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The mechanism of thyroid hormone (TH) secretion from the thyroid gland into blood is unknown. Humans 
and mice deficient in monocarboxylate transporter 8 (MCT8) have low serum thyroxine (T4) levels that can-
not be fully explained by increased deiodination. Here, we have shown that Mct8 is localized at the basolateral 
membrane of thyrocytes and that the serum TH concentration is reduced in Mct8-KO mice early after being 
taken off a treatment that almost completely depleted the thyroid gland of TH. Thyroid glands in Mct8-KO 
mice contained more non-thyroglobulin-associated T4 and triiodothyronine than did those in wild-type mice, 
independent of deiodination. In addition, depletion of thyroidal TH content was slower during iodine defi-
ciency. After administration of 125I, the rate of both its secretion from the thyroid gland and its appearance in 
the serum as trichloroacetic acid–precipitable radioactivity was greatly reduced in Mct8-KO mice. Similarly, 
the secretion of T4 induced by injection of thyrotropin was reduced in Mct8-KO in which endogenous TSH and 
T4 were suppressed by administration of triiodothyronine. To our knowledge, this study is the first to demon-
strate that Mct8 is involved in the secretion of TH from the thyroid gland and contributes, in part, to the low 
serum T4 level observed in MCT8-deficient patients.

Introduction
Over the past few decades, considerable progress has been made 
in our knowledge of the steps, genes, and mechanisms involved 
in thyroid hormone (TH) synthesis and its release from the thyro-
globulin (Tg) backbone (Figure 1). Iodide, an essential element of 
the TH molecule, is actively transported by the Na+/I– symporter 
(NIS, encoded by the SLC5A5 gene) at the basolateral membrane 
of the thyrocyte (1) and diffuses by an exchanger, known as pen-
drin (PDS, encoded by the SLC26A4 gene), to the lumen at the 
apical membrane (2). At the extracellular apical membrane, thy-
roperoxidase (TPO) (3), with hydrogen peroxide (H2O2) generated  
by dual oxidase 2 (DUOX2) (4), oxidizes and binds covalently 
iodine to tyrosyl residues, producing monoiodotyrosine (MIT) 
and diiodotyrosine (DIT) within the Tg macromolecule. The 
same enzyme catalyzes the coupling of two iodotyrosine residues 
to produce the prohormone thyroxine (T4) and smaller amounts 
of the active hormone triiodothyronine (T3). After endocytosis, 
iodinated Tg is hydrolyzed in the lysosomes by cathepsins (5) and 
TH is released from the Tg backbone. The released MIT and DIT 
are deiodinated by a specific iodotyrosine deiodinase (IYD, or 
DEHAL1) (6), and the released iodine is recycled within the cell. 
However, the mechanism involved in the last step in the process, 
namely TH secretion, remains unknown.

The close correlation between the free TH concentration in 
serum and the level of its intracellular action has perpetuated the 
notion of passive hormone diffusion through the lipid bilayer (7). 
Over the years, potential membrane transporters have been identi-
fied (8, 9), among which is monocarboxylate transporter 8 (MCT8). 
Rat Mct8 was shown to function as a specific TH transmembrane 
transporter (10). Uptake of labeled T4 and T3 by Mct8 was potently 
inhibited by unlabeled T4 and T3, by the T3 analogs 3,3′,5-triiodo-

thyroacetic acid and N-bromoacetyl-3,3′,5-T3, and by the organic 
anion bromosulfophthalein, but not by aromatic amino acids. The 
mechanisms by which rat and human MCT8 facilitate TH uptake 
are still unknown. It has been demonstrated that this transport 
is Na independent (10), while its dependence on pH needs to be 
investigated (11). The dogma of passive TH entry into cells was 
only recently abandoned with the demonstration that humans 
harboring MCT8 gene mutations presented with debilitating psy-
chomotor abnormality suggestive of TH deficiency in brain (12, 
13). In addition, they manifested a characteristic though unusual 
combination of TH abnormalities consisting of high T3 and low 
T4 and reverse T3 (rT3), associated with normal or slightly elevated 
serum thyrotropin (TSH) levels (12, 13). The TH abnormalities 
have been faithfully reproduced in Mct8-KO mice (14, 15), which 
have provided much-needed insight into the mechanism responsi-
ble for the thyroid phenotype. They continue to be a useful tool in 
understanding the pathophysiology of Mct8 defects and in testing 
TH analogs as putative treatment agents (16–18). Initial studies 
on these mice demonstrated overall increased 5′ deiodination (14, 
15); however, the postulated consumptive effect on T4 through 
increased 5′ deiodination cannot fully explain the low serum T4 
levels observed in MCT8 deficiency.

