
THYROID ECONOMY

Open camera or QR reader and
scan code to access this article

and other resources online.

AAV9-MCT8 Delivery at Juvenile Stage
Ameliorates Neurological and Behavioral Deficits

in a Mouse Model of MCT8-Deficiency
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Background: Allan-Herndon-Dudley syndrome (AHDS) is a severe psychomotor disability disorder that also
manifests characteristic abnormal thyroid hormone (TH) levels. AHDS is caused by inactivating mutations in
monocarboxylate transporter 8 (MCT8), a specific TH plasma membrane transporter widely expressed in the
central nervous system (CNS). MCT8 mutations cause impaired transport of TH across brain barriers, leading to
insufficient neural TH supply. There is currently no successful therapy for the neurological symptoms. Earlier
work has shown that intravenous (IV), but not intracerebroventricular adeno-associated virus serotype 9
(AAV9) -based gene therapy given to newborn Mct8 knockout (Mct8-/y) male mice increased triiodothyronine
(T3) brain content and partially rescued TH-dependent gene expression, suggesting a promising approach to
treat this neurological disorder.
Methods: The potential of IV delivery of AAV9 carrying human MCT8 was tested in the well-established
Mct8-/y/Organic anion-transporting polypeptide 1c1 (Oatp1c1)-/ - double knockout (dKO) mouse model of
AHDS, which, unlike Mct8-/y mice, displays both neurological and TH phenotype. Further, as the condition is
usually diagnosed during childhood, treatment was given intravenously to P30 mice and psychomotor tests were
carried out blindly at P120–P140 after which tissues were collected and analyzed.
Results: Systemic IV delivery of AAV9-MCT8 at a juvenile stage led to improved locomotor and cognitive
functions at P120–P140, which was accompanied by a near normalization of T3 content and an increased response
of positively regulated TH-dependent gene expression in different brain regions examined (thalamus, hippo-
campus, and parietal cortex). The effects on serum TH concentrations and peripheral tissues were less pro-
nounced, showing only improvement in the serum T3/reverse T3 (rT3) ratio and in liver deiodinase 1 expression.
Conclusion: IV administration of AAV9, carrying the human MCT8, to juvenile dKO mice manifesting AHDS
has long-term beneficial effects, predominantly on the CNS. This preclinical study indicates that this gene therapy
has the potential to ameliorate the devastating neurological symptoms in patients with AHDS.
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Introduction

Thyroid hormones (THs) are essential for the devel-
opment and metabolic homeostasis of most organs and

tissues (1). The major form of TH released in the blood from
the thyroid gland is thyroxine (T4), which acts as a pro-
hormone. T4 conversion to the active hormone, triiodothy-
ronine (T3), or to the inactive form, reverse T3 (rT3), takes
place intracellularly by iodothyronine deiodinases enzymes
(2). The main mechanism of T3 action is achieved through
binding to specific nuclear receptors, which, in turn, operate
as regulators of gene transcription (3).

Since TH metabolism and action are intracellular events,
they require the presence of TH-specific transporters medi-
ating cellular TH uptake and efflux (4). The solute carrier
family 16, member 2 (SLC16A2) gene, located on the
X-chromosome, encodes for the monocarboxylate trans-
porter 8 (MCT8) protein (5). MCT8 is well conserved
throughout vertebrate evolution and is widely expressed in
the body and central nervous system (CNS) (6). A key
function of MCT8 is to facilitate TH transport across plasma
membranes (5).

