow to directly compare the al
terations in the oligodendroglial lineage cells and the myelin impair
ments observed in these regions. At early stages, Mct8/Dio2 KO brains 
presented a higher density and aberrant morphology of OPCs population 
in comparison to WT, probably due to the lack of TH as a proliferation 
arrest cue, that reverted throughout aging. Moreover, Mct8/Dio2 KO 
animals showed a highly reduced number of mature OLs at P90. This 
could be due to a combination of the reduced differentiation rate in the 
absence of TH (Baas et al., 1997; Billon et al., 2001) and increased OL 
apoptosis in the absence of MCT8 (Lee et al., 2017). Indeed, studies in 
Mct8-deficient zebrafish have also found reduced differentiation of 
OPCs into OLs (Zada et al., 2016) and it has been recently demonstrated 
that MCT8 is necessary both at the BBB and the OPCs membrane to 
facilitate their differentiation into mature OLs (Vatine et al., 2021). 
Future studies continuously tracing the fate of the OPCs and OLs pop
ulations in Mct8/Dio2 KO mice will give further insights into the 
mechanisms that lead to alterations in the oligodendroglial linage. 

Lastly, the myelin status in MCT8 deficiency has led to controversial 
interpretations mainly because different studies have reported either 
delayed or permanent hypomyelination. To address this it is essential to 
use a correct terminology, as already pointed out (Vancamp et al., 
2020). “Permanent hypomyelination” is defined as an unchanged 
pattern of deficient myelination between two MRIs at least 6 months 
apart in a child older than 1 year (Pouwels et al., 2014; van der Knaap 
and Wolf, 2010) and “delayed myelination” refers to an improvement in 
myelination or WM content during this time interval (Schiffmann and 
van der Knaap, 2009). Regarding the MCT8-deficient patient studied in 
the present work, despite that MRI analysis did not detect myelination 
defects at 6.5 years of age, post-mortem histological analyses have 
revealed persistent myelination impairments at 11 years of age. All the 
above highlights the need to: 1) adopt an appropriate terminology to 
correctly and universally describe the myelin status in MCT8 deficiency. 
Even though it cannot be considered as hypomyelination by definition, it 
is very likely that there are permanent myelination impairments; 2) 
perform more sensitive and detailed analysis of the myelination status in 
MCT8 deficiency both by MRI and in post-mortem samples, whenever 
possible. 

5. Conclusions 

In the present work, we have further characterized the myelination 
impairments in MCT8 deficiency, both in a human patient and in Mct8/ 
Dio2 KO mice as a model of the syndrome. The present findings indicate 
that, even though the myelination impairments improve throughout 
age, there are still persistent myelination defects at later life stages 
although it cannot be strictly defined as hypomyelination. We have also 
identified a greater proportion of small-caliber axons in detriment of 
larger caliber ones, as well as impairments in oligodendroglial devel
opment as potential mechanisms underlying the myelination defects in 
MCT8 deficiency. These findings also indicate that therapeutic strategies 
aiming to improve the myelination impairments of MCT8-deficient pa
tients should target both axonal-diameter-related processes and promote 
OPCs differentiation. 
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