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Inactivating mutations in the specific thyroid hormone transporter monocarboxylate transporter 8 (MCT8) lead
to an X-linked rare disease named MCT8 deficiency or Allan-Herndon-Dudley Syndrome. Patients exhibit a
plethora of severe endocrine and neurological alterations, with no effective treatment for the neurological
symptoms. An optimal mammalian model is essential to explore the pathological mechanisms and potential
therapeutic approaches. Here we have generated by CRISPR/Cas9 an avatar mouse model for MCT8 deficiency
with a point mutation found in two MCT8-deficient patients (P253L mice). We have predicted by in silico studies
that this mutation alters the substrate binding pocket being the probable cause for impairing thyroid hormone
transport. We have characterized the phenotype of MCT8-P253L mice and found endocrine alterations similar to
those described in patients and in MCT8-deficient mice. Importantly, we detected brain hypothyroidism,
structural and functional neurological alterations resembling the patient’s neurological impairments. Thus, the
P253L mouse provides a valuable model for studying the pathophysiology of MCT8 deficiency and in the future
will allow to test therapeutic alternatives such as in vivo gene therapy and pharmacological chaperone therapy to
improve the neurological impairments in MCT8 deficiency.

1. Introduction serum concentrations of triiodothyronine (T3), low thyroxine (T4) and

reverse triiodothyronine (rT3), and normal to slightly high levels of the

Mutations in the monocarboxylate transporter 8 (MCT8) encoded by
the SLC16A2 gene, lead to the X-linked rare disease known as Allan-
Herndon-Dudley syndrome (AHDS) or MCT8 deficiency in males
(Allan et al., 1944; Dumitrescu et al., 2004; Friesema et al., 2004). MCT8
is a thyroid hormone (TH)-specific cell membrane transporter (Friesema
et al., 2003) with a crucial role in TH availability and action, especially
during central nervous system (CNS) development (Bernal et al., 2015;
Lopez-Espindola et al., 2014; Refetoff et al., 2021). Patients diagnosed
with AHDS are characterized by altered serum levels of THs with high

thyroid stimulating hormone (TSH) (Dumitrescu et al., 2004; Friesema
et al., 2004). In contrast, the brain exhibits signs of hypothyroidism
(Lopez-Espindola et al., 2014), resulting in severe psychomotor im-
pairments and global developmental delay along with profound intel-
lectual disability (IQ < 30) and speech difficulties. AHDS is also related
to central hypotonia, spastic paraplegia and dystonic movements
(Dumitrescu et al., 2004; Friesema et al., 2004; Masnada et al., 2022;
Matheus et al., 2015; Sarret et al., 2022; Schwartz and Stevenson, 2007).
Given its atypical clinical features, associating brain hypothyroidism
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and peripheral hyperthyroidism, treatment options for MCT8-deficient
patients are very limited (Grijota-Martinez et al., 2020).

There are currently >100 known mutations of SLC16A2. Three
subtypes can be distinguished: Type 1 mutations where the transport
capacity of the protein is partially (type 1A) or completely (type 1B)
compromised. Type 2 mutations reduce the presence of the protein at
the plasma membrane, but do not eliminate its transport activity. Type 3
mutations include large deletions and frameshift mutations that fully
inactivate protein function (Groeneweg et al., 2019b). The P321L
missense mutation is representative of type 1B mutations, which are
associated with very severe neurological symptoms, but could be
amenable to pharmacological treatment, favoring the restoration of
transport activity (Braun et al., 2022; Kersseboom et al., 2013). It was
discovered in twin brothers and inherited from a healthy heterozygous
mother (Vaurs-Barriere et al., 2009; Verge et al., 2012).

Slc16a2 KO (Mct8 KO) mice were firstly generated as a model for
AHDS. Although these mice faithfully replicate the alterations in the
circulating THs concentrations of patients (Dumitrescu et al., 2006;
Trajkovic et al., 2007) their use as a model for AHDS has two limitations.
First, they are only relevant to type 3 mutations, and cannot be used to
test the pharmacological interventions mentioned above. Second, their
neurodevelopment is only marginally altered, and they do not reproduce
the neurological abnormalities observed in patients (Wirth et al., 2009).
This surprising absence of neurological defects is currently interpreted
as resulting from a compensatory mechanism in mice involving the
transport of T4 through the Organic Anion Transporter 1C1 (OATP1C1)
across the brain barriers and the local conversion of T4 into T3 by the
enzyme deiodinase 2 (DIO2) on the astrocytes (Barez-Lopez et al.,
2017b; Ceballos et al., 2009; Morte et al., 2010a; Wirth et al., 2009). For
that reason, the double mutant mice Mct8/Oatplc1 KO and Mct8/Dio2
KO display neurodevelopmental defects not observed in single KO mice
(Barez-Lopez et al., 2019; Mayerl et al., 2014). Even though both models
mimic human MCT8 deficiency, they present some limitations. For
instance, OATP1C1 transports other compounds in addition to T4,
including steroid hormone metabolites (Westholm et al., 2009), there-
fore the phenotypic outcome of Mct8/Oatp1cl KO animals could also be
due to alterations in the transport of other molecules. Moreover, a mu-
tation in the OATP1C1 transporter SLCOIC1 gene in humans has been
reported to be linked with brain hypometabolism, brain-specific hypo-
thyroidism, and juvenile neurodegeneration (Strgmme et al., 2018).
Even though the phenotypic outcome of Mct8/Dio2 KO mice is solely
due to impaired THs action, this model also presents some limitations as
increased DIO2 activity is a compensatory mechanism in MCT8 deficient
patients (Lopez-Espindola et al., 2014). For all these issues, additional
models of the syndrome targeting MCT8 alone, but reproducing its
neurological alterations more faithfully than the Mct8 KO model, would
contribute to the understanding of the mechanisms that underlie MCT8
deficiency more accurately.

We present here a novel mouse model with the MCT8-P253L muta-
tion, equivalent to the human P321L missense mutation (P253L mice)
(Teixeira et al., 2018; Vaurs-Barriere et al., 2009). These mice provide a
unique opportunity to explore the consequences of the P253L substitu-
tion, instead of deleting MCT8 alone or inactivating both MCT8 and
OATP1C1 or DIO2. First, we performed in silico predictions of the ter-
tiary structure of the mutant protein that have shown important alter-
ations in the pocket size and the TH binding site accessibility in the
P321L mutated protein. Then, the mutation was introduced by homol-
ogous recombination in the mouse genome, using CRISPR/Cas9 genome
editing. Comparing P253L mice with wild-type mice and the classic Mct8
KO model we have found that, as Mct8 KO mice, P253L mice exhibited
an endocrine phenotype similar to AHDS patients with peripheral hy-
perthyroidism and brain hypothyroidism. Interestingly, in contrast to
Mct8 KO mice, P253L animals exhibited several neurological alterations,
ranging from impairments on the whole neuroarchitecture to alterations
affecting particularly the GABAergic system. All these endocrine and
histopathological traits derived in a late-onset motor and emotional
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phenotype with motor skills alterations and anxiety-like behavior. Based
on our findings, we propose that the P253L avatar mouse represents a
new suitable animal model for studying human MCT8 deficiency and a
valuable tool for testing therapeutic interventions including gene repair
and chaperone therapy approaches.