Inactivating MCT8 gene mutations in males cause a se-
vere form of psychomotor disability (7–9), clinically de-
scribed as Allan-Herndon-Dudley syndrome (AHDS) (10).
Patients exhibit neurological impairments, including severe
intellectual disability, truncal hypotonia, dystonia, and
movement disorders. MCT8-deficiency also causes a TH
phenotype, including elevated serum T3 levels, low rT3

and T4 with normal or slightly elevated thyroid stimulating
hormone (TSH), resulting in markedly elevated free T3/T4

and T3/rT3 ratios (11).
Two independently generated Mct8-KO mouse models

(12,13) closely recapitulate the TH phenotype observed in
patients with AHDS, but they do not display expected
neurological or behavioral phenotypes. This is due to a
milder TH deprivation in mouse brains owing to a T4-
specific transporter not present in the human blood brain
barrier (BBB). Specifically, the Organic anion-transporting
polypeptide 1c1 (Oatp1c1), encoded by the slco1c1 gene,
was identified in mice, but not human, brain capillaries
(14–16).

Double knockout (dKO) mct8-/y;oatp1c1-/- mice display
disease-relevant phenotypes, including an impaired TH
transport into the CNS and consequently a significantly
decreased number of cortical parvalbumin-positive GA-
BAergic interneurons, reduced myelination, and pro-
nounced locomotor abnormalities (17). These results
indicate that in mice Mct8 (together with Oatp1c1) plays a
crucial role in the transport of THs into the CNS and, im-
portantly, provides a robust disease model for human
MCT8-deficiency (18,19).

To progress from an animal model to a human-based
model, induced pluripotent stem cells were derived from
AHDS patients and differentiated into brain microvas-
cular endothelial cells, which showed MCT8-dependent
transport of THs across the human BBB (16,20). How-
ever, MCT8 is not restricted to the brain endothelium,
and it also affects TH transport across neural cell plasma
membranes (21).

Gene therapy offers a promising approach to treat
monogenic disorders. Spinal muscular atrophy type 1

patients, carrying deleterious mutations in the survival
motor neuron 1 (SMN1) gene, were treated by a single
intravenous (IV) infusion of adeno-associated virus se-
rotype 9 (AAV9) containing DNA coding for SMN1,
resulting in improved survival, as well as achievement of
motor milestones and motor functions (22,23), with
subsequent FDA approval of the gene therapy product
Zolgensma. Additional examples for the beneficial gene
therapy approach for monogenic disorders have been
recently reported (24–26).

Although intracerebroventricular (ICV)-delivery directly
targets the brain ventricles, thereby circumventing the BBB,
IV-delivery offers systemic delivery, transducing primarily
tissues outside the CNS, including blood vessels. Im-
portantly, it has been shown that AAV9 IV-delivery can
cross the BBB and efficiently infect CNS cells (27). In a
recent proof-of-concept study, an AAV9-MCT8 construct
was delivered by ICV or IV injections into neonatal Mct8-
KO (Mct8-/y) mice (28), with an increase in brain TH sig-
naling on IV, but not ICV, delivery. However, since the
Mct8-KO mice do not display neurological impairments, it
is unclear whether this approach results in rescue of the
neurological symptoms.

Here, we tested the potential of IV delivery of AAV9-
MCT8 in dKO mice. We chose to treat juvenile male mice at
postnatal day 30 (P30) and tested the potential rescue of
neurological and behavioral parameters at adulthood. This
approach was espoused, as the diagnosis of MCT8 deficiency
is usually made in childhood.

Materials and Methods

All procedures were approved by Cedars-Sinai Medical
Center’s Institutional Animal Care and Use Committee
(IACUC No. 009128). mct8-/-/oatp1c1-/- females and mct8-/y/
oatp1c1-/- males with C57BL/6 background were paired to
generate dKO pups. Wild type (WT) C57BL/6 were used as
controls. Only males were selected for all treatments. AAV9-
MCT8 was administered to P30 juvenile dKO mice and con-
trols by tail vein injection containing 50 · 1010 viral particles
(vp)/g in a volume of 20lL/g.

Behavioral as well as biochemical and molecular mea-
surements were all performed on tissues and serum at P120–
P140 and analyzed double blinded without the knowledge as
to which group the mice belonged to. Mice identities were
blinded by the person administering the AAAV9-MCT8 and
were unknown to the technicians while performing the be-
havioral assays, dissection, tissue collection, and bio-
chemical analysis. This was unblinded when results were
assembled and for the statistical analysis. Animals were
subjected to behavioral analysis before being sacrificed for
tissue collection. Thus, results from the same mice are
presented in all figures.

