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The monocarboxylate transporter 8 (MCT8) plays a critical role in mediating the uptake of thyroid
hormones (THs) into the brain. In patients, inactivating mutations in the MCT8 gene are associated
with a severe form of psychomotor retardation and abnormal serum TH levels. Here, we evaluate
the therapeutic potential of the TH analog 3,5,3’,5'-tetraiodothyroacetic acid (tetrac) as a replace-
ment for T, in brain development. Using COS1 cells transfected with TH transporter and deiodinase
constructs, we could show that tetrac, albeit not being transported by MCT8, can be metabolized
to the TH receptor active compound 3,3’,5-triiodothyroacetic acid (triac) by type 2 deiodinase and
inactivated by type 3 deiodinase. Triacinturnis capable of replacing T5 in primary murine cerebellar
cultures where it potently stimulates Purkinje cell development. In vivo effects of tetrac were
assessed in congenital hypothyroid Pax8-knockout (KO) and Mct8/Pax8 double-KO mice as well as
in Mct8-KO and wild-type animals after daily injection of tetrac (400 ng/g body weight) during the
first postnatal weeks. This treatment was sufficient to promote TH-dependent neuronal differ-
entiation in the cerebellum, cerebral cortex, and striatum but was ineffective in suppressing hy-
pothalamic TRH expression. In contrast, TSH transcript levels in the pituitary were strongly down-
regulated in response to tetrac. Based on our findings we propose that tetrac administration offers
the opportunity to provide neurons during the postnatal stage with a potent TH receptor agonist,
thereby eventually reducing the neurological damage in patients with MCT8 mutations without
deteriorating the thyrotoxic situation in peripheral tissues. (Endocrinology 154: 968-979, 2013)

he physiological importance of the thyroid hormone
T(TH) transporter monocarboxylate transporter 8
(MCTS8) (SLC16A2) for mediating the cellular entry of TH
has been highlighted by the identification of patients with
inactivating mutations in the X-chromosomal MCT8 gene
(1-3). All patients suffer from a combination of neuro-
logical impairments that include severe hypotonia and
spastic paraplegia as well as the lack of speech and poor
communication skills. In addition to this severe form of
psychomotor retardation, all patients exhibit characteris-
tic changes in the TH serum profile with highly elevated
serum T levels in the presence of low T, and normal TSH
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values. As a consequence of the increased serum Tj levels, pe-
ripheral tissues such as liver and muscle seem to be in a thyro-
toxic state (4—6). The underlying mechanisms causing the se-
vere neurological damage have not been fully elucidated. Based
on the well-established role of TH in brain development (7-9),
it has been speculated that due to an impaired transport of TH
across the blood-brain barrier and/or into neurons in the ab-
sence of MCTS8, the central nervous system (CNS) is deprived of
TH with devastating consequences for neural differentiation
and proper brain function.

Currently, the therapeutic options for the patients suf-
fering from this disease are rather limited. Treatment with
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propylthiouracil (PTU) to block endogenous TH produc-
tion in combination with T, supplementation has been
shown to ameliorate peripheral symptoms of thyrotoxi-
cosis such as an increased heart rate and body weight loss
in one patient but did not result in any improvement of the
neurological impairments (10). As another possibility, the
treatment of patients with TH analogs that exert thyro-
mimetic actions but do not depend on MCTS8 for cellular
entry has been considered.

To test the activities of such compounds in vivo, the
Mct8-KO mouse has been considered as the best available
animal model because these mice faithfully replicate the
thyroidal abnormalities found in patients (11, 12). Studies
in Mct8-KO mice have also revealed an impaired uptake
of the active hormone Tj into the murine brain, thereby
underscoring a unique function of Mct8 in mediating cel-
lular TH passage (12, 13). However, in contrast to the
patients, Mct8-KO mice do not show any neurological
damage (14). Detailed analysis of the brain of these mice
demonstrated only a mild hypothyroid situation with al-
tered inner and outer-ring deiodinase activities (12). This
discrepancy between mice and men may be due to the
presence of additional TH transporters such as the organic
anion-transporting polypeptide (Oatp) 1cl in the endo-
thelial cells of the mouse CNS that can partially compen-
sate for the absence of Mct8 (15-19). Indeed, the uptake
of T, into the murine brain was only slightly affected in
Mct8-KO mice, whereas the human brain may be more
dependent on MCT8 for the uptake of both T, and T,
from the circulation.

Despite the lack of neurological symptoms Mct8-KO
mice have been successfully used to explore the in vivo
action of the TH analog 3,5-diiodothyropropionic acid
(DITPA) (20). After rendering the animals hypothyroid,
DITPA was capable of normalizing changes in transcript
levels of TH-regulated gene products in the brain of both
wild-type (WT) and Mct8-KO mice, indicating that it rep-
resents a suitable T substitute in the absence of Mct8.
Moreover, application of DITPA to 4 patients with MCTS
mutations resulted in a normalization of the serum TH
parameters without causing any overt side effects (21). As
an alternative to DITPA with an eventually even higher
therapeutic potential, we considered to determine the in
vivo action of tetrac (3,3',5,5’-tetraiodothyroacetic acid
[TA4]) by using the Mct8-KO mouse model.

Tetrac and the corresponding T; analog triac (3,3’,5-
trilodothyroacetic acid [TA3]) represent naturally occur-
ring TH metabolites. They are produced by decarboxyl-
ation and oxidative deamination of the alanine side chain
in the liver and other peripheral tissues (22-24). Inactiva-
tion of these acetic acid derivates occurs similarly to the
elimination of TH and includes deiodination by iodothy-
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ronine deiodinases and formation of conjugates with
glucuronic or sulfuric acid (25). Determination of serum
levels in euthyroid humans by RIA revealed a mean con-
centration of 50 ng/100 ml for TA4 and 2 to 8 ng/100 ml
for TA3. Estimation of the daily production rate indicates
that the conversion of TH into their acetic acid derivatives
constitutes only a minor pathway (22, 23).

Already in the mid 1950s, TH acetic acid derivates were
tested in clinical practice. TA4 was evaluated as a potential
substitute for T, in the treatment of myxedema and was
shown to improve the myxedematous appearance without
grossly affecting the basal metabolic rate (26-28). TA3 in
turn was successfully used in the treatment of patients with
resistance to TH syndrome because it potently suppresses
pituitary TSH secretion with minimal metabolic side ef-
fects (29-31). That TSH expression is efficiently down-
regulated by TA3 may be explained by the binding prop-
erties of this compound to TH receptors (TRs). According
to in vitro studies, TA3 binds with an almost 10-fold
higher affinity than T; to the TRB1 and TRB2 receptors
that are predominantly involved in the negative feedback
regulation at the hypothalamic and pituitary level. With
respect to the TRal isoform, TA3 displays an equal af-
finity as T3 (32). In addition, TA3-induced activation of
TR seems to be promoter dependent and to vary between
different TH-responsive elements (32). Thus, to consider
TA3 as a replacement for Tj, its cell-specific capacity in
promoting T effects needs to be carefully monitored.