2. Methods
2.1. Insilico analyses

2.1.1. Gene alignment

Some of the available MCT8 orthologues and all human MCT family
members were aligned to analyze shared and divergent features in
amino acid composition. All amino acid sequence alignments were
created automatically by means of Clustal Omega (Sievers and Higgins,
2018) software applying the Blossum62 amino acid similarity matrix.
Alignments were produced with the BioEdit software package.

The potential dimensions of transmembrane helices (TMHs) were
predicted based on observable helices in the crystal structure of MCT1
(PDB code 6LYY (Wang et al., 2021)), which was ultimately used as a
structural template for homology models (see protein structure
prediction).

2.1.2. Protein structure prediction

The crystal structure of the outward-facing conformation of human
MCT1 (PDB 6LYY), was used as a template to model the structure for the
short sequence of MCT8 and MCT8-P321L (as named after the sequence
on the long isoform) (Wang et al., 2021), by means of Robetta server
(Baek et al., 2021). The alignment between human MCT8 and MCT1
amino acid sequences reveals a similarity score of 35.73% (Supple-
mental Fig. 1). With little-to-no deviations, MCT1 TMHs are applicable
for human MCT8. The two models with better score in the Robetta server
were selected and refined to eliminate non-precisely predicted residues
(>5 A of error). The reliability of both structural templates was then
validated with VERIFY3D, PROCHECK, and ERRAT2 and servers (Bowie
et al., 1991; Colovos and Yeates, 1993; Laskowski et al., 1996). MCT8
and MCT8-P321L obtained a great score in all three servers: 83.53% and
87.69% 3D—1D score in VERIFY3D (where >80% is optimal), 94.76%
and 94.1% of the residues in most favored regions (where >90 is
optimal) as assessed by PROCHECK and an overall quality factor of
96.99 and 99.86 (where >90 is optimal) in ERRAT2, respectively. Two
artificial MCT8 mutants (P462L and K207L) were also modeled as a
control, to validate the accuracy of the in silico approach in assessing the
structural changes of the disease-causing mutation.

PyMOL software (PyMOL Molecular Graphics System, V. 2.4.0
Schrodinger, LLC) was used for the visualization and analysis of the
models. The intra-protein interactions changes between MCT8 and
MCT8-P321L models were assessed by generating a residue interaction
network, using the RING 2.0 web server (Martin et al., 2011; Piovesan
et al., 2016). CASTp server and PyMOL were used for substrate-binding
pocket volume analysis (Tian et al., 2018).

We then used the structure comparison program FATCAT (Flexible
structure AlignmenT by Chaining Aligned fragment pairs allowing
Twists) (Li et al., 2020; Ye and Godzik, 2003) to compare the structure of
short human MCT8 isoform we had generated with Robetta with the
recently published predicted structure of this protein generated by the
newly released AlphaFold software (Tunyasuvunakool et al., 2021).
FATCAT showed that both structures are significatively similar (p-value
4.48 e-12; 83.64% identity), and differences are located in the poorly
predicted N-terminal region (Supplemental Fig. 2F, G).

2.2. Animal models
Animals were housed in light- and temperature-controlled conditions

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, wild-type (WT), P253L
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and Mct8 KO male mice were used, as AHDS is an X-linked disease and
thus, only affects males. The generation of P253L mice by electropora-
tion of mouse oocytes, using a single stranded oligonucleotide as tem-
plate, was reported previously (Teixeira et al., 2018). Founder mice
were backcrossed for at least 6 generations with C57Bl6/J wild-type
mice to segregate putative off-target mutations and ensure a homoge-
nous genetic background. For the obtention of the studied animals, male
WT mice are crossed with heterozygous females and then screened by
PCR as described in Teixeira et al. (2018) Genotypes were confirmed by
PCR of ear DNA (25 cycles at 58 °C annealing temperature) using the
following primers: forward common, 5 GGTGCATTCTCACTCT
GAGTTCC3'; reverse common, 5 GCAGACAGAGCTGATTTCCTAT
GTG3'; forward specific for the mutation, 5’AGGTTGGTGGCGAGTGT
GG3'; reverse specific for the mutation 5'TATCCCCCAGCATTTT
AATTAAAAACS'. Using this procedure all samples generated a 100-bp
PCR product and the mutated alleles a 309-bp product. Mct8 KO geno-
type was confirmed by ear DNA PCR as described in Ceballos et al.
(2009). WT mice used for every experiment included both P253L and
Mct8 KO littermates. TH determinations and gene expression analyses
were performed at 3 months of age (P90). Histological analyses, motor
task assessments and behavioral tasks were done at 3 and 6 (P180)
months of age. Hearing assessment and audiogenic seizure assays were
performed in P90 mice.

For histological procedures mice (n = 4) were anesthetized with
ketamine (75 pg/g of body weight) and medetomidine hydrochloride (1
pg/g of body weight), and transcardially perfused with 4% para-
formaldehyde in 0.1 M phosphate buffer (PB). Brains were removed,
post-fixed overnight in 4% paraformaldehyde in 0.1 M PB, cry-
oprotected with 30% sucrose and cut into 30 pm free-floating sections on
a cryostat.

For hormonal determinations in plasma and tissues (n = 10) and
gene expression assays (n = 8), mice were anesthetized as above and
transcardially perfused with saline to remove blood from tissues before
their collection. Before perfusion, blood was extracted by retroorbital
collection and used for the determination of T4 and T3 plasma con-
centrations. Tissues (cerebral cortex, cerebellum and liver) were har-
vested and preserved at —80 °C until RNA extraction or hormonal
determination.

Mice were studied at P90 and P180, as these young-adult and adult
timepoints have been extensively studied in other models of MCT8
deficiency and other models with impairments in thyroid hormone
signaling (Barez-Lopez et al., 2017a, 2019; Venero et al., 2005).

2.3. Hormonal determinations in plasma and tissues

High specific activity '2°I-T3 and *2°I-T4 (3000 pCi/pg) were ob-
tained by labeling (3, 5)-T2 (D0629; Sigma) and T3 (T2877; Sigma) as
substrates with 12°I (NEZ033A; Perkin Elmer), as previously described
(Obregon et al., 1978; Weeke and Orskov, 1973). One minor modifica-
tion was the separation of the labeled products, which was done by
ascending paper chromatography for 16 h in presence of buta-
nol—ethanol-ammonia 0.5 N (5:1:2) as solvent. The '2°I-T3 and '*°I-T4
were eluted and kept in ethanol at 4 °C. T3 and T4 were extracted from
individual 80 pL aliquots of plasma with methanol (1:6), evaporated to
dryness and taken up in the radioimmunoassay buffer for de-
terminations. T3 and T4 extraction from tissues (cerebral cortex, liver
and cerebellum), as well as determinations of T3 and T4, were per-
formed as previously described (Morreale de Escobar et al., 1985; Ruiz
de Ona et al., 1988) with the dynamic range being 0.4-100 pg T3/tube
and 2.5-320 pg T4/tube.