Details regarding virus preparation, behavioral and loco-
motor tests (rotarod, open field, gate analysis, Barnes maze, Y
maze), tissue collection, and measurements of TH and TSH
in serum are described (Supplementary Data).

Statistical analysis

All scatter plots were first tested for their normal distri-
bution by using Kolmogorov-Smirnov test, with the Dallal-
Wilkinson-Lilliefor corrected p value. Data sets that were
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normally distributed were tested by using one-way analysis
of variance with Tukey’s post hoc test for multiple compar-
isons. Data sets that were not normally distributed were
compared by using Mann-Whitney non-parametric test for
independent samples.

Behavior data collected over time including the rotarod
test and Barnes maze were analyzed with mixed model re-
gression with random intercept and the fixed factors of time
(as a continuous variable), treatment group, and the interac-
tion term of group with time. To compare learning curves
between groups, the b coefficients were compared and dif-
ferences were considered significant at the step-down
Bonferroni-corrected alpha level of <0.05. Residuals were
inspected to confirm the fit of the modeling. Data analysis
was performed with GraphPad Prism v8.0.0 and SAS En-
terprise Guide v8.2. All data are presented as mean – standard
error of the mean. p < 0.05 was considered statistically sig-
nificant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Results

IV delivery of AAV9-MCT8 at P30 improves locomotor
performance of dKO mice

Given that patients with AHDS are often diagnosed during
childhood, treatment feasibility should optimally be tested at
a juvenile stage. Previous experience (28) indicated that IV
delivery is more feasible compared with ICV delivery, as IV
is a simpler route and would target not only the brain but also
other body regions that express MCT8 such as the liver.
Therefore, we tested IV delivery at the previously tested dose
of 50 · 1010 vp/g of AAV9-MCT8 (28) to peri-pubertal P30
dKO mice (Fig. 1A).

To confirm that the viral delivery resulted in expression of
human MCT8, liver and brain were collected at P140. As
expected, human MCT8 messenger RNA (mRNA) expres-
sion was not detected in WT or dKO untreated mice (data not
shown). MCT8 expression was observed in the liver and
various brain regions of AAV9-MCT8 IV-treated dKO mice,
with the highest levels seen in the liver. Pituitary and choroid
plexus had higher MCT8 levels compared with the BBB-
protected regions of the thalamus, parietal cortex, and hip-
pocampus (Fig. 1B).

Mice underwent various behavioral analyses to assess lo-
comotor function, which were performed at P120, when
differences between WT and dKO were previously reported
(17). Assessment by a rotarod test showed that untreated dKO
mice had an overall reduced latency to fall and decreased
learning curve compared with the WT group (Fig. 2A). After
IV delivery of AAV9-MCT8, dKO mice showed a significant
increase in the latency to fall and an increased learning curve,
indicating that treatment improved locomotor performance
and potentially cognitive function.

Overall locomotor activity assessed by an open field test
as well as rearing behavior were significantly higher in
untreated dKO mice compared with WT mice, and this did
not significantly change after treatment (Fig. 2B, C). Fi-
nally, hind paw analysis showed that there was no signifi-
cant improvement in the stride length and a complete
recovery in the hind paw angle (Fig. 2D, E). Collectively,
data demonstrate that AAV9-MCT8 treatment at P30 pro-
vided recovery in some, but not all, locomotion parameters
in dKO mice.

IV delivery of AAV9-MCT8 at P30 improves cognitive
performance in dKO mice

Learning, spatial memory, and memory recall were as-
sessed by using a Barnes maze (29). During the 4-day training
period, treatment did not significantly improve the learning
curve (Fig. 3A). After a 2-day break, untreated dKO mice
required higher latency than untreated WT and treated dKO
mice (Fig. 3B). The position of the escape hole was then
moved during 2 days of training during which no significant
differences were observed between all groups (Fig. 3C).
These data suggest that the AAV9-MCT8 IV treatment of
dKO mice at P30 resulted in a partial rescue in the learning
and recall ability.