A major disadvantage for the therapeutic application of
TA3 isits short half-life in the circulation. In humans, TA3
has a half-life of only approximately 6 to 8 hours com-
pared with T with a half-life of 23 hours (33), whereas in
rats, the half-life of triac at 5.5 hours is even shorter (34).
Because TA4 exhibits a half-life of 3 to 4 days and can be
converted to TA3 by outer-ring deiodination, it may be
beneficial in the treatment of patients with MCT8 muta-
tions given that the cellular uptake of TA4 and TA3 spe-
cifically into the brain is not impeded in the absence of
MCTS.

To which extent can TA4 exert TH action during brain
development? To address this question, we applied TA4 to
newborn mice and monitored TH-dependent neuronal
differentiation processes during the first 3 postnatal
weeks. To exclude endogenous TH effects, we took ad-
vantage of the congenital hypothyroid paired box gene 8
(Pax8)-KO mouse that is born without a functional thy-
roid gland and therefore cannot produce any TH endog-
enously (35). In addition, we used Mct8-KO and Mct8/
Pax8—double-KO (dKO) mice to assess the impact of
Mct8 deficiency on central TA4 and TA3 action. Our stud-
ies indicate that tetrac and triac are indeed able to promote
T;-dependent gene expression and neuronal differentia-
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tion in mice and may be therefore considered as a thera-
peutic option for patients with inactivating MCTS
mutations.

Materials and Methods

Animals

Mct8-KO mice were obtained from Deltagen (San Mateo,
CA) and genotyped as described previously (12). Pax8-KO mice
(35) were generated by mating heterozygous Pax8-KO mice and
genotyped as reported elsewhere (36). Mct8/Pax8-dKO mice
were obtained by mating Mct8-KO/Pax8*'~ animals (37). The
generation and phenotype of Mct8-KO, Pax8-KO, and Mct8/
Pax8-dKO mice have been described previously (37). All animal
studies were approved by the Thiiringer Landesamt fiir Lebens-
mittelsicherheit und Verbraucherschutz (TLLV Thiiringen, Er-
furt, Germany). Animals were provided with standard labora-
tory chow and tap water ad libitum and were kept in accordance
with local regulations (TLLV Thiiringen) at constant tempera-
ture (22°C) and a 12-h light, 12-h dark light cycle.

Offspring of heterozygous Pax8*’~ and Mct8-KO/Pax8*'~
breeding pairs were sc injected once per day with either tetrac
(400 ng/g body weight) or with 0.9% saline as control. For all
studies, at least 4 male animals per genotype (Pax8*'" [WT],
Pax8~'~ [Pax8-KOJ, Mct8 "*/Pax8*'* [Mct8-KO], Mct8 "/
Pax8~'~ [Mct8/Pax8-dKO]) were used. Animals were killed
and tissues were collected 16 hours after the last injection.
Detailed information about the procedures of tissue collection
and processing are provided in the Supplemental Methods
published on The Endocrine Society’s Journals Online web
site at http://endo.endojournals.org.

Primary cerebellar cultures

Mixed cerebellar cultures from newborn mice were prepared
as described previously (38) and cultured in the presence or ab-
sence of InM T; and various concentrations of triac. After 14
days in vitro, cultures were fixed with 4% paraformaldehyde in
PBS for 30 minutes at room temperature and immunostained as
described in supplemental data. Dendritic parameters were de-
termined with the help of the Image] program as described pre-
viously (38). All experiments were performed 3 times.

Measurements of serum THs and brain deiodinase
activities

Serum T,/TA4 and T;/TA3 concentrations were determined
by RIA, and type 2 iodothyronine deiodinase (D2) and D3 ac-
tivities in the brain were assessed as reported elsewhere (39).

Detailed information about experimental procedures con-
cerning in situ hybridization, quantitative real-time PCR, immu-
nohistochemistry, in vitro transport studies (40), and determi-
nation of T, and TA4 deiodination by D2 and D3 is provided in
Supplemental Methods.

Statistical analysis

The values represent mean = SEM. Statistical differences
were calculated by 2-way ANOVA followed by Bonferroni-
Holm post hoc test. P > .05 was considered not to be significant.
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Results

Triac can promote cerebellar Purkinje cell
differentiation in vitro

To elucidate the thyromimetic potential of TA3 in neu-
rons, we took advantage of a well-established cerebellar
cell culture system (38). Only in the presence of T; did
Purkinje cells (PCs), the principal neurons of the cerebellar
cortex, develop a highly elaborated dendritic tree that can
be easily detected by calbindin-immunofluorescence stain-
ing. In previous experiments, we demonstrated that 1nM
T; added to the serum-free culture medium for 2 weeks is
sufficient to exert the most pronounced effects on PC den-
dritogenesis (38). Here, we performed similar experiments
by preparing mixed cerebellar cultures from neonatal WT
and Mct8-KO mice and incubating them in the presence or
absence of 1nM T or 1nM, 10nM, or 100nM TA3. After
14 days in vitro, the cultures were fixed with 4% para-
formaldehyde and Purkinje cells were visualized using an
antibody against calbindin. The dimensions of PCs ob-
tained from three independent experiments were quanti-
fied using Image]. As depicted in Figure 1, PCs of both
Mct8-KO and WT mice did not develop an extensive den-
dritic tree in the absence of TH but responded robustly to
the treatment with 1nM Tj5. A similar effect on arboriza-
tion was also observed in the presence of 10nM or 100nM
TA3, indicating that an approximately 10 times higher
concentration of triac is needed to fully stimulate PC ar-
borization. These cell culture experiments demonstrate a
potent thyromimetic action of TA3 on neuronal differen-
tiation independent of the presence or absence of Mct8.

Deiodination of T, and TA4 by D2 and D3

Because TA3 exhibits a very short half-life in humans
and rodents, we considered TA4 as an alternative thera-
peutic option. For patients with MCT8 mutations, ther-
apeutic intervention using TA4 may be successful only if
TA4 is similarly processed as T,. D2 and D3 play an im-
portantrole in TH metabolism within the CNS because D2
converts T, to T; in astrocytes and D3 inactivates both
THs by inner-ring deiodination in neurons. Here, we com-
pared the deiodination of T, and TA4 by recombinant
human D2 and D3 expressed in transfected COS1 cells.
The results show that D2 catalyzes the outer-ring deiodi-
nation of T, to T; and of TA4 to TA3 with equal efficacy
(Figure 2A). Moreover, D3 catalyzes the inner-ring deio-
dination of TA4 to rTA3 as efficient as the conversion of

T, torTs.