2.4. Gene expression
RNA was isolated from individual hemi brain cortex. Total RNA was

extracted using TRIZOL reagent (Invitrogen; 15596026) following the
manufacturer’s recommendations with an additional chloroform
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extraction. cDNA was prepared from 250 ng of RNA using the high-
capacity cDNA reverse transcription kit (Applied Biosystems). A cDNA
aliquot corresponding to 5 ng of the starting RNA was used. Real-time
PCR was performed with the TagMan universal PCR master mix, No
Amp Erase UNG (Applied Biosystems) on a 7900HT fast real-time PCR
system (Applied Biosystems). The PCR program consisted of a hot start
of 95 °C for 10 min, followed by 40 cycles of 15 s at 95 °C and one min at
60 °C. PCRs were performed in triplicate using the 18S gene as internal
standard and the two-cycle threshold method for analysis. The expres-
sion of the following T3-dependent genes was measured using Applied
Biosystems TaqMan  probes: Dio2 (type 2  deiodinase,
MmO00515664_m1), Dio3 (type 3 deiodinase, Mm00548953_s1), Cbr2
(carbonyl reductase 2, MmO00483074_gl), Cntn2 (contactin 2,
MmO00516138.m1), Flywch2  (Flywch family —member 2,
Mm00513052_m1), Hr (hairless, Mm00498963_m1), Mbp (Myelin basic
protein, Mm01266402_m1), and Nefm (neurofilament, medium poly-
peptide, Mm00456201_m1), Slcolcl or OatpIcl (Solute carrier organic
anion transporter family member 1c1, Mm00451845_m1), Slc7a5 or
Latl (L-type amino acid transporter 1, Mm00441516_m1), Slc7a8 or
Lat2 (L-type amino acid transporter 2, Mm01318974_m1), Slc16a2 or
Mct8 (Monocarboxylate transporter 8, Mm00486204_m1) and Slc16a10
or Mctl0 (Monocarboxylate transporter 10, Mm00661045_m1). Data
were expressed relative to the mean values obtained in tissues from the
WT mice (taken as 1.0) after correction for 18S RNA.

2.5. Immunohistochemistry

The same protocol was followed for the following primary anti-
bodies: Parvalbumin (1:1,500; P3088, Sigma-Aldrich), Calbindin
(1:1,000; C9848, Sigma-Aldrich), Calretinin (1:4,000; 6B3, Swant),
GAD65/67 (1:1,000; A01437, GenScript), and NeuN (1:2,000; MAB377,
Chemicon). WT, P253L and Mct8 KO mice tissues were processed in
parallel. Endogenous peroxidase was blocked by incubating in dark with
3% hydrogen peroxide and 10% methanol in PBS at room temperature
(RT) for 15 min. Nonspecific antibody binding was prevented by
blocking with 4% BSA, 0.1% TritonX-100, 0.1 M Lysin and 5% serum
from the secondary antibody host species at RT for 1 h. Sections were
incubated overnight at 4 °C with primary antibodies in 4% BSA, 0.1%
TritonX-100 and 1% serum. Tissues were incubated with biotinylated
secondary antibodies at 1:200 concentration in 4% BSA, 0.1% TritonX-
100 and 1% serum at RT for 1 h. For signal amplification, the sections
were incubated with Avidin-Biotin Complex (ABC Elite Kit Vector Lab-
oratories, #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 dehydrated in ascending ethanol concentrations,
cleared in xylenes, and covered with hydrophobic mounting medium
Depex (Serva, 18243). Images for immunohistochemistry were obtained
with a Nikon Eclipse 80i microscope and a Nikon DSFil digital camera.

All the preparations were then analyzed and quantified by means of
Neurolucida® (MBF Bioscience, Vermont, USA) in a Nikon Eclipse E400
microscope with a Lumina HR camera (Lt665RC, MBF Bioscience, Ver-
mont, USA) as described in Tapias et al. (2013), using a 20x objective
(0.50 N.A.). For the quantification of immunopositive cells, every tenth
section was sampled in each animal (an average of 5 histological sec-
tions per animal). The regions of interest (ROIs) were delineated based
on a coronal atlas of the mouse brain (Paxinos and Franklin, 2004) and
both hemispheres were analyzed. These ROIs spanned the entire cere-
bral cortex (layers 1 to 6) from Bregma —1 to Bregma —2.5 and the CA1
region of the hippocampus from Bregma —1.3 to Bregma —2.3.

NeuN expression was quantified similarly to what was described in
Mayerl et al. (2014) as follows. Originating at the corpus callosum, a line
was drawn at a right angle to the pial surface at four different places
within the barrel field to quantify the thickness of the cortex. Moreover,
additional shorter lines were drawn at the same positions starting from
the corpus callosum to the border of layer IV to measure the dimension
of the inner layers and the outer layers.
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For GAD65/67 preparations, mean intensity was quantified as
described in Valcarcel-Hernandez et al. (2022).

2.6. Motor tasks assessment

For motor task analysis, WT (n = 10), P253L (n = 8) and Mct8 KO (n
= 6) mice at 3 and 6 months of age performed the tests described in this
section.

2.6.1. Footprint test

The gait of the mice was evaluated using the footprint test as pre-
viously described (Barez-Lopez et al., 2014). The hind and the forepaws
were painted with blue and red nontoxic waterproof paint, respectively,
and the animals were required to run along a tunnel (20 x 20 x 70 cm)
lined with paper, with a dark goal box at the end of the tunnel to
encourage the mouse to run toward a dark and safe environment.
Measurements for three-step cycles were averaged, considering a cycle
as the distance from one pair of hind prints to the next. Footprints at the
start and the end of the tunnel were excluded from the analysis as they
correspond to the initiation and termination of the movement. The front
base width, hind base width, forelimb stride length, hindlimb stride
length and overlap of hind and forelimb were analyzed.

2.6.2. Four limb hanging wire test

Muscle strength was evaluated using the hanging wire test (Barez-
Lopez et al., 2019; Crawley, 2006). Mice were placed on the top of a wire
cage lid quadrant (14 x 14 cm) that was inverted horizontally 50 cm
above a surface with bedding to avoid damage associated to the fall. The
latency to fall was recorded over a maximum period of 120 s. Mice were
tested for 2 consecutive days in 1 trial per day. Data from both days were
averaged.

2.6.3. Rotarod test

Motor coordination and balance were evaluated with the
accelerating-rotarod test as previously described (Barez-Lopez et al.,
2014, 2019). Sixty min before the test, animals were subjected to an
initial training period under constant speed. For the accelerated rotarod
test, mice were placed on a rotarod (Ugo Basile, Italy) that accelerated
from 4 to 44 rpm in 3 min and was maintained at 44 rpm for 2 further
min. The latency of the mice to fall off the rod was recorded over the
maximum observation period of 5 min. Mice were tested for 5 consec-
utive days with 3 trials per day with a 20 min intertrial interval. Data
from the three trials were then averaged.