FIG. 1. Study design and human MCT8 expression in the
liver and brain regions after IV AAV9-MCT8 injection of
P30 dKO mice. (A) Schematic of experimental design. dKO
mice were treated at postnatal day 30 (P30) by tail vein
(IV) delivery of AAV9-MCT8 at a dose of 50 · 1010 vp/g.
(B) Quantification of MCT8 mRNA levels by qRT-PCR
showed MCT8 re-expression relative to the three house-
keeping genes Polr2a, Actb, and Gapdh in the liver and
different brain regions of dKO treated animals. One-way
ANOVA with Tukey’s multiple comparisons. The data
are presented as mean, and error bars represent SEM.
(***p < 0.001, ****p < 0.0001). AAV9, adeno-associated
virus serotype 9; ANOVA, analysis of variance; dKO,
double knockout; IV, intravenous; MCT8, monocarboxylate
transporter 8; mRNA, messenger RNA; qRT-PCR, quanti-
tative real-time polymerase chain reaction; SEM, standard
error of the mean; vp, viral particles.
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A spontaneous alternation maze (Y-maze) test was
used to further examine spatial memory. Untreated
dKO mice demonstrated a significant decrease in the
percent of spontaneous alterations compared with un-
treated WT mice, which was not significantly improved

in the AAV9-MCT8-treated dKO mice (Fig. 3D). The
results of both tests suggest that IV-treatment of P30
dKO mice with AAV9-MCT8 improves cognitive per-
formance as well as restores some spatial and learning
memory.

FIG. 2. Locomotor perfor-
mance is improved in dKO
mice treated at P30.
(A) Locomotor deficiencies
were monitored by a rotarod
test. Data were analyzed with
mixed model regression with
random intercept and the
fixed factors of time, group,
and the interaction term of
group with time. To compare
learning curves between
groups, the b coefficients
were compared. WT un-
treated mice (n = 16), treated
dKO mice (n = 13), untreated
dKO mice (n = 24). Open
field tests included (B) hori-
zontal locomotion and
(C) vertical rearing. (D, E)
Paw print assessment at P120
to determine (D) stride length
and for (B–D) one-way AN-
OVA with Tukey’s multiple
comparisons was used.
(E) Hind paw angle. For (E),
Mann-Whitney non-
parametric test for indepen-
dent samples was used. The
data are presented as mean,
and error bars represent
SEM. (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001).
WT, wild type.
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IV delivery of AAV9-MCT8 at P30 partially restores
brain T3-content in dKO mice

To assess the effects on pathophysiology, the serum, liver,
and brain were collected at P140 (Fig. 1A). Examining the T3

brain content, we showed that T3 levels in the thalamus
(Fig. 4A) and hippocampus (Fig. 4B) of treated dKO mice were
fully normalized, reaching WT levels. A significant increase in
brain T3 content was also observed in the parietal cortex
(Fig. 4C). Given the low brain levels of MCT8 expression after
treatment, these results suggest that low MCT8 expression
(Fig. 1B) is sufficient to normalize brain T3 content.

IV delivery of AAV9-MCT8 at P30 corrects T3-inducible
gene expression

To assess a T3 effect in the different brain regions, we next
studied T3-inducible gene expression by quantitative real-
time polymerase chain reaction (qRT-PCR). These genes
were selected based on their known response to T3 (30).
Hairless (Hr) levels were significantly improved in the
thalamus (Fig. 4D), the hippocampus (Fig. 4E), and the pa-
rietal cortex (Fig. 4F) of treated dKO mice. Aldehyde de-

hydrogenase 1 family member a1 (Aldh1a1) levels were fully
rescued in the thalamus (Fig. 4G) and hippocampus (Fig. 4H)
and significantly improved in the parietal cortex (Fig. 4I).