TA4 is not transported by MCT8 and OATP1C1 in
vitro

As a prerequisite for using TA4 as alternative thera-
peutic option for MCTS8 patients, TA4 transport must not
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Figure 1. Effects of triac on cerebellar PC dendritogenesis in vitro. Mixed cerebellar cultures
from WT and Mct8-KO mice were cultured for 14 days in the absence or presence of T5 or TA3.
A, Development of PCs was visualized by calbindin D28k staining. Scale bar, 100 wm. B, For
quantification of PC dimension, the perimeter of 25 cells derived from three different cultures
was quantified using ImageJ and normalized to the perimeter of PCs in untreated cultures of the
respective genotype. Treatment of the cultures with TnM Tj resulted in pronounced formation of
dendrites as shown by an almost 4-fold increase in PC perimeter. The same stimulating effect
was achieved by adding 10nM or 100nM TA3 to the cultures. No differences were observed
between cultures derived from WT or Mct8-KO mice. *P < .05; ***P < .001; #P < .001 for
comparison with untreated WT cells; 8P < .001 (for comparison with untreated Mct8-KO cells).

be dependent on MCTS. To address this question, we
studied TA4 transport by human MCT8 using tran-
siently transfected COS1 cells. We also included human
OATP1C1 in our experiments because in mice, this trans-
porter seems to contribute significantly to the uptake of T,
into the brain (19). Cells transfected with MCTS8 or
OATP1C1 produced an increase in cellular T, uptake dur-
ing both 30- and 60-minute incubations compared with
control cells transfected with empty vector (Figure 2B). At
60 minutes, cellular T, content increased from ~4% in
control cells to ~7.5% for MCT8 and to ~6% for
OATP1C1. Transfection with MCT8 or OATP1C1 did
not alter TA4 uptake compared with control cells. The
findings indicate that TA4 is not transported by MCTS8 or
OATP1C1.

T, and TA4 metabolism by D3 in intact cells

To study in more detail T, and TA4 transport across the
plasma membrane by MCT8 and OATP1C1, COS1 cells
were cotransfected with D3 and the metabolism of T, and
TA4 was studied in intact cells. Cells cotransfected with
MCT8 or OATP1C1 and D3 produced a significant in-
crease in the conversion of T, at 4 hours compared with

> < &)
&KX

(data not shown). These findings in-

& dicate that TA4 is transported into

& cells via transporters other than
OATP1C1 and MCTS.

Effects of TA4 on brain
development

For evaluating the action of TA4
in vivo, we treated newborn mice by
scinjections of 400 ng/g body weight
of TA4 once a day. We not only in-
cluded Mc#8-KO and WT littermates
in our analysis but also took advan-
tage of athyroid Pax8-KO and Mct8/
Pax8-dKO mice that do not produce
endogenous THs and therefore show severe retardation in
brain development. When we analyzed the cerebellar PC
development at postnatal day 12, we observed a strongly
reduced dendritic outgrowth of PCs in saline-treated
Pax8-KO and Mct8/Pax8-dKO mice as assessed by a sig-
nificant reduction in the thickness of the molecular layer
(Figure 3A). In contrast, the molecular layer of saline-
injected WT and Mct8-KO mice showed a similar expan-
sion of the molecular layer, indicating that PC dendrito-
genesis is not severely affected by the absence of Mct8. In
animals receiving TA4 treatment, we found a similar de-
gree of Purkinje cell dendritogenesis independent of the
genotype. These findings suggest that postnatal applica-
tion of TA4 promotes Purkinje cell dendritogenesis even in
the absence of TH.

In the next approach, we studied D2 and D3 activities
in cerebellar homogenates of 21-day-old animals (Figure
3, B and C). As expected, athyroid Pax8-KO and Mct8/
Pax8-dKO mice showed highly elevated D2 activities in
the cerebella of saline-treated animals. This rise in D2
could be partially prevented by TA4 administration.
Mct8-KO mice also exhibit elevated D2 activities that
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Figure 2. Tetrac serves as a substrate for D2 and D3 and is not transported by MCT8 or OATP1C1. To evaluate the metabolism of TA4 by
deiodinases, COS1 cells were transfected with constructs encoding human D2 or human D3. Different dilutions of the cell lysates (1:2 and 1:10 for
D2; 1:20 and 1:100 for D3) were incubated for 60 minutes at 37°C with 1nM [*2°I]T, or ['?°I]TA4, and radiolabeled metabolites were analyzed by
HPLC. A, Both deiodinases accept TA4 as substrate equally as well as T,. To evaluate TA4 transport by MCT8 or OATP1C1, COS1 cells were
transiently transfected with constructs encoding human MCT8 (hMCT8) and human OATP1C1 (hOATP1C1) and incubated with ["?*I]T, or
["?°1]TA4. B, Results of 3 experiments each done in duplicates. In cells expressing either h(MCT8 or hOATP1C1, only the uptake of T, is stimulated,
whereas the transport of TA4 is not enhanced. C, To explore in more detail TA4 transport across the plasma membrane by MCT8 and OATP1C1,
cells were cotransfected with human D3, which was shown to deiodinate TA4 as efficiently as T,. Cells coexpressing OATP1C1 and hMCT8
exhibited increased T, metabolism, whereas TA4 metabolism was not altered. *P < .05; **P < .01; ***P < .001. 1" and 2" are unknown

metabolites 1 and 2 of TA4.

were reduced by TA4 injections. Surprisingly, in WT mice,
TA4 treatment led to increased D2 activities, presumably
due to a suppression of endogenous TH production. As a
consequence, animals of all four genotypes responded to
the TA4 treatment with very similar D2 activities that were
twice as high as in euthyroid controls but significantly
reduced compared with the activities measured in homog-
enates of athyroid animals. Compared with WT animals,
cerebellar D3 activities were close to the detection limit in
athyroid Pax8-KO and Mct8/Pax8-dKO mice but could
be stimulated by TA4 substitution. In WT and Mct8-KO
mice, TA4 treatment resulted in rather reduced D3 levels
compared with the saline-injected animals.

We did not restrict our analysis to the cerebellar devel-
opment but also monitored the thyroidal state in specific
neurons of the forebrain. Expression of neurogranin
(RC3), a protein involved in calcium/calmodulin and pro-
tein kinase C signaling, is strongly altered under hypothy-
roid conditions particularly in the striatum, an important

region for motor control (41). As depicted in Figure 4,
RC3-specific in situ hybridization signals were absent in
the striatum of athyroid Pax8-KO and Mct8/Pax8-dKO,
whereas Mct8-KO mice were characterized by a slight re-
duction compared with WT mice. TA4 treatment restored
RC3 expression in all four genotypes, indicating that the
amount of TA4 was sufficient to exert a thyromimetic
action in the striatum.