2.6.4. Balance beam test

Balance was evaluated as described (Arqué et al., 2009; Barez-Lopez
et al., 2019). Mice were placed on the center of a horizontal wooden bar
(0.9 cm wide x 50 cm long) 40 cm above a surface with bedding to avoid
damage associated to the fall. The latency to fall was recorded over a
maximum period of 40 s and 2 trials were performed in 1 single day. The
activity on the bar was rated as [0] if the mouse fell, [1] if it remained in
the center of the bar, [2] if it moved but it did not reach the ends; and [3]
if the mouse reached one of the ends of the bar.

2.7. Behavioral tests

For behavioral tests, WT (n = 10), P253L (n = 8) and Mct8 KO (n = 6)
mice at 3 and 6 months of age performed the tests described in this
section.

2.7.1. Elevated plus maze

Elevated-plus maze exploration was evaluated as described (Barez-
Lopez et al., 2017a; Lister, 1987). In the present experiment, each mouse
was placed in the center of a grey PVC elevated-plus maze (each arm 30
cm long and 5 cm wide, with 30-cm-high walls on closed arms, 50 cm
high over the ground. The behavior of the mouse was videoed from
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above for 10 min. The mouse was then returned to its home cage. The
videos were then analyzed by means of the software Ethovision®
(Noldus, Wageningen, Netherlands) to study the time spent and the
frequency to enter the open and closed arms of the maze.

2.7.2. Open field

Open field exploration was evaluated as described (Barez-Lopez
et al., 2017a; Richard et al., 2017). In the present experiment, the open
field apparatus was an empty 40 x 40 cm grey PVC arena with 30-cm-
high walls. Each mouse was placed in the center of the apparatus and
videoed from above for 10 min. The mouse was then returned to its
home cage. All videos were obtained with a Microsoft LifeCam Studio
camera (Microsoft Corporation, Redmond, WA, USA), and then analyzed
by means of the software Ethovision® (Noldus, Wageningen,
Netherlands) to quantify the distance walked by the animals, along with
the time spent in both the central area of the field and the area closer to
the walls.

2.8. Hearing and audiogenic seizure studies

2.8.1. Hearing assessment and noise exposure

Hearing was evaluated by recording the evoked auditory brainstem
response (ABR) to sound with a System III Evoked Potential Workstation
(Tucker-Davis Technologies, Alachua, FL, USA), as described (Cediel
et al., 2006). Briefly, mice were anesthetized with ketamine (100 mg/
kg) and xylazine (10 mg/kg) and placed on a heating pad inside a
soundproof acoustic chamber. Click and 8-, 16-, 20-, 28-, and 40- kHz
pure tone stimuli were presented at a decreasing intensity range from 90
to 20 dB sound pressure level. The electroencephalographic activity was
recorded, amplified, and averaged to determine hearing thresholds, la-
tencies, and amplitudes of the evoked waves.

2.8.2. Audiogenic seizure assays

As seizures are a common symptom exhibited by some MCTS8-
deficient patients, we assessed seizure susceptibility. To induce audio-
genic kindling, mice were introduced in a soundproof acoustic chamber
and allowed to explore for 30 s, and then exposed to repeated acoustic
stimulation (2-20 kHz) of maximal intensity (120-130 dB). The sound
was maintained until the running seizure was elicited. If no convulsions
occur, the sound is applied for 90 s. Seizure behavior was defined as self-
sustained explosive running which started with some delay after sound
stimulation (seizure latency) and was followed or not by clonic seizure.
The intensity of response was categorized as follows: no response (0);
wild running (1); clonic seizure (2); tonic seizure (3); and respiratory
arrest (4). Animals were tested only once at the end of the other
evaluations.

2.9. 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 the Shapiro-Wilk test. Means of
Mct8 expression levels were compared between WT and P253L groups
by Student t-test. Means between all of the experimental groups were
compared by the Kruskal-Wallis test for non-parametric data, or one-
way ANOVA for parametric data. For motor and behavior tests,
repeated measures from all the experimental groups at P90 and P180
were analyzed by two-way ANOVA. Significant differences were repre-
sented as *P < 0.05; **P < 0.01, and ***P < 0.001 or indicating the
exact p value for values close to 0.05.

2.10. Study approval
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
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approved by the ethics committee Comité de Etica y Experimentacién
Humana y Animal (CEEHA) at Consejo Superior de Investigaciones
Cientificas (CSIC) and by the Comunidad Auténoma de Madrid Review
Board (Proex 014.1/21) for the use of animals for scientific purposes.

3. Results

3.1. P321L is a conserved residue and its mutation results in structural
alterations in the MCT8 protein

To elucidate the biological importance of the P321 residue, we
explored its evolutionary conservation by performing an alignment with
several MCT8 orthologues and the other human MCT family trans-
porters. This alignment showed that this residue is highly conserved,
being present in all the available MCT8 orthologues and other MCTs
such as MCT10 and MCT5 (Supplemental Fig. 1).

Given the high evolutionary conservation of the P321 residue, we
assessed its structural and functional importance in silico. For this,
human and mouse MCT8 proteins were modeled by comparison with the
outward-open conformation of MCT1 (RCSB’s Protein Data Bank code
6LYY, (Wang et al., 2021)) (Fig. 1A) and MCT2 (PDB code 7BP3, (Zhang
et al., 2020) data not shown) structures obtained by cryo-electron mi-
croscopy. MCT8 models were obtained with the recent CASP14 best
performing server Robetta, created by the Baker Lab (Baek et al., 2021).
The MCT1 model was finally selected as a template over MCT2 due to its
superior structural homology. Both human and mouse MCT8 are
B-barrel proteins, with 12 TMHs disposed in two 6-helices symmetric
bundles with an inner pocket placed between them. Because there were
hardly any differences in the MCT8 protein between both species, we
decided to continue the analysis only with the human one.

Intriguingly, the P321L mutation impairs T3 uptake (Kersseboom
et al., 2013; Vatine et al., 2019, 2017) even though this residue is not
close to the described binding region for T3 or T4 in the MCT8 protein.
This suggests that P321L mutation affects the protein structure itself,
rather than the THs binding region directly. To test this, we performed
prediction in silico analyses of the structure of the MCT8-P321L muta-
tion, where Robetta prediction for MCT8-P321L showed a structure
almost identical to the wild-type. Both homology models, MCT8 and
MCT8-P321L were validated by means of VERIFY3D, PROCHECK and
ERRAT?2 servers (for further information see Methods section and Sup-
plemental Fig. 2A, B, C, D). However, 3D-alignment between MCT8 and
MCT8-P321L models revealed a decrease in the distance between TMHs
in the mutant (Fig. 1B). Distance between TMHs is a crucial parameter
for protein structure, especially for proteins with a rocker switch
mechanism, such as MCT8 (Schweizer et al., 2014), which experience a
sequence of conformational changes to allow T3 and T4 to access the
central binding site from both sides of the cell membrane. To gain
further insights into the structural change, intra-protein interactions of
both MCT8 and MCT8-P321L models were then assessed by means of
RINGS 2.0 (Martin et al., 2011; Piovesan et al., 2016), which predicted
five new interactions between amino acids when the P321L mutation
was introduced (Fig. 1B, Supplemental Fig. 2E) as compared to wild-
type MCTS8. According to this prediction, the mutated leucine 321 can
interact with the residues 1197 from TMH1 and W431, L434 and V435
from TMHS8. Notably, some of these interactions comprise hydrogen
bonds, which can explain the structural change, since they are strong
enough to provoke a reduction in the distance of the interacting TMHs.
Particularly interesting is the hydrogen bond generated between L321
and W431 since, in cooperation with L434 and V435 interactions, pro-
vokes the approach of TMH2 and TMHS8 and closes up both bundles of
MCT8 leading to morphological alterations in the pocket placed be-
tween them (Supplemental Fig. 2E). Further analysis showed a dramatic
reduction in the pocket size with an aberrant form in which the entrance
of the pocket is not connected to the central substrate-binding region
(Fig. 1C). According to this prediction, in MCT8-P321L, THs would no
longer be able to access the binding site of MCT8. In addition to affecting
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the size and shape of the pocket, the appearance of new binds between
the two bundles of MCT8 may cause an increase in the rigidity of the
structure preventing the conformational changes necessary to perform
its function in the transport of T3 and T4.