Finally, Carbonyl reductase 2 (Cbr2) levels were also
significantly improved in treated dKO compared with un-
treated dKO mice in the thalamus, the hippocampus, and the
parietal cortex (Fig. 4J–L). These results suggest that IV
delivery of AAV9-MCT8 to P30 dKO mice can substantially
improve and maintain long-term brain T3 content and T3-
inducible gene expression.

IV delivery of AAV9-MCT8 at P30 partially rescues
phenotypes in the liver and minimally in serum
of dKO mice

The significantly higher level of MCT8 expression in the
liver (Fig. 1B) is expected with IV delivery, which can easily
penetrate the blood vessels of the liver compared with the
BBB capillaries (31). In contrast to the brain TH deficiency,
patients with AHDS experience TH excess in peripheral
tissues caused by the high serum T3 levels. We, therefore,
measured liver T3 levels (Fig. 5A). The treatment did not

FIG. 3. Improved cognitive performance in dKO mice treated at P30. The cognitive-related behavioral performance was
assessed at P140. (A–C) In a Barnes maze test, the ability of mice to discover and then recall the location of an escape hole
was evaluated during the learning phase (A, Training, days 1–4), after a 2-day break (B, Test, day 7), and after re-
positioning of the escape hole (C, Reversal days 8 and 9). The latency to successful location of the escape hole was
recorded. Data were analyzed with mixed model regression with random intercept and the fixed factors of time, group, and
the interaction term of group with time. To compare learning curves between groups, the b coefficients were compared.
(D) Spontaneous alternation between the arms of a Y-maze was assessed over a 5-minute period. One-way ANOVA with
Tukey’s multiple comparisons. The data are presented as mean, and error bars represent SEM. (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). All analyses were double blind.

‰

FIG. 4. Brain T3 content and T3-induced gene expression in dKO mice treated at P30. T3 content measured in the (A) thalamus
(B), hippocampus, and (C) parietal cortex. T3-induced genes were examined by qRT-PCR. Hr expression was measured in the
(D) thalamus, (E) hippocampus, and (F) parietal cortex. Expression of Aldh1a1 was measured in the (G) thalamus, (H) hippo-
campus, and (I) parietal cortex. Expression of Cbr2 was measured in the (J) thalamus, (K) hippocampus, and (L) parietal cortex.
The data are presented as mean, and error bars represent SEM. For (C, G, J), Mann-Whitney non-parametric test for independent
samples was used. For (A, B, D–F, H, I, K, L), one-way ANOVA with Tukey’s multiple comparisons was used. The data are
presented as mean, and error bars represent SEM. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Aldh1a1, aldehyde
dehydrogenase 1 family member a1; Cbr2, carbonyl reductase 2; Hr, hairless; T3, triiodothyronine.
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result in a significant decrease of T3 levels in treated dKO
mice. Analysis of liver T3-inducible genes was performed by
qRT-PCR.

The expression levels of deiodinase 1 (Dio1), malic
enzyme 1 (Me1), and uncoupling protein 2 (Ucp2) (Fig. 5B–
D), and the liver T3 level were all significantly elevated in the
dKO untreated group compared with their WT littermates,
confirming the effect of TH excess in the liver. AAV9-MCT8
delivery led to a significant decrease in Dio1 mRNA levels in

treated dKO mice compared with untreated dKO mice.
However, there was no significant reduction in Me1 and Ucp2
levels in response to treatment.

Patients with AHDS have abnormal serum TH levels, in-
cluding elevated T3, low rT3 and T4 with normal or slightly
elevated TSH, resulting in low T3/T4 and T3/rT3 ratios. The
increased liver Dio1 enzymatic activity is one of the mecha-
nisms responsible for these serum thyroid tests and a decrease
in its expression is needed to ameliorate this phenotype (32).