Other targets of TH action during postnatal brain
differentiation are parvalbumin-positive GABA-ergic neu-
rons in distinct areas of the cerebral cortex (42). As illus-
trated in Figure 5, athyroid Pax8-KO and Mct8/Pax8-
dKO mice at P12 displayed a strongly diminished
parvalbumin immunoreactivity in the retrosplenial (Fig-
ure 5A) and somatosensory (Figure 5B) cortex that was
partially normalized by TA4 injections. In Mct8-KO mice,
TA4 treatment even reduced the number of parvalbumin-
positive neurons, whereas WT animals did not show any
overt response toward the treatment. We therefore con-
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Figure 3. Thyromimetic actions of tetrac in the cerebellum of TH-
deficient animals. WT, Pax8-KO, Mct8-KO, and Mct8/Pax8-dKO
animals were daily injected with tetrac starting at the day of birth
(postnatal day 0). Control animals received saline injections. A, Sagittal
cerebellar vibratome sections through the vermis regions from animals
killed at postnatal day 12 were immunostained with an anti-calbindin
D28k antibody to visualize cerebellar PC differentiation. Thickness of
the molecular layer that comprises PC dendrites was determined on 3
consecutive sections of each animal (males, n = 4 per genotype) at the
primary fissure between anterior and posterior lobe using ImageJ. As a
characteristic feature of a hypothyroid cerebellum, PCs show a strongly
reduced dendritic arborization in athyroid Pax8-KO and Mct8/Pax8-
dKO compared with WT and Mct8-KO mice, which is also illustrated by
a thinner molecular layer. Treatment of the animals with TA4 restored
normal thickness of the molecular layer in animals of all genotypes.
Scale bar 50 um. Cerebellar D2 (B) and D3 (C) activities were
determined in TA4- and saline-treated animals at postnatal day 21
(males, n = 4 per genotype). Athyroid Pax8-KO and Mct8/Pax8-dKO
mice exhibited a 7-fold increase in D2 activities, whereas D3 activities
were close to the detection limit. In Mct8-KO mice, D2 was 4.5-fold
elevated compared with WT levels and D3 activities were reduced to
30% of WT levels. TA4 treatment resulted in similar D2 activities in all
four genotypes with a 2- to 2.5-fold increase compared with control
animals but a significant reduction of 50%—-60% compared with the
situation in athyroid animals. Data are expressed as mean * SEM.
**%P < 001; **P < .01; *P < .05. Abbreviation: AU, arbitrary unit.
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Figure 4. Thyromimetic actions of tetrac in the striatum of TH-
deficient animals. Dark-field autoradiograms illustrate TH-dependent
alterations in RC3 mRNA expression in striatal areas (str) of 21-day-old
animals (males, n = 4 per genotype). Scale bar, 2 mm. In situ
hybridization signals in the striatum of 4 animals per experimental
group were quantified using imagelJ. TA4 treatment was sufficient to
induce RC3 expression in athyroid Pax8-KO and Mct8/Pax8-dKO mice
similar to the levels of untreated control animals. ***P < .001; **P <
.01; *P < .05. Abbreviation: AU, arbitrary unit.

clude that distinct neuronal populations responded dif-
ferentially to the application of TA4.

Effects of tetrac on the hypothalamus-pituitary-
thyroid axis

Another important aspect of our study was to determine
the response of the hypothalamus-pituitary-thyroid (HPT)
axis to TA4 treatment. Hypothalamic TRH expression was
assessed by radioactive in situ hybridization of brain sections
derived from 21-day-old mice. As depicted in Figure 6A,
athyroid Pax8-KO and Mct8/Pax8-dKO mice demonstrated
strongly enhanced signal intensities compared with euthy-
roid controls. In line with previous findings (12), TRH tran-
script levels were elevated in Mct8-KO mice as well. Intrigu-
ingly, TA4 was unable to suppress TRH expression in all four
genotypes. Even more surprisingly, TRH expression in WT
animals increased upon TA4 treatment, suggesting that these
neurons are in a hypothyroid state, presumably again due to
a suppression of endogenous TH production.

In contrast to the hypothalamus, TA4 administration
resulted in pronounced alterations in the anterior pituitary
(Figure 6B). In all 4 groups of TA4-treated animals, TSH
mRNA levels were close to the detection limit, indicating
a strong suppressive effect of this compound on thyro-
trophic cells. To evaluate the consequences of TA4 on
endogenous TH production, we determined T3 and T,
concentrations in the serum of these animals at postnatal
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Figure 5. Tetrac stimulates the maturation of parvalbumin-immunoreactive neurons in the
somatosensory and restrosplenial cortex. WT, Pax8-KO, Mct8-KO, and Mct8/Pax8-dKO animals were
daily injected sc with tetrac starting at the day of birth (postnatal day 0). Control animals received
saline injections. Animals (males, n = 4 per genotype) were perfusion-fixed at postnatal day 12.
Coronal vibratome sections were immunostained with an antibody against parvalbumin that labels a
subset of GABAergic interneurons. In athyroid Pax8-KO and Mct8/Pax8-dKO mice, the number of
parvalbumin-immunoreactive neurons was strongly diminished in the retrosplenial (A) and
somatosensory area (B) of the cerebral cortex. Substitution of the animals with TA4 resulted in a
partial recovery. However, in all TA4-treated animals, the number of parvalbumin-immunoreactive
neurons was reduced compared with control animals. Scale bars in A and B, 50 um. C, Numbers of
parvalbumin-positive cells were counted on 3 consecutive sections from each animal using 4 animals
per genotype. Data are expressed as mean = SEM. ***P < .001; **P < .01.

day 21 (Figure 6C). Unfortunately, the antibodies used in
the RIA are not able to distinguish between T,/TA4 and
T4/TA3, respectively. Because Pax8-KO and Mct8/PaxS§-
dKO do not produce TH endogenously, the values ob-
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tained by RIA must solely reflect
TA4 and TA3 values and indicate the
presence of 1nM TA3 and 120nM
TA4 after the substitution of the an-
imals with 400 ng TA4/g body
weight. Of note, Mct8-KO mice
showed rather similar values despite
the presence of a functional thyroid
gland. Because these animals re-
ceived the same TA4 dose as the
athyroid mutants, endogenous Tj
and T, production must substan-
tially be repressed in these animals.
This seems not to be the case in WT
animals because these mice showed
the highest T,/TA4 and T5/TA3 val-
ues of all TA4-treated animals.