3.2. P253L mice present abnormal T3 and T4 levels/content in plasma
and tissues

Postnatal day 90 (P90) P253L mice presented peripheral TH alter-
ations similar to the ones observed in Mct8 KO mice, showing high T3
(78% higher) and low T4 (45% lower) plasma levels, as well as high T3
(68% higher) and low T4 (28% lower) content in liver, in comparison
with WT mice (Fig. 2). All these data resemble the peripheral thyroid
state of MCT8-deficient patients.

Moreover, the study of T3 and T4 content in the CNS revealed that
P253L mice present a significant reduction in the T3 content in the ce-
rebral cortex (31% lower) in comparison to WT animals, similar to Mct8
KO mice as previously found (Dumitrescu et al., 2006; Trajkovic et al.,
2007). Surprisingly, P253L mice also presented a significant reduction
in T4 content (40% lower) as compared to WT animals, in contrast to
Mct8 KO mice, which did not present alterations in the content of T4.
Given the complexity of the CNS, and the locomotor impairments
exhibited by the patients we decided to also study the cerebellum. The
analysis of TH content revealed that P253L mice present a significant
reduction in the T3 content (50% lower) in comparison to their WT
counterparts, similarly to Mct8 KO mice as previously observed (Traj-
kovic et al., 2007). However, there were no differences in the content of
T4 between none of the studied genotypes.

3.3. P253L mice do not show alterations in TH-target genes

Following the thyroid status evaluation, we decided to assess the
expression of several genes which have already been confirmed to be
dependent on the thyroid status (TH-target genes) in the brain (Morte
etal., 2010b; Zada et al., 2014). To this aim, we analyzed by quantitative
PCR all the three experimental groups: WT, P253L and Mct8 KO mice at
P90, particularly for the expression of 8 genes in the cerebral cortex:
Cbr2, Cntn2, Hr, Dio3, Nefm, Dio2, Flywch2, and Mbp. These results
revealed that P253L mice do not present significant alterations in gene
expression, in contrast to Mct8 KO mice, as compared to WT mice
(Fig. 3). Of the 8 genes, Cbr2, Cntn2 and Hr were sensitive to MCT8
deficiency at P90 in the Mct8 KO mice, consistent with previous findings
(Morte et al., 2010b). Dio3 showed subtle reduced expression in Mct8 KO
mice compared to WT levels which was not statistically significant. The
rest of the analyzed genes (Nefm, Dio2, Flywch2, and Mbp) did not reveal
any differences between any of the experimental groups. This data
indicated that the expression of the analyzed TH-target genes in the
cerebral cortex of P253L mice is normal despite the alterations in TH
content in this structure.

3.4. P253L mice show alterations in THs transporter’s gene expression

Following the thyroid target genes evaluation, we assessed the
expression of the genes encoding several TH transporters at P90. First,
we analyzed by quantitative PCR Mct8 expression on WT and P253L
groups finding that in P253L mice, Mct8 expression is decreased by half
compared to WT mice (Fig. 4A). Then, we analyzed in WT, P253L, and
Mct8 KO mice the expression of other four genes encoding the TH
transporters Oatplcl, Mct10, Latl, and Lat2 in the cerebral cortex. We
found that the expression of these genes in P253L mice was not different
from WT values, whereas Mct8 KO mice showed a significant increase in
Oatplcland Lat2 expression as compared to WT mice, and in OatpIcl
and Lat1 expression in comparison to P253L mice (Fig. 4B).
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Fig. 1. Tertiary structure of MCT8 homology model in the outward-open conformation. (A) MCT8 structure was predicted using the Robetta server based on the cryo-
electron microscopy structure of the outward-open conformation of human MCT1 (PDB: 6LYY). The model was refined to eliminate non-precisely predicted residues
(>5 A of error). Side (left) and top (right) cartoon views of the MCT8 structure were generated with PyMOL software. Proline 321, the residue mutated in two AHDS
patients, is shown as red sticks. (B) 3D alignment of MCT8 (light blue) and MCT8-P321L (dark blue) models show a decrease in the distance between TMHs in the
mutant. P321L mutation changes the amino acidic interaction network in MCT8. Changes in TMHs position between both models are indicated with red arrows (right
panel). MCT8-P321L structure was predicted as described in A. 3D alignment was performed by means of Pymol software. P321L mutation changes the amino acidic
interaction network in MCT8 (left panel). While P321 residue only interacts with S194 from TMH1, the P321L mutant also interacts with 1197 from TMH1 and W431,
L1434, and V435 from TMHS. Intra-protein interactions of MCT8 and MCT8-P321L were assessed by RINGS 2.0 and the predicted amino acidic interaction networks
were represented by Pymol. Residues are shown as colored sticks. (C) A comparison of the structure of the inner pocket of MCT8 (yellow) and MCT8-P321L (green)
shows a dramatic change in the shape and size of the pocket. MCT8 (light blue) and MCT8-P321L (dark blue) are shown as cartoons with the inner cavity represented
as a surface in yellow and green respectively. Hormone influx sense was represented by blue arrows. Triiodothyronine (T3) structure was represented as yellow sticks.
CASTp server and PyMOL were used for substrate-binding pocket volume analysis and image generation. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

3.5. P253L mice show altered neuroarchitecture

To assess the gross neuroarchitecture of P253L mice, samples from
WT, P253L and Mct8 KO mice brains at both P90 and P180 were
immunolabeled with NeuN (Fig. 5). P180 age was selected as an
adequate marker of full adult age, providing a reliable picture of
persistent alterations after P90. No substantial changes were observed in
the density of neurons in P253L mice as compared to WT animals.
However, the distribution of neuronal layers was clearly altered, as
P253L immunolabeling revealed less definition in the boundaries be-
tween layers, particularly between layers III and IV. Fine layer delimi-
tation in these animals was difficult to establish. Consequently, to
evaluate possible alterations in cortical cytoarchitecture we decided to
quantify the thickness of layers I-IV on the somatosensory cortex, which
could be accurately delimitated. Layers I-IV were significantly thinner
in P253L animals at all time points (16% thinner at P90 and 13% thinner
at P180), as compared to WT mice. However, no difference was found
between P253L and Mct8 KO animals or between WT and Mct8 KO an-
imals, suggesting that Mct8 KO animals exhibit an intermediate
phenotype.