Our preliminary finding that in Mct8-KO mice, serum TH con-
centrations are reduced early following the release of endogenous 
hormone suppression with methimazole and perchlorate, raised 
the question of a possible defect in thyroidal TH secretion in Mct8 
deficiency. Moreover, the fact that Mct8 is localized at the baso-
lateral membrane of thyrocytes suggests that Mct8 might play a 
role in TH secretion. The possible role of MCT8 in TH export was 
previously shown by in vitro transfection studies of human MCT8 
in mammalian cell lines (19).

To further investigate the kinetics of TH secretion, we measured, 
in Mct8-KO and WT mice, the release of labeled iodothyronines 
from the thyroid gland following the administration of radioio-
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dide and the secretion of stable T4 following TSH stimulation. We 
found a significant reduction in the release of labeled iodothyro-
nines as well as that of stable T4 in the Mct8-KO compared with the 
WT mice. These data, in addition to the higher TH content in the 
thyroid glands of Mct8-KO mice and a slower reduction in their 
thyroidal TH content during iodine deficiency, provide evidence 
of a novel role of MCT8, namely, control of TH secretion. This 
reduction in TH secretion caused by MCT8 deficiency contributes 
in part to the low serum T4 levels observed in mice and humans.

Results
Recovery of TH synthesis and secretion after chemi-
cal suppression. After 2 weeks of treatment with 
low-iodine diet, methimazole, and perchlorate 
(LoI/MMI/ClO4), sufficient to almost completely 
deplete the thyroid gland of TH, serum T4 was sup-
pressed to less than 0.2 μg/dl and T3 to concentra-
tions from 64 to 68 ng/dl, while TSH increased to 
levels ranging from 7,204 to 7,408 mU/l (normal 
range, 10–60 mU/l), irrespective of the mouse 
genotype. One day after withdrawal of LoI/MMI/
ClO4, resulting in the resumption of TH synthesis, 

T4 and T3 levels started to rise in the serum of all mice. How-
ever, the increase in the Mct8-KO mice compared with that in 
the WT mice was significantly lower. In fact, serum T4 levels 
were in Mct8-KO and WT mice 1.03 ± 0.11 and 1.95 ± 0.21 
μg/dl (P < 0.001), respectively; T3 levels were paradoxically 
lower in Mct8-KO mice (179.0 ± 8.7 ng/dl) compared with 
WT mice (235.2 ± 12.5 ng/dl; P < 0.0001) (Figure 2, A and B), 
and they were associated with higher TSH (7,173 ± 594 vs. 
4,937 ± 323 mU/l, P = 0.04). In contrast, the thyroid gland 
content of non-Tg-T4 and non-Tg-T3 (T4 and T3 in thyroid 
gland not within the Tg molecule) in the Mct8-KO mice was 
2.1-fold (P = 0.0002) and 3.4-fold (P < 0.0001) higher, respec-
tively, than that in WT littermates (Figure 2, C and D). The 
content of Tg-T4 and Tg-T3 (T4 and T3 contained within the 
Tg molecule) for the 2 genotypes was not statistically dif-

ferent (Table 1). Three days after withdrawal of LoI/MMI/ClO4, 
the serum T4 levels were still lower in the Mct8-KO mice, but their 
serum T3 levels increased above those of WT mice. The character-
istic thyroid function tests abnormalities present in the Mct8-KO 
mice, low-serum T4 and high T3 levels, appeared on the third day 
after resumption of the TH synthesis. The thyroid gland of Mct8-
KO mice continued to contain significantly more non-Tg-T4 and 
non-Tg-T3 (P < 0.0001) than the glands of WT mice.

In order to determine whether intrathyroidal deiodination played a 
role in the relatively greater difference of the non-Tg-T3 to non-Tg-T4  

Figure 1
Diagrammatic representation of the steps involved in TH synthe-
sis. All have been characterized at the molecular level, except 
for that involved in TH secretion. The latter, mediated through 
putative transporters, is indicated by question marks.