FIG. 5. Liver T3 content, T3-induced gene expression, and serum TSH and TH concentrations in dKO mice treated at P30.
Liver tissue was obtained for (A) measuring T3 concentrations and for qRT-PCR analysis of T3-induced gene expression,
including (B) iodothyronine Dio1, (C) Me1, and (D) Ucp2. Concentrations of hormones in serum are shown, including
(E) TSH, (F) T4, (G) T3, (H), and rT3. Ratios of (I) T3/rT3 and (J) T3/T4 were calculated. Data are presented as mean, and
error bars represent SEM. For (A) no significant changes were found by one-way ANOVA. Student t-test was used to
compare every two treatments. For (E, H, J), Mann-Whitney non-parametric test for independent samples was used. For
(B–D, F, G, I), one-way ANOVA with Tukey’s multiple comparisons was used. The data are presented as mean, and error
bars represent SEM. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Dio1, deiodinase 1; Me1, malic enzyme 1; rT3,
reverse T3; T4, thyroxine; TH, thyroid hormone; TSH, thyroid stimulating hormone; Ucp2, uncoupling protein 2.
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To test the effect of IV delivery of AAV9-MCT8 at P30 on the
serum TH phenotype in dKO mice, blood was collected from
P140 mice and serum TSH and TH levels were quantified.
Serum levels of TSH, T4, T3, and rT3 as well as the T3/rT3 and
the T3/T4 ratios were all significantly altered in dKO mice
compared with their WT littermates (Fig. 5E–J).

Although AAV9-MCT8 treatment did not significantly
alter serum levels of TSH, T4, T3, rT3, and T3/T4 ratio, the
combination of a slight reduction in T3 and an increase in rT3

resulted in a significant decrease of the T3/rT3 ratio in
agreement with the observed attenuation of Dio1 expression.
This indicates that AAV9-MCT8 delivery at a juvenile stage
can partially improve the abnormalities in serum.

Discussion

In this study, we tested the potential of IV delivery of
AAV9-MCT8 to juvenile dKO mice. Our analysis shows the
long-term expression of human MCT8 within the CNS and in
peripheral tissue, suggesting that AAV9 can efficiently trans-
duce cells with MCT8 in peripheral tissue and within the CNS.
Re-expression of MCT8 resulted in improved locomotor and
cognitive behavior as well as a substantial rescue of T3 content
and associated gene expression in different areas of the brain.

MCT8-deficient patients suffer from a severe neuro-
psychomotor phenotype and TH excess in peripheral tissues.
Thus, an effective therapeutic strategy should account for
deficient transport of THs across brain barriers and neural
plasma membranes as well as the excess of TH in peripheral
tissues. Being a rare disorder, AHDS is often misdiagnosed,
resulting in later identification of the disease. Moreover, there
are currently about 300 diagnosed cases, which mostly in-
volve older children (11,33).

Thus, it is important to develop therapeutics that are ef-
fective at juvenile ages. We, therefore, tested the effect of tail
vein IV delivery at P30, which is peri-pubertal when patho-
physiological symptoms are apparent in both dKO mice and
patients (17,34,35).

Endogenously, MCT8 is ubiquitously expressed and is
prominently localized in the thyroid, liver, kidneys, and CNS
(6,12,13). In the current study, we showed that IV-
administration of AAV9-MCT8 to P30 dKO mice led to long-
term MCT8 expression in the CNS and liver.

In the brain, MCT8 expression was observed in various
regions, confirming the ability of AAV9 vectors to cross
brain barriers and efficiently transduce brain cells during this
period of development (27). Interestingly, higher expression
was observed in brain regions that are not protected by the
BBB such as the choroid plexus and pituitary (36,37) com-
pared with the thalamus, hippocampus, and cortex. Strik-
ingly, in the current study, this long-term brain expression
resulted in a nearly complete normalization of T3 brain
concentrations and associated gene expression in the thala-
mus, hippocampus, and parietal cortex.