Effects of tetrac on D1
expression in liver and kidneys
Finally, we investigated the im-
pact of the TA4 treatment on D1
transcript levels (Figure 7). DI,
mainly present in liver, kidneys, and
the thyroid, catalyzes both outer-
and inner-ring deiodination and is
positively and potently regulated by
T;. Thus, changes in expression lev-
els of this enzyme are a well-suited
indicator for alterations in the con-
tent of TH in tissues. In TA4-treated
WT mice, D1 mRNA levels were
3-fold increased in the liver and
2-fold enhanced in the kidneys com-
pared with animals that received
only saline injections. A similar hy-
perthyroid situation was observed in
TA4-treated Pax8-KO mice. Intrigu-
ingly, the elevation in hepatic D1 ex-
pression observed in Mct8-KO mice
was not further up-regulated by TA4
application. In the kidneys, TA4
treatment even resulted in a mild de-
crease of the highly increased D1 ex-
pression levels. TA4-treated Mct8/
Pax8-dKO mice showed
hepatic and renal D1 transcript lev-
els as the TA4-treated Mct8-KO
mice. We therefore conclude that the

similar

treatment of Mct8-deficient animals with TA4 is not as-
sociated with an aggravation of the thyrotoxic situation in
liver and kidneys.
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Figure 6. Analysis of tetrac action in the HPT axis. A, Dark-field autoradiograms illustrate TRH
MRNA expression in hypothalamic brain sections derived from 21-day-old animals (males, n = 4
per genotype). Compared with WT mice, TRH-specific hybridization signals were visibly increased
in the paraventricular hypothalamic nucleus of Pax8-KO, Mct8-KO, and Mct8/Pax8 double
mutant mice (left row). In TA4-treated animals, TRH expression was strongly elevated in all 4
animal groups, indicating that TRH expression was not suppressed by TA4 treatment (right row).
Scale bar, 200 um. B, In contrast, pituitary TSH expression as illustrated by nonradioactive in situ
hybridization was strongly suppressed upon TA4 administration in all animals. Scale bar, 400 um.
C, Serum samples from 21-day-old animals were used to determine T,/TA4 and T5/TA3
concentrations by RIA. Because Pax8-KO and Mct8/Pax8 double-deficient animals do not produce
any TH endogenously, the respective values represent the TA4 and TA3 concentrations in the
serum. Data are expressed as mean = SEM. ***P < .001; **P < .01; *P < .05.

Discussion

Because patients with inactivating MCT8 mutations suffer
from severe neurological impairments, it seems of utmost
importance to develop a therapeutic strategy that could
improve the situation of these patients. Unfortunately, the
exact mechanisms that result in the development of the
neurological symptoms are still not known. Parameters
such as decreased TH concentrations in the cerebrospinal
fluid and delayed myelination (43-435) as found in several
patients support the hypothesis that a strongly diminished
TH supply during critical stages of brain development is
substantially linked to the phenotype. However, in con-
trast to children that suffer from congenital hypothyroid-
ism or neurological cretinism, treatment of patients with
TH is not expected to provide any benefit if TH transport
into the brain or into neurons is impaired. A more prom-
ising approach appears to treat patients with thyromi-
metic substances that do not depend on MCTS8 for cellular
uptake and can replace TH in promoting neural differen-

gans with pronounced alterations in
metabolism and energy expenditure.
A normalization of serum TH pa-
rameters can be achieved only if en-
dogenous TH production is largely
turned off. Such an approach was
successfully applied to one MCT8
patient who was substituted with T,
in the presence of high doses of PTU
that blocked TH production and
probably also inhibited T, to T5 con-
version to some extent. Under this
treatment, the patient significantly
gained weight and tachycardia was
abated (10). Continuous PTU treat-
ment in high doses, however, can
have severe side effects of which
agranulocytosis and liver toxicity are the most severe (46).
Thus, alternative procedures to lower serum T; levels are
of value for the treatment of the patients even if such an
achievement is not expected to have any positive effects on
the brain.

We put forward the hypothesis that the TH analog triac
may exhibit a therapeutic potential for the treatment of
patients with MCT8 mutations based on the following
observations. In vitro studies have revealed that triac can
activate TRs thereby replacing T (32). Moreover, TA3
has already been used in clinical practice for treating pa-
tients who suffer from the syndrome of resistance to TH.
Due to mutations in the TR gene, these patients display
high TSH and TH levels that could be effectively sup-
pressed by TA3 (29,30,47,48).In general, TA3 treatment
was accompanied by the positive trend of various indexes
of tissue-specific TH action in these patients (31). Overall,
the clinical experience with long-term TA3 treatment in
this group of hyperthyroid patients has proven the poten-

Mct8 ko  Mct8 ko/
Pax8 ko
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Figure 7. Regulation of renal and hepatic D1 expression by tetrac. As
a marker for the tissue-specific thyroidal state, D1 mRNA expression
was analyzed by quantitative PCR and radioactive in situ hybridization
in liver (A) and kidneys (B) of 21-day-old animals (males, n = 4 per
genotype). D1 expression in saline-treated Pax8-KO and Mct8/Pax8-
dKO mice was close to the detection limit in both tissues but could be
induced by TA4 treatment. In Mct8-KO mice that showed highly
elevated renal D1 transcript levels, TA4 application resulted in a mild
reduction of D1 mRNA levels, whereas hepatic D1 mRNA was not
altered by the treatment. Data are expressed as mean + SEM. ***p <
.001; **P < .01; *P < .05. Scale bar, 50 um.

tial efficacy and safety of TA3 even when given during
childhood.

TH action is mainly mediated via the nuclear hormone
receptor isoforms encoded by the TRB and TRa genes.
The clinical observation of a pronounced repressive action
of TA3 on the HPT axis as well as in vitro promoter assays
indicate a higher affinity of TA3 toward the TR Bisoforms
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compared with TRal. During brain development, how-
ever, TR« plays the predominant role because it is rather
ubiquitously expressed and already present during prena-
tal stages, whereas TR expression develops later and is
restricted to certain neuronal populations (49-51). Con-
sequently, TA3 has to be able to activate TRa1 in neurons
to replace TH action in the Mct8-deficient brain. To test
the potency of TA3 in promoting neuronal differentiation,
we took advantage of the fact that T5-dependent activa-
tion of TRa1 is mandatory for promoting cerebellar PC
dendritogenesis in vitro (38). When we cultured primary
cerebellar neurons in the presence of either T5 or TA3, we
found a strong, dose-dependent effect of TA3 on PC den-
drite formation. These findings indicate that TA3 is indeed
able to enter neurons and activate TRal, although 10
times higher concentrations of triac were needed to
achieve the same effect as Tj.