3.6. P253L mice show impairments in the GABAergic system

The GABAergic system is a classical TH target (Gilbert and Lasley,
2013; Venero et al., 2005; Wallis et al., 2008), as well as a hallmark of
MCT8 deficiency (Lopez-Espindola et al., 2014) and has been also re-
ported to be affected in double mutant MCT8 deficiency animal models
(Barez-Lopez et al., 2019; Mayerl et al., 2014). So, to assess the effect of
the P253L mutation on GABAergic neurons, coronal sections of WT,
P253L and Mct8 KO mice brains at both P90 and P180 were immuno-
stained against parvalbumin, calretinin, calbindin and glutamic acid
decarboxylase (GAD) 65/67. Differences between experimental groups
were studied in particular detail in the cerebral cortex. P253L mice
showed important and statistically significant differences not only with
the WT but also as compared to Mct8 KO mice.

P253L mice present a significant decrease in the number of parval-
bumin immunopositive neurons, as compared to WT (22% lower) at P90
(Fig. 5), and as compared to both WT and Mct8 KO animals at P180
(9.2% and 23% lower respectively, see also Supplemental Fig. 3). This
decrease appears to be widespread in the brain and not restricted to the
cerebral cortex, as observed in other regions such as the hippocampus. In
the hippocampal formation, particularly in the CA1 region, a significant
decrease in parvalbumin positive cell density was observed in P253L
mice and, surprisingly, also in the Mct8 KO as compared to WT mice at
P90 (Supplemental Fig. 4).

In the cerebral cortex P253L mice showed a significant decrease in
the number of calbindin positive cells as compared to both WT and Mct8
KO mice. The distribution pattern was also different, as P253L staining
reveals fewer positive cells in inner layers (Layers V-VI) of the cortex, as
well as a more diffuse, less grouped distribution in outer layers (Layers
II-I11) (Fig. 5). At P90, P253L mice present a 43% decrease in the number
of calbindin positive neurons as compared to WT mice, as well as a 42%

decrease as compared to Mct8 KO animals. At P180, the calbindin pos-
itive neurons population was decreased by 19% as compared to WT
mice. Moreover, the morphology of cortical calbindin-expressing cells
appeared to be altered in P253L mice, as an important increase of
ramifications and branching was observed, as compared to any of the
other two studied genotypes (Fig. 5). In the hippocampal region, we
focused on the CA3 region where we observed a decrease in calbindin
immunopositive cell density in P253L mice as compared to WT and Mct8
KO mice (Supplemental Fig. 5).

P253L mice showed a significant increase in the number of calretinin
positive neurons in the cerebral cortex as compared to WT animals
(Fig. 5). At P90, P253L mice present a 50% increase in the population of
calretinin positive neurons as compared to WT mice. At P180, calretinin
positive neuron number was increased by 40% as compared to WT mice.
This increase also appears to be widespread throughout the brain, as
observed particularly in the dentate gyrus (Supplemental Fig. 6).

In the motor cortex, P253L mice also showed a decrease in GAD65/
67 staining intensity as compared to WT mice (Fig. 5). At P90, P253L
mice present a 13% decrease in the expression of GAD65/67 as
compared to WT mice and at P180 the expression of GAD65/67 was
decreased by 18% as compared to WT mice. In the hippocampal for-
mation, we focused on the dentate gyrus and CA3 region. In both areas, a
decrease of GAD65/67 staining intensity was observed in P253L mice as
compared to WT and Mct8 KO mice (Supplemental Fig. 7).

3.7. P253L mice show altered behavior

To assess the possible effects of P253L mutation in the psychomotor
phenotype we performed a battery of behavioral tests including foot-
print analysis, four limb hanging wire test, rotarod, balance beam, open-
field and elevated plus maze tests on all three experimental groups.

The gait of the mice was evaluated using the footprint test at both
P90 and P180. The front base width, hind base width, forelimb stride
length, hind limb stride length and overlap of hind and forelimb were
analyzed and none of them showed any difference between the experi-
mental groups (Fig. 6A).

To evaluate muscle strength, the four-limb hanging wire test was
performed revealing impairments in P253L mice as compared to WT
mice. A significant decrease in the latency to fall from the grid was
observed in P253L mice at P180, as this latency was 17% lower than the
observed in WT mice. WT and Mct8 KO mice did not present any dif-
ferences between them in this parameter. No significant differences
could be observed between groups at P90 (Fig. 6B).

Motor coordination and balance were evaluated using the rotarod
test, also showing impairments in P253L mice as compared to both WT
and Mct8 KO mice. P253L mice showed a significant decrease in the
latency to fall from the rotarod as compared to the other groups at P180,
being this difference sustained in all 5 days of the experiment. The
average time to fall was 23% lower than the one showed by WT mice and
26% lower than that of Mct8 KO mice. However, at P90 no significant
differences were observed between groups, even though a trend to fall
off the rod before WT and Mct8 KO mice was observed in the P253L mice
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Fig. 2. Thyroxine (T4) and triiodothyronine (T3) levels/content in P90 WT, P253L and Mct8 KO mice (n = 10, some samples were removed due to intra-sample
variability) in plasma, liver, cerebral cortex and cerebellum. Measures were obtained by specific radioimmunoassays. *P < 0.05, **P < 0.01, and ***P < 0.001
indicate differences versus WT group and were determined by one-way ANOVA and Bonferroni’s post hoc test.
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Fig. 3. Gene expression analysis of T3-dependent genes in the cerebral cortex in P90 WT, P253L and Mct8 KO mice (n = 8). Measurements were obtained by
quantitative PCR, and the data are expressed relative to 185 RNA and as Fold Change versus mean WT values. *P < 0.05 indicates differences versus WT group and
were determined by one-way ANOVA and Bonferroni’s post hoc test.
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Fig. 4. A. Mct8 expression analysis in P90 WT and P253L mice (n = 8). B. Gene expression analysis of other TH transporter genes in the cerebral cortex in P90 WT,
P253L and Mct8 KO mice (n = 8). The following samples were removed from the analysis after outlier identifying with ROUT: one animal per group for Mct8 and
Lat2, one Mct8 KO animal in OatpIcl and one P253L in Latl. Measurements were obtained by quantitative PCR, and the data are expressed relative to 18S RNA and as
Fold Change versus mean WT values. *P < 0.05 and **P < 0.01 indicate differences versus the WT group and #P < 0.05 versus the P253L group that were determined
by one-way ANOVA and Bonferroni’s post hoc test, except for Mct8 expression levels by Student t-test.
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Fig. 5. Histological analysis of GABAergic neurons in the somatosensory cortex. Coronal brain sections from P90 and P180 WT, P253L and Mct8 KO mice (n = 4)
were immunostained with antibodies recognizing the neuronal transcription factor NeuN, the calcium-binding proteins parvalbumin, calbindin, and calretinin and
the GABA-producing enzyme GAD65/67. Representative images depict the expression of NeuN, parvalbumin, calbindin, calretinin and GAD65/67 in the somato-
sensory cortex at P90 (see Supplemental Fig. 3 for P180 images). Cerebral cortex layers are defined in the first row. Insets depict individual calbindin positive cells.
Scale bar represents 500 pm except in calbindin insets and calretinin images, 250 pm. Graphs on the right represent the thickness of the cortical layers determined in
NeuN-stained brain sections, the number of parvalbumin, calbindin and calretinin immunopositive cells and GAD65/67 signal intensity as fold change compared to
the WT group, at both P90 and P180. *P < 0.05, **P < 0.01, ***P < 0.001 indicate differences versus WT group, #P < 0.05 ###P < 0.001 indicate differences versus
Mct8 KO group and were obtained by one-way ANOVA and Bonferroni’s post hoc test, except for parvalbumin and calretinin which were obtained by Kruskal-Wallis

test. FC: Fold change.