MCT8-deficiency was previously suggested to be caused
by both reduced transport of T3 across brain barriers and
across neural cell membranes (16,17,21,38). These results,
therefore, suggest that a rescue of the T3 brain content was
achieved. However, future work is required to distinguish
whether the improved brain content is caused by MCT8 ex-
pression in brain blood vessels or the choroid plexus, both of
which can serve as gateways to the brain.

The improved brain content was accompanied by im-
proved performance in the rotarod test and in gait analyses.
Although it remains unclear why other locomotor functions
did not change significantly, the observed improvements can
be attributed to ameliorations in psychomotor functions.
Treated animals also showed an improvement in the learning
curve using the rotarod test, suggesting that treatment may
have beneficial effects on cognitive and motor functions.
Exploratory behavior, learning, and memory are believed to
originate in the hippocampus (39). Notably, the mild rescue
of hippocampus-dependent learning and memory in the
Barnes maze test in response to treatment was observed to be
correlated with the significant increase of T3 levels and T3-
induced gene expression in the hippocampus.

MCT8 expression was significantly higher in the liver than
in the brain. However, no significant rescue was observed in
T3 levels in the liver. Nevertheless, a reduction was observed
in liver Dio1 expression, a TH-regulated enzyme that gen-
erates T3 from T4 and is responsible in part for the T3 excess
in serum (32). This effect on Dio1 expression resulted in a
partial amelioration in serum T3/rT3 ratio, while other pa-
rameters were not significantly improved.

These results suggest a mild beneficial effect of systemic
(IV) delivery of MCT8 on the peripheral tissues. Additional
mechanisms contribute to the characteristic serum thyroid
tests of AHDS, including decreased thyroidal secretion and
altered negative feedback to the hypothalamus and pituitary,
and thus have different TH availability (40–42). Thus, to
augment the partial rescue, additional TH-normalizing
treatments should be considered in conjunction with gene
therapy.

There are several current treatment strategies that focus on
TH analogs. These thyromimetic compounds are required to
activate TH-induced transcriptional pathways via thyroid nu-
clear receptors, and they need to penetrate plasma membranes
independent of MCT8. In animal models, the TH analogs
DITPA (43,44), TRIAC (18), TETRAC (19), and Sobetirome
(45) were able to restore some of the peripheral and central
abnormalities; however, their effects on neurological symp-
toms remained limited or unknown due to the use of mice that
were not neurologically affected. In patients with AHDS,
DITPA (46) and TRIAC (47) reduced the high serum T3

concentration; however, there was no evidence for improve-
ment in neurological symptoms. Thus, TH analogs can be
considered to be used in combination with gene therapy.

Chemical and pharmaceutical chaperones have also been
suggested as an alternative approach. These chaperones can
restore the ability of some MCT8 gene mutations to transport
TH across plasma membranes in animal models (48,49);
however, their clinical effect has not been assessed to date.
Moreover, the use of chemical chaperones is limited only to a
handful of missense mutations, and it is therefore not appli-
cable to the majority of patients.

Gene therapy, which emerged as a promising approach
to treat monogenic developmental neurological disorders
(22,23,25,26,50,51), can overcome these limitations and
potentially target all mutations and patients. Moreover,
restoration of a functional MCT8 has the potential to
resolve TH transport, as well as unidentified MCT8 roles,
such as the transport of additional potential substrates.

While this study shows a promising therapeutic direction,
it has limitations. Although the dKO mice provide a useful
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model for AHDS, the symptoms are less severe than in pa-
tients. Further, additional disease-relevant features such as
lack of language or the predisposition to death could not be
tackled in this study due to limitations of the model.

Overall, this study shows that IV administration of AAV9-
MCT8 to dKO mice provides substantial rescue of molecular
and biochemical parameters in the brain, as well as amelio-
ration of the TH excess effect in peripheral tissues. In addition,
this treatment improves locomotor and behavioral perfor-
mance. These findings support future clinical examination of
AAV-based MCT8 gene therapy in patients with AHDS.
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30. Bárez-López S, Grijota-Martı́nez C, Liao XH, Liao XH,
Refetoff S, Guadaño-Ferraz A 2019 Intracerebroventricular
administration of the thyroid hormone analog TRIAC in-
creases its brain content in the absence of MCT8. PLoS
One 14:e0226017.