A major disadvantage for the clinical application of
TA3 is its short half-life of 6 hours in humans (33). Con-
sequently, TA3 has to be administered at least 3 to 4 times
daily or as a continuous-release formulation, which has
not been tested in clinical studies. We therefore considered
TA4 as an alternative because TA4 does not only have a
longer half-life of 3 to 4 days but also can act as a pro-
hormone for TA3 much like T, is a prohormone for T5. To
fulfill its anticipated action within the brain, TA4 has to be
transported into the brain via the blood-brain barrier and
then taken up by astrocytes. That indeed neither MCT$
nor the T,-specific transporter OATP1C1 is involved in
the cellular uptake of TA4 could be demonstrated by
transport studies using COS1 cells transfected with the
respective transporter cDNA (Figure 2). Still, it remains to
be investigated which transporters facilitate the passage of
the TH acetic acid derivatives in and out of cells. Once TA4
has entered the brain, it should be subjected to outer-ring
deiodination to produce the TR active compound TA3.
Using COS1 cells that overexpress either human D2 or D3
we could indeed demonstrate that TA4 is a potent sub-
strate for deiodination by D2 and D3. We therefore as-
sume that similar enzymatic reactions may also take place
in vivo.

To test whether TA4 is able to replace T, in such a
manner, we explored its action in promoting brain devel-
opment by using Pax8-KO mice as a suitable in vivo model
system because Pax8-KO mice do not produce any en-
dogenous TH that could interfere with our experiments.
We also included Mct8/Pax8-dKO mice in our studies to
rule out that Mct8 deficiency indirectly affects TA4/TA3
transport in the CNS. During the first 3 weeks, the animals
were daily injected with TA4. Brain development was
carefully monitored and compared with untreated
Pax8-KO and Mct8/Pax8-dKO mice that exhibit a pro-
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nounced hypothyroid brain phenotype as characterized by
a delayed cerebellar PC development (Figure 3A) and de-
celerated maturation of parvalbumin-immunopositive
GABAergic interneurons in specific cortical brain areas
(Figure 5). Whereas TA4 application restored normal cer-
ebellar development as assessed by the thickness of the
molecular layer, only a partial normalization could be
achieved with respect to the inhibitory parvalbuminergic
system in the cerebral cortex. In the striatum, however,
where RC3 expression is under positive control of T5, TA4
administration was sufficient to induce RC3 expression
similar to the levels found in untreated control animals
(Figure 4). Overall, these data indicate that TA4 and its
receptor-active metabolite TA3 can indeed replace T, and
T, action in various brain areas, although the efficacy may
vary between distinct neuronal populations or even be-
tween different genes thatare controlled in a given cell type
by TH in a positive or negative manner.

The enzyme D2 is known to be negatively regulated by
T, atthe transcriptional level and even more so by T, at the
posttranslational level as T, markedly stimulates D2 in-
activation (52-54). Accordingly, athyroid Pax8-KO and
Mct8/Pax8-dKO mice showed highly elevated D2 activi-
ties in the cerebellum that could be partially suppressed by
the TA4 treatment. Although these findings clearly indi-
cate that TA4 can act in astrocytes, TA4 seems to be less
efficient than T, in promoting D2 inactivation, an obser-
vation in line with previous reports (55). In contrast to D2,
D3 is positively regulated by T; (56, 57), and tetrac treat-
ment was indeed able to induce D3 expression in the cer-
ebellum of athyroid Pax8-KO and Mct8/Pax8-dKO mice.
Intriguingly, TA4-treated WT animals showed increased
D2 and decreased D3 activities compared with saline-
treated animals. We speculate that these changes are
mainly due to a strongly suppressed endogenous TH pro-
duction and an insufficient tetrac dose to restore normal
D2 and D3 levels. That compared with control animals D2
is still elevated under TA4 treatment may be even consid-
ered as an advantage because it may ensure increased local
triac production, thereby counteracting the shorter half-
life of this compound.

A rather unexpected finding was the lack of respon-
siveness toward TA4 treatment in TH-sensitive neurons of
the hypothalamic PVN. In all genotypes, TRH expression
was highly elevated after TA4 administration, indicating
a hypothyroid state of these cells. This observation was
rather surprising because TR B isoforms to which TA3 has
even a higher affinity than T; (32) are predominantly in-
volved in the regulation of TRH expression (58, 59). In-
deed, pituitary TSH expression that is also controlled by
TRB isoforms was strongly down-regulated in TA4-
treated animals. We therefore cannot exclude that the ac-
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tive metabolite TA3 does not reach the TRH-expressing
PVN neurons, eg, due to a lack of suitable transporters in
neurons or in tanycytes, and are therefore in a hypothyroid
state. However, the increase in TRH expression does not
seem to affect endogenous TH production because TSH
mRNA levels were strongly suppressed.

To monitor the activity of the HPT axis in response to
the treatment, we also aimed to determine TA4, TA3, and
TH levels in the circulation and therefore collected serum
samples from saline- and TA4-treated animals at postnatal
day 21 (Figure 6C). Unfortunately, the antibodies used in
the RIA were not able to distinguish between T5 and TA3
or T, and TA4, respectively. However, because Pax8-KO
and Mct8/Pax8-dKO mice do not produce any TH en-
dogenously, the values measured in these animals after
TA4 treatment must solely reflect the circulating TA3 and
TA4 concentrations. Because TA4-treated Mct8-KO and
WT mice showed similar levels as the TA4-treated athy-
roid mice, the endogenous TH production in Mct8-KO
mice must be greatly reduced in response to the adminis-
tration of TA4. This is a favorable side effect because the
peripheral hyperthyroid situation found in Mcz8-KO mice
should ideally be improved by the treatment as well. How-
ever, when we analyzed D1 expression in liver and kid-
neys, we still found highly elevated transcript levels in
TA4-treated animals, although the values did not exceed
those found in saline-treated Mc#8-KO mice (Figure 7).
Thus, the thyrotoxic situation of the peripheral tissues in
the absence of Mct8 was not significantly ameliorated but
also not further worsened by the application of TA4. Prob-
ably the use of lower TA4 concentrations would be ben-
eficial for normalizing the hyperthyroid state of peripheral
tissues, whereas even higher doses may be favorable for
promoting brain development.

Overall, our analysis demonstrated the potency of TA4
in replacing TH during brain development even in the
absence of Mct8. Thus, TA4 may be considered as a ther-
apeutic option for patients with MCT8 mutations partic-
ularly when these patients are diagnosed very early in life
and irreversible brain damage as a consequence of insuf-
ficient TH supply can still be prevented. For normalizing
serum TH parameters later in life, application of lower
TA4 doses may be suited due to the strong suppressive
effects of TA4 on endogenous TH production.

Acknowledgments

We thank Sabine Landmann, Ramona van Heerebeek, and Wim
Klootwijk for excellent technical assistance. We thank the Sher-
man family and the Smile foundation for financial support of this
work.



978 Horn et al Action of Tetrac in the Mouse Brain

Address all correspondence and requests for reprints to:
Heike Heuer, PhD, Leibniz Institute for Age Research/Fritz Lip-
mann Institute e.V., Beutenbergstrasse 11, D-07745 Jena/Ger-
many. E-mail: hheuer@fli-leibniz.de.