Figure 2
The dynamics of rebound of TH synthesis and secre-
tion after chemical suppression was stopped. Shown 
are serum total T4 (A) and total T3 (B) concentrations 
and thyroidal non-Tg-T4 (C) and non-Tg-T3 (D) con-
tent (T4 and T3 in the thyroid gland not within the Tg 
molecule) at baseline and at 0, 1, and 3 days after 
withdrawal of LoI/MMI/ClO4. Data are expressed as 
mean ± SEM. At 1 day, serum T4 and T3 levels in 
Mct8-KO mice were significantly lower as compared 
with those in WT mice (A and B); in contrast, their 
thyroid gland content of non-Tg-T4 and Tg-T3 was sig-
nificantly higher (C and D). The characteristic thyroid 
function test abnormalities of Mct8-KO mice mani-
fested only on the third day after resumption of the 
TH synthesis. **P < 0.01, ***P < 0.001, †P < 0.0001.
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ratio in Mct8-KO compared with WT mice (at day 1: 1.03 ± 0.18 vs. 
0.61 ± 0.07; at day 3: 0.55 ± 0.02 vs. 0.16 ± 0.02), we measured the D1 
enzymatic activity in their thyroid glands at 1 and 3 days after stop-
ping LoI/MMI/ClO4. No significant differences were found at either 
time (at day 1: 531.5 ± 52.1 vs. 535.7 ± 32.3 pmol/h/mg protein; at 
day 3: 482.0 ± 33.9 vs. 501.8 ± 14.3 pmol/h/mg protein). These data 
show that the lower serum T4 and T3 levels of Mct8-KO mice early 
after stopping suppression of TH synthesis cannot be explained by 
changes in deiodination. More importantly, the higher intrathyroi-
dal content of non-Tg-T4 and non-Tg-T3 in Mct8-KO mice, associ-
ated with the lower TH levels in the serum, indicate that Mct8-KO 
mice might have a defect in TH secretion.

Localization of Mct8 in the thyroid gland. To examine whether Mct8 
was expressed in the thyroid gland and determine its subcellular 
distribution, we prepared frozen sections from thyroid glands of 
WT and Mct8-KO mice. The sections were stained with an antibody 
against the carboxyl terminus of the mouse Mct8 molecule and 
imaged on a confocal microscope. Mct8 was localized at the baso-
lateral membrane of thyroid follicular cells, compatible with a puta-
tive export function (Figure 3A). No Mct8 labeling was detected in 
thyroid sections from the Mct8-KO mice. Immunoblot analysis con-

firmed that Mct8 was expressed in the thyroid glands of WT 
animals but not in those of Mct8-KO mice (Figure 3B).

Thyroid gland weight, histology, and TH content. Thyroid 
glands were significantly bigger in the Mct8-KO mice. At 
14 weeks of age, mean thyroid gland weights of WT and 
Mct8-KO mice were 2.6 ± 0.3 and 4.1 ± 0.2 mg, respectively  
(P < 0.001), with thyroid weight to body weight (BW) 
ratios of 0.093 ± 0.01 and 0.16 ± 0.01 mg/g, respectively 
(P < 0.001). On initial microscopic examination, the sec-
tions stained with H&E showed no gross histological 
differences between the two genotypes (Figure 4A). How-
ever, quantitative examination of 200 thyroid follicles/

genotype with ImageJ software showed that Mct8-KO mice had 
an increase in the whole follicle area as compared with the WT 
mice, due to an increase of both thyrocyte and colloid areas, 
while the mean number of thyrocytes per follicle was similar in 
the two genotypes (Figure 4B).

At 14 weeks, thyroid glands of Mct8-KO mice contained 2.3-fold 
(P < 0.001) and 1.5-fold (P < 0.01) more non-Tg-T4 and non-Tg-T3, 
respectively, than WT mice. Figure 5, A and B, shows data obtained 
in 14 mice per genotype. The difference was significant whether 
expressed as nanograms of the hormone per thyroid weight or per 
amount of protein (the latter is shown in Figure 5). The non-Tg-T3 
to non-Tg-T4 ratio was not significantly different.

Similarly, the levels of Tg-T4 and Tg-T3 were significantly increased 
in the thyroid glands of Mct8-KO mice (Figure 5, C and D). At 14 
weeks, the thyroidal content of Tg-T4 in WT mice was 1,381 ± 77 and 
in Mct8-KO mice, 2,579 ± 173 ng/mg protein (P < 0.001); the Tg-T3  
in WT mice was 88.2 ± 6.4 ng/mg protein and in Mct8-KO mice,  
188.3 ± 13.3 ng/mg protein (P < 0.001). The Tg-T3 to Tg-T4 ratio was 
again not significantly different between the two genotypes.