31. Sabbagh MF, Heng JS, Luo C, Castanon RG, Nery JR,
Rattner A, Goff LA, Ecker JR, Nathans J 2018 Transcrip-
tional and epigenomic landscapes of CNS and non-CNS
vascular endothelial cells. Elife 7:e36187.

32. Di Cosmo C, Liao XH, Ye H, Ferrara AM, Weiss RE,
Refetoff S, Dumitrescu AM 2013 Mct8-deficient mice have
increased energy expenditure and reduced fat mass that is
abrogated by normalization of serum T3 levels. En-
docrinology 154:4885–4895.

33. van Geest FS, Groeneweg S, Visser WE 2021 Mono-
carboxylate transporter 8 deficiency: update on clinical
characteristics and treatment. Endocrine 71:689–695.
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35. López-Espı́ndola D, Morales-Bastos C, Grijota-Martı́nez C,
Liao XH, Lev D, Sugo E, Verge CF, Refetoff S, Bernal J,
Guadaño-Ferraz A 2014 Mutations of the thyroid hormone
transporter MCT8 cause prenatal brain damage and per-
sistent hypomyelination. J Clin Endocrinol Metab 99:
E2799–E2804.

36. Anbalagan S, Gordon L, Blechman J, Matsuoka RL, Ra-
jamannar P, Wircer E, Biran J, Reuveny A, Leshkowitz D,
Stainier DYR, Levkowitz G 2018 Pituicyte cues regulate
the development of permeable neuro-vascular interfaces.
Dev Cell 47:711.e5–726.e5.

37. Ben-Zvi A, Liebner S 2021 Developmental regulation of
barrier- and non-barrier blood vessels in the CNS. J Intern
Med. [Epub ahead of print]; DOI: 10.1111/joim.13263.

38. Ceballos A, Belinchon MM, Sanchez-Mendoza E,
Grijota-Martinez C, Dumitrescu AM, Refetoff S, Morte
B, Bernal J 2009 Importance of monocarboxylate trans-
porter 8 for the blood-brain barrier-dependent availabil-
ity of 3,5,3’-triiodo-L-thyronine. Endocrinology 150:
2491–2496.

39. Voss JL, Gonsalves BD, Federmeier KD, Tranel D, Cohen
NJ 2011 Hippocampal brain-network coordination during
volitional exploratory behavior enhances learning. Nat
Neurosci 14:115–120.

40. Trajkovic-Arsic M, Visser TJ, Darras VM, Friesema EC,
Schlott B, Mittag J, Bauer K, Heuer H 2010 Consequences
of monocarboxylate transporter 8 deficiency for renal
transport and metabolism of thyroid hormones in mice.
Endocrinology 151:802–809.

41. Di Cosmo C, Liao XH, Dumitrescu AM, Philp NJ, Weiss
RE, Refetoff S 2010 Mice deficient in MCT8 reveal a
mechanism regulating thyroid hormone secretion. J Clin
Invest 120:3377–3388.

42. Fliers E, Unmehopa UA, Alkemade A 2006 Functional
neuroanatomy of thyroid hormone feedback in the human
hypothalamus and pituitary gland. Mol Cell Endocrinol
151:1–8.

43. Di Cosmo C, Liao XH, Dumitrescu AM, Weiss RE, Re-
fetoff S 2009 A thyroid hormone analog with reduced de-
pendence on the monocarboxylate transporter 8 for tissue
transport. Endocrinology 150:4450–4458.

858 LIAO ET AL.



44. Ferrara AM, Liao XH, Ye H, Weiss RE, Dumitrescu AM,
Refetoff S 2015 The thyroid hormone analog DITPA
ameliorates metabolic parameters of male mice with Mct8
deficiency. Endocrinology 156:3889–3894.
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