(Fig. 6C).

Balance beam test was performed also at both P90 and P180. This
test showed no difference in the latency to fall from the beam between
genotypes, as no mice fell during the experiment at either P90 or P180
(data not shown).

The exploratory and anxiety-like behavior was assessed using the
elevated plus maze on all the experimental groups as a decrease in the
willingness to explore the open arms of the maze is a classical parameter
to determine anxiety. P253L mice exhibited an abnormal behavior when
subjected to this test, as compared to WT mice. P253L mice showed at
P180 an increase in the time spent in the closed arms of the maze, along
with a decrease in the frequency to exit those arms and enter the open

11

arms, as compared to WT mice (Fig. 7A, B). This difference reveals an
anxiety-like behavior in P253L mice. At P90 all these differences,
however, were not observed between any of the studied groups.

To further test the exploratory behavior, the open-field test was
performed on all the experimental groups. No difference between groups
was observed neither at P90 nor at P180 (Fig. 7C).

3.8. P253L mice have no auditory defects

To assess the possible effects of P253L mutation in audition, as other
MCT8-deficiency animal models have shown alterations in this param-
eter (Sharlin et al., 2018) all the experimental groups were subjected to
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Fig. 7. Evaluation of anxiety-like phenotype. WT (n = 10), P253L (n = 8) and Mct8 KO (n = 6) mice were subjected to open field and elevated plus maze tests at both
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ABR test, an evoked-potentials based test that allows fast, reproducible,
quantitative and non-invasive assessment of auditory function both on
the reception of the stimuli and the transmission to auditory nuclei in
the brainstem (Cediel et al., 2006).

Auditory function was evaluated at P90 using two kinds of stimula-
tion. Click stimulation, where the auditory stimulus is unspecific and
composed by the whole audible frequencies’ spectrum, and pure tone
stimulus, where a specific frequency stimulates a specific Corti organ
region.

The auditory evaluation did not reveal any alterations in the auditory
thresholds, neither in click assays (Supplemental Fig. 8A) nor in the pure
tone audiogram (Supplemental Fig. 8B), suggesting a normal auditory
function in P253L and Mct8 KO mice.

3.9. P253L mice are not prone to audiogenic epilepsy

As seizures are one common symptom among some of the MCT8-
deficient patients (Masnada et al., 2022) we decided to subject P253L
and Mct8 KO mice to a well-established assay to evaluate epilepsy pro-
pension. To induce audiogenic kindling, P90 WT, P253L and Mct8 KO
mice were exposed to high-intensity acoustic stimulation. Neither ge-
notype showed any propensity to audiogenic-induced seizures, as they
endured the whole 90 s of stimulus without showing any kindling (data
not shown).

4. Discussion

In response to the need to obtain optimal mammalian models to
explore the pathophysiology and therapeutic approaches for the AHDS,
we have characterized a new murine model generated by introducing
with CRISPR/Cas9 a point mutation present in two AHDS patients with a
severe neurological phenotype.

Our alignment analysis of the residue altered in the chosen mutation
(P321L) indicates that it is a well conserved amino acid among the
different MCT8 orthologues (Groeneweg et al., 2019a; Vaurs-Barriere
et al.,, 2009) and also in other transporters of the MCT family (Kinne
et al., 2010; Kleinau et al., 2011), indicating the importance of this
particular amino acid. Previous studies demonstrated that even though
the P321L-mutated MCT8 protein can reach the plasma membrane and
that the mutation is not located in a residue crucial to the on/off switch
in the conformation (Kinne et al., 2010), the resulting protein has
impaired T3 transport capability and disturbed mobility across the
membrane (Kersseboom et al., 2013). We now demonstrate by protein
structure prediction analysis that P321L mutation (P253 in mice) alters
MCT8 structure by establishing bonds between the leucine and
conserved residues from other TMHs that are not present in the original
protein. Alterations produced by substituting a proline with a leucine
have already been reported to lead to significant structural and func-
tional alterations in other proteins (Yin et al., 2021), which were already
suggested for MCT8 (Kleinau et al., 2011). These interactions would also
provoke several conserved sequences to change their original orienta-
tions within the molecule, altering the whole protein structure, which
eventually could lead to the loss of function in the protein described in
vitro (Kersseboom et al., 2013). In our prediction, the generation of these
new bonds would lead to a reduction in the distance between both
bundles that conform MCTS8 structure, severely affecting the size and
shape of the substrate binding pocket. These new bonds could also
reduce the flexibility of the MCT8 structure and alter the switch between
inward/onward conformations. All these features are potential mecha-
nisms underlying the loss of function of P321L-mutated-MCTS8.

We have found that P253L mice mimic the thyroid profile charac-
teristic of MCT8-deficient patients with peripheral hyperthyroidism
along with decreased brain T3 content. The decrease in T3 brain content
is in agreement with previous in vitro studies showing T3 transport im-
pairments in the presence of MCT8 P321L mutation (Kersseboom et al.,
2013) and supports our in silico prediction model. Moreover, a decrease
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in the content of T4 was also observed in the cerebral cortex, mimicking
the decrease observed in AHDS patients (Lopez-Espindola et al., 2014)
possibly due to the absence of an increase in the expression of Oatp1lcl
and Lat2 transporter genes, which do increase in Mct8 KO mice.