Present address for M.T.-A.: Klinikum Rechts der Isar, Mu-
nich, Germany.

Disclosure Summary: The authors have nothing to disclose.

References

1. Dumitrescu AM, Liao XH, Best TB, Brockmann K, Refetoff S. A
novel syndrome combining thyroid and neurological abnormalities
is associated with mutations in a monocarboxylate transporter gene.
Am | Hum Genet. 2004;74:168-175.

2. Friesema EC, Grueters A, Biebermann H, et al. Association between
mutations in a thyroid hormone transporter and severe X-linked
psychomotor retardation. Lancet. 2004;364:1435-1437.

3. Schwartz CE, May MM, Carpenter NJ, et al. Allan-Herndon-Dud-
ley syndrome and the monocarboxylate transporter 8 (MCT8) gene.
Am | Hum Genet. 2005;77:41-53.

4. Friesema EC, Jansen J, Heuer H, Trajkovic M, Bauer K, Visser TJ.
Mechanisms of disease: psychomotor retardation and high T, levels
caused by mutations in monocarboxylate transporter 8. Nat Clin
Pract Endocrinol Metab. 2006;2:512-523.

5. Refetoff S, Dumitrescu AM. Syndromes of reduced sensitivity to
thyroid hormone: genetic defects in hormone receptors, cell trans-
porters and deiodination. Best Pract Res Clin Endocrinol Metab.
2007;21:277-308.

6. Friesema EC, Visser WE, Visser TJ. Genetics and phenomics of thy-
roid hormone transport by MCT8. Mol Cell Endocrinol. 2010;322:
107-113.

7. Oppenheimer JH, Schwartz HL. Molecular basis of thyroid hor-
mone-dependent brain development. Endocr Rev. 1997;18:462—
475.

8. de Escobar GM, Obregon M], del Rey FE. Maternal thyroid hor-
mones early in pregnancy and fetal brain development. Best Pract
Res Clin Endocrinol Metab. 2004;18:225-248.

9. Bernal J. Thyroid hormones and brain development. Vitam Horm.
2005;71:95-122.

10. Wemeau JL, Pigeyre M, Proust-Lemoine E, et al. Beneficial effects of
propylthiouracil plus L-thyroxine treatment in a patient with a mu-
tation in MCTS. | Clin Endocrinol Metab. 2008;93:2084-2088.

11. Dumitrescu AM, Liao XH, Weiss RE, Millen K, Refetoff S. Tissue-
specific thyroid hormone deprivation and excess in monocarboxy-
late transporter (MCT) 8-deficient mice. Endocrinology. 2006;147:
4036-4043.

12. Trajkovic M, Visser TJ, Mittag J, et al. Abnormal thyroid hormone
metabolism in mice lacking the monocarboxylate transporter 8.
J Clin Invest. 2007;117:627-6335.

13. Ceballos A, Belinchon MM, Sanchez-Mendoza E, et al. Importance
of monocarboxylate transporter 8 for the blood-brain barrier-de-
pendent availability of 3,5,3'-triiodo-L-thyronine. Endocrinology.
2009;150:2491-2496.

14. Wirth EK, Roth S, Blechschmidt C, et al. Neuronal 3’,3,5-triiodo-
thyronine (T;) uptake and behavioral phenotype of mice deficient in
Mct8, the neuronal T, transporter mutated in Allan-Herndon-Dud-
ley syndrome. | Newurosci. 2009;29:9439-9449.

15. Sugiyama D, Kusuhara H, Taniguchi H, et al. Functional charac-
terization of rat brain-specific organic anion transporter (Oatp14) at
the blood-brain barrier: high affinity transporter for thyroxine.
J Biol Chem. 2003;278:43489-43495.

16. TohyamaK, Kusuhara H, Sugiyama Y. Involvement of multispecific
organic anion transporter, Oatp14 (Slc21a14), in the transport of

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Endocrinology, February 2013, 154(2):968-979

thyroxine across the blood-brain barrier. Endocrinology.2004;145:
4384-4391.

Roberts LM, Woodford K, Zhou M, et al. Expression of the thyroid
hormone transporters monocarboxylate transporter-8 (SLC16A2)
and organic ion transporter-14 (SLCO1C1) at the blood-brain bar-
rier. Endocrinology. 2008;149:6251-6261.

Ito K, Uchida Y, Ohtsuki S, et al. Quantitative membrane protein
expression at the blood-brain barrier of adult and younger cyno-
molgus monkeys. | Pharm Sci. 2011;100:3939-3950.

Mayerl S, Visser TJ, Darras VM, Horn S, Heuer H. Impact of
oatplcl deficiency on thyroid hormone metabolism and action in
the mouse brain. Endocrinology. 2012;153:1528-1537.

Di Cosmo C, Liao XH, Dumitrescu AM, Weiss RE, Refetoff S. A
thyroid hormone analog with reduced dependence on the monocar-
boxylate transporter 8 for tissue transport. Endocrinology. 2009;
150:4450-4458.

Verge CF, Konrad D, Cohen M, et al. Diiodothyropropionic acid
(DITPA) in the treatment of MCTS8 deficiency. | Clin Endocrinol
Metab. 2012;97:4515-4523

Nakamura Y, Chopra IJ, Solomon DH. An assessment of the con-
centration of acetic acid and propionic acid derivatives of 3,5,3'-
triiodothyronine in human serum. | Clin Endocrinol Metab. 1978;
46:91-97.

Engler D, Burger AG. The deiodination of the iodothyronines and
of their derivatives in man. Endocr Rev. 1984;5:151-184.

Wu SY, Green WL, Huang WS, Hays MT, Chopra IJ. Alternate
pathways of thyroid hormone metabolism. Thyroid. 2005;15:943—
958.

Green WL, Ingbar SH. The peripheral metabolism of tri- and tet-
raiodothyroacetic acids in man. | Clin Endocrinol Metab. 1961;21:
1548-1565.

Pitt-Rivers R. Physiological activity of the acetic-acid analogues of
some iodinated thyronines. Lancet. 1953;265:234-235.

Lerman J, Pitt-Rivers R. Physiologic activity of triiodo- and tet-
raiodo-thyroacetic acid in human myxedema. | Clin Endocrinol
Metab. 1956;16:1470-1479.

Lerman J. Dissociation of response to triiodothyroacetic acid in
myxedema: comparison with response to thyroid substance. | Clin
Endocrinol Metab. 1961;21:1044-1053.

Kunitake JM, Hartman N, Henson LC, Lieberman J, Williams DE,
Wong M, Hershman JM. 3,5,3'-Triiodothyroacetic acid therapy for
thyroid hormone resistance. | Clin Endocrinol Metab. 1989;69:
461-466.

Ueda S, Takamatsu J, Fukata S, et al. Differences in response of
thyrotropin to 3,5,3'-triiodothyronine and 3,5,3'-triiodothy-
roacetic acid in patients with resistance to thyroid hormone. Thy-
roid. 1996;6:563-570.

Radetti G, Persani L, Molinaro G, et al. Clinical and hormonal
outcome after two years of triiodothyroacetic acid treatment in a
child with thyroid hormone resistance. Thyroid. 1997;7:775-778.
Messier N, Langlois MF. Triac regulation of transcription is T,
receptor isoform- and response element-specific. Mol Cell Endocri-
nol. 2000;165:57-66.

Menegay C, Juge C, Burger AG. Pharmacokinetics of 3,5,3’-trii-
odothyroacetic acid and its effects on serum TSH levels. Acta En-
docrinol (Copenh). 1989;121:651-658.

Liang H, Juge-Aubry CE, O’Connell M, Burger AG. Organ-specific
effects of 3,5,3'-triiodothyroacetic acid in rats. Eur | Endocrinol.
1997;137:537-544.

Mansouri A, Chowdhury K, Gruss P. Follicular cells of the thyroid
gland require Pax8 gene function. Nat Genet. 1998;19:87-90.
Flamant F, Poguet AL, Plateroti M, et al. Congenital hypothyroid
Pax8 ™/~ mutant mice can be rescued by inactivating the TR« gene.
Mol Endocrinol. 2002;16:24-32.

Trajkovic-Arsic M, Muller J, Darras VM, et al. Impact of mono-
carboxylate transporter-8 deficiency on the hypothalamus-pitu-
itary-thyroid axis in mice. Endocrinology. 2010;151:5053-5062.



Endocrinology, February 2013, 154(2):968-979

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Heuer H, Mason CA. Thyroid hormone induces cerebellar Purkinje
cell development via the thyroid hormone receptor 1. | Neurosci.
2003;23:10604-10612.

Friedrichsen S, Christ S, Heuer H, et al. Regulation of iodothyronine
deiodinases in the Pax8 ™~ mouse model of congenital hypothy-
roidism. Endocrinology. 2003;144:777-784.

Friesema EC, Jansen ], Jachtenberg JW, Visser WE, Kester MH,
Visser TJ. Effective cellular uptake and efflux of thyroid hormone by
human monocarboxylate transporter 10. Mol Endocrinol. 2008;
22:1357-1369.

Iniguez MA, De Lecea L, Guadano-Ferraz A, et al. Cell-specific
effects of thyroid hormone on RC3/neurogranin expression in rat
brain. Endocrinology. 1996;137:1032-1041.

Gilbert ME, Sui L, Walker M], et al. Thyroid hormone insufficiency
during brain development reduces parvalbumin immunoreactivity
and inhibitory function in the hippocampus. Endocrinology. 2007,
148:92-102.

Namba N, Etani Y, Kitaoka T, et al. Clinical phenotype and endo-
crinological investigations in a patient with a mutation in the MCT8
thyroid hormone transporter. Eur | Pediatr. 2008;167:785-791.
Sijens PE, Rodiger LA, Meiners LC, Lunsing RJ. 'H magnetic res-
onance spectroscopy in monocarboxylate transporter 8 gene defi-
ciency. | Clin Endocrinol Metab. 2008;93:1854-1859.
Vaurs-Barriere C, Deville M, Sarret C, et al. Pelizacus-Merzbacher-
like disease presentation of MCTS8 mutated male subjects. Ann Neu-
rol. 2009;65:114-118.

Pacini F, Sridama V, Refetoff S. Multiple complications of propyl-
thiouracil treatment: granulocytopenia, eosinophilia, skin reaction
and hepatitis with lymphocyte sensitization. ] Endocrinol Invest.
1982;5:403-407.

Asteria C, Rajanayagam O, Collingwood TN, et al. Prenatal diag-
nosis of thyroid hormone resistance. | Clin Endocrinol Metab.1999;
84:405-410.

Guran T, Turan S, Bircan R, Bereket A. 9 years follow-up of a
patient with pituitary form of resistance to thyroid hormones
(PRTH): comparison of two treatment periods of D-thyroxine and

THE

ENDOCRINE gkt
SOCIETY®

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

endo.endojournals.org 979

trilodothyroacetic acid (TRIAC). ] Pediatr Endocrinol Metab.2009;
22:971-978.

Mellstrom B, Naranjo JR, Santos A, Gonzalez M, Bernal J. Inde-
pendent expression of the @ and f§ c-erbA genes in developing rat
brain. Mol Endocrinol. 1991;5:1339-1350.

Bradley DJ, Towle HC, Young WS. Spatial and temporal expression
of a- and £ thyroid hormone receptor mRNAs, including the 82-
subtype, in the developing mammalian nervous system. | Neurosci.
1992;12:2288-2302.

Wallis K, Dudazy S, van Hogerlinden M, Nordstrom K, Mittag ],
Vennstrom B. The thyroid hormone receptor a1 protein is expressed
in embryonic postmitotic neurons and persists in most adult neu-
rons. Mol Endocrinol. 2010;24:1904-1916.

Gereben B, Salvatore D. Pretranslational regulation of type 2 deio-
dinase. Thyroid. 2005;15:855-864.

Gereben B, Zavacki AM, Ribich S, et al. Cellular and molecular basis
of deiodinase-regulated thyroid hormone signaling. Endocr Rev.
2008;29:898-938.

Williams GR, Bassett JH. Deiodinases: the balance of thyroid hor-
mone: local control of thyroid hormone action: role of type 2 deio-
dinase. | Endocrinol. 2011;209:261-272.

Lameloise N, Siegrist-Kaiser C, O’Connell M, Burger A. Differences
between the effects of thyroxine and tetraiodothyroacetic acid on
TSH suppression and cardiac hypertrophy. Eur | Endocrinol. 2001;
144:145-154.

Hernandez A. Structure and function of the type 3 deiodinase gene.
Thyroid. 2005;15:865-874.

Dentice M, Salvatore D. Deiodinases: the balance of thyroid hor-
mone: local impact of thyroid hormone inactivation. | Endocrinol.
2011;209:273-282.

Dupre SM, Guissouma H, Flamant F, et al. Both thyroid hormone
receptor (TR)B1 and TRB2 isoforms contribute to the regulation of
hypothalamic thyrotropin-releasing hormone. Endocrinology.
2004;145:2337-2345.

Guissouma H, Froidevaux MS, Hassani Z, Demeneix BA. In vivo
siRNA delivery to the mouse hypothalamus confirms distinct roles
of TRB isoforms in regulating TRH transcription. Neurosci Lett.
2006;406:240-243.

Renew your Society membership by Dec. 31
to maintain access to your Society member benefits.

www.endo-society.org/renew