In both Mct8 KO and P253L mice additional transporters at the brain
BBB can compensate to some extent for the lack of MCT8 function. The
study of genes encoding TH transporters revealed that the expression of
Moct8 in P253L mice was decreased, consistent with observations in iPSC-
derived brain microvascular endothelial-like cells carrying this mutation
by Braun et al. (2022). Interestingly the expression of OatpIcl and Lat2
transporter genes did not increase in P253L mice in contrast to Mct8 KO
animals, which may be hindering the ability of the TH transport system
to compensate for the absence of MCT8-dependent transport. Indeed,
histological analyses performed for different neuronal markers indicated
that the general neuroarchitecture and the GABAergic system were
impaired in P253L animals, but not in Mct8 KO mice. P253L mice pre-
sented impairments in the definition and thickness of the layers of the
cerebral cortex. The GABAergic system, a classical TH target (Gilbert
et al., 2007; Venero et al., 2005; Wallis et al., 2008), showed alterations
observed in other brain hypothyroid models, such as Mct8/Dio2 KO and
Mct8/0atplcl KO mice (Barez-Lopez et al., 2019; Mayerl et al., 2014)
and other thyroid-related models (Hadjab-Lallemend et al., 2010; Ven-
ero et al., 2005; Wallis et al., 2008) and were consistent with the ones
observed in AHDS patients (Lopez-Espindola et al., 2014). Such severe
alterations in the GABAergic system could be altering the balance be-
tween inhibition and excitation in the CNS, impairing crucial events in
cortical function and plasticity, as seen in other neurological and
neuropsychiatric diseases such as depression, schizophrenia and autism
(Lehmann et al., 2012). Seizures have been commonly reported as a
symptom of the AHDS (Groeneweg et al., 2020; Masnada et al., 2022;
Remerand et al., 2019) and GABAergic alterations, including those
present in other animal models with impaired TH-action, have already
been related to epilepsy (DeFelipe, 1999; Kaila et al., 2014; Tamijani
et al., 2015). Even though patients with P321L mutations have not been
reported to be epilepsy-prone (Vaurs-Barriere et al., 2009; Verge et al.,
2012) consistent with our current findings in the P253L mice, alterations
in the GABAergic system could be underlying the predisposition to ep-
ilepsy in some patients.

Similar to the findings at the histological level, P253L mice presented
important impairments in motor and emotional behavior that were not
observed in Mct8 KO mice. We found a late-onset motor and emotional
phenotype in P253L mice that presented impairments in muscle
strength, limb coordination and anxiety. Alterations in motor function in
P253L mice are consistent with the observations in AHDS patients as
movement disorders are one of the hallmarks of the disease (Grijota-
Martinez et al., 2020; Masnada et al., 2022), further confirming the
suitability of these mice as a model of AHDS. The presence of anxiety-
like behavior in Mct8 KO mice is a controversial point, as it has been
reported both a decrease in anxiety in male KO mice (Wirth et al., 2009)
and an increase in anxiety in female KO mice (Mayerl et al., 2022). No
emotional alterations were observed in Mct8 KO mice, in contrast to
P253L mice that presented an increased anxiety-like behavior based on
the decreased willingness to exit the open arms in the elevated plus maze
but no impairments in their exploratory behavior as seen in the open-
field test. A potential mechanism leading to anxiety disorders in
P253L mice could be the impaired parvalbumin expression in the CA1
area, as observed in a TRal mutant model (Venero et al., 2005). Another
classical feature associated to alterations in THs availability and action
is auditory impairments (Hébert et al., 1985; Ng et al., 2004; Sharlin
et al., 2018), although in MCT8 deficiency this feature has only been
reported once (Gagliardi et al., 2015). In contrast to the results obtained
in Mct8 KO mice (Sharlin et al., 2018) and other models with impair-
ment of thyroid signaling (Ng et al., 2004; Riisch et al., 2001; Sharlin
et al., 2018), P253L mice did not display any impairment in auditory
functions using ABR. This is a positive feature for P253L mice as a model
of MCT8 deficiency as it allows for different cognitive evaluations based
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on auditory stimuli such as fear conditioning or eye-blink conditioning
(Crawley, 2006), and it more accurately depicts AHDS symptomatology,
which does not include deafness among its hallmarks.

P253L mice display very similar endocrine, brain histological and
behavioral phenotype to Mct8/Oatplcl KO (Mayerl et al., 2014)) and
Mct8/Dio2 KO mice (Barez-Lopez et al., 2019), with the advantage that
in P253L there are no additional mutations in other proteins involved in
TH metabolism. Altogether, these results indicate that the avatar P253L
mouse model is a suitable mammalian model for the AHDS as it mimics
the thyroidal profile, alterations in neuroarchitecture and the GABAer-
gic system, presents motor skills and emotional alterations, and does not
have auditory impairments due to mutations in MCT8.

In addition, the comparison between P253L and Mct8 KO animals has
revealed important findings that need to be considered. Even though
most THs levels in blood and tissues are very similar between P253L and
Mct8 KO animals, P253L mice display histological and motor skill al-
terations that are not present in Mct8 KO animals. This is even more
puzzling taking into account that the expression of TH-target genes is
impaired in Mct8 KO but not in P253L. A few possibilities underlying
these effects can be discussed. First, in this study, the THs profile and
gene expression of TH-target genes were only explored at one time
during development. Therefore, the histological and behavioral alter-
ations found in P253L mice could be arising from TH content and TH-
target gene expression impairments at earlier stages of development.
Second, as P253L mice have reduced T4 brain content in comparison to
Mct8 KO mice, most probably due to the lack of increased Oatpicl, it is
possible that impairments in the local conversion of T4 into T3 at target
brain areas or cell populations could be mediating the histological and
behavioral alterations (Guadano-Ferraz et al., 1997). Moreover, it is
tempting to speculate that a reduction in T4 might be impairing po-
tential T4 genomic and extra-genomic effects (Davis et al., 2016; Galton,
2017; Galton et al., 2007; Gil-Ibanez et al., 2017). Finally, as additional
pathophysiological mechanisms, the MCT8 P253L mutation could be
resulting in a gain of toxic function at a cellular level or the generation of
MCT8 with altered membrane mobility could be impairing the mobility
and function of other membrane components, thus altering cellular
homeostasis.

5. Conclusions

Several conclusions arise from this work: 1) MCT8 missense muta-
tion P321L, leads to the generation of new interactions between resi-
dues, that eventually alter the protein structure, including the MCT8
substrate binding pocket, and finally prevent MCT8 transporting func-
tion. 2) P253L mice exhibit peripheral hyperthyroidism and brain hy-
pothyroidism, both with a decrease in T3 and T4 levels, replicating the
thyroid status observed in the patients of AHDS. 3) Mct8 KO and P253L
mice present similar TH levels in blood and tissues, with the exemption
of T4 in cerebral cortex that is decreased in P253L but not in Mct8KO
mice. 4) While the OATP1C1 transporter compensates for the lack of
MCTS8 in both Mct8 KO and P253L mice, the expression of this trans-
porter is lower in P253L mice than in Mct8 KO mice, possibly leading to
low T4 content in the cerebral cortex. 5) P253L mice present also severe
alterations in brain histology, in general neuroarchitecture, and also in
particular in the GABAergic system, which recapitulates one of the main
hallmarks of the disease. 6) The neurohistological alterations observed
on P253L mice translate into a motor and emotional phenotype, thus
making it a suitable model of the disease.7) It is now feasible to produce
an “avatar model” for a patient with AHDS within a few months,
creating new opportunities to design and test therapeutic interventions.

Altogether, we conclude that further characterization of this murine
model may be key to understanding the molecular basis of the patho-
logical defects in MCT8 deficiency, whilst it offers a highly valuable tool
to perform preclinical studies to test potential therapeutic options such
as in vivo gene therapy (Iwayama et al., 2016; Liao et al., 2022; Sun-
daram et al.,, 2022) and precision medicine solutions to revert the
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devastating impairments in MCT8 deficiency.
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