In order to determine whether these abnormalities in thyroidal 
TH content were already present at younger age, we examined the 

Table 1
Intrathyroidal Tg-T4 and Tg-T3 of WT and Mct8-KO mice at 0 and 1 day 
after withdrawal of LoI/MMI/ClO4

	 Tg-T4 (ng/mg protein)	 Tg-T3 (ng/mg protein)
	 WT	 Mct8-KO	 WT	 Mct8-KO
0 days	 7.54 ± 1.78	 6.70 ± 2.75A	 7.72 ± 3.01	 5.00 ± 0.34A

1 day	 46.64 ± 9.58	 53.56 ± 8.46A	 11.93 ± 1.29	 14.89 ± 2.52A

Values are expressed as mean ± SEM. AP > 0.05 versus WT.

Figure 3
Intrathyroidal expression and localization of the Mct8 protein. (A) Immunoconfocal images from cryosections of thyroid glands prepared from 
WT and Mct8-KO mice colabeled with anti-Mct8 antibody (red) and PNA lectin (green). Merged images are shown overlaid on the differential 
interference contrast image. Mct8 immunolabeling was detected at the basolateral membrane of thyrocytes (arrow) of WT mice, while no labeling 
was detected in thyroid sections from Mct8-KO mice. PNA lectin labeled the thyrocyte plasma membranes in sections from both WT and Mct8-
KO mice. F, follicle. Scale bars: 20 μm. (B) Immunoblot analysis of detergent-soluble protein lysates prepared from thyroid glands of WT and 
Mct8-KO mice probed with antibodies to Mct8 and to β-actin as a loading control. Samples from WT mice show a band of 52 kDa, corresponding 
to Mct8. This band was absent in samples from Mct8-KO mice.
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thyroid glands of 6 Mct8-KO mice and 6 WT littermates 18 days 
after birth (2.6 weeks). At this age, the Mct8-KO mice already had 
the characteristic thyroid function test abnormalities, a lower 
serum T4 level than WT mice (1.3 ± 0.1 vs. 5.1 ± 0.3 μg/dl, P < 0.001) 
and higher T3 (127 ± 3 vs. 99 ± 5 ng/dl, P = 0.001) and TSH levels 
(45 ± 11 vs. 15 ± 3 mU/l, P = 0.03). As in older mice, the thyroidal 
content of non-Tg-T4 and non-Tg-T3 in Mct8-KO mice was higher 
than in the WT mice (Figure 5, A and B). However, unlike in the  
14-week-old mice, the content of Tg-TH was not different between 
the two genotypes (Figure 5, C and D). The observation that the 
difference in non-Tg-T4 and non-Tg-T3 was present at a younger 
age but that of Tg-T4 and Tg-T3 became significant only at a later 
age suggests that the reduction in the secretion of 
iodothyronines might be responsible for the intra-
thyroidal accumulation of stored iodothyronines.

Kinetics of TH secretion. The data presented above, 
indirectly suggesting a putative role of Mct8 on TH 
secretion, prompted us to carry out further experi-
ments. Eight Mct8-KO mice and 8 WT littermates 
were fed low-iodine diet for 2 weeks. After the i.p. 
administration of 5 μCi 125I, the amount of radioac-
tivity in thyroid glands and that in serum were deter-

mined at different time intervals over the period of 72 hours. The 
peak thyroid 125I uptake occurred at 8 hours after the administra-
tion of the radioiodide in both genotypes and was of similar levels 
(62.3% ± 3.3% vs. 65.0% ± 2.6% of injected dose in WT vs. Mct8-
KO, respectively; NS), reflecting the similar levels of serum TSH in 
Mct8-KO and WT mice after 2 weeks of low-iodine diet (110 ± 19 
and 82 ± 13 mU/l, respectively; NS). Thereafter, thyroidal radioac-
tivity decreased progressively (Figure 6A) while appearing in serum 
as trichloroacetic acid–precipitable (TCA-precipitable) radioactiv-
ity (Figure 6B). In the Mct8-KO mice, both the rate of radioiodine 
disappearance from the thyroid gland and the appearance of 
labeled iodothyronines in serum were significantly reduced (Figure 
6, A and B). At 72 hours, the thyroid glands of Mct8-KO mice still 
contained 71% of the maximal 125I uptake, while the WT glands 
contained only 30% (Figure 6A). In agreement with the reduced 
secretion, at this time point the thyroidal content in radioactivity, 
measured as TCA-precipitable radioactivity after hydrolysis (Tg-
iodothyronines) and without hydrolysis (non-Tg-iodothyronines), 
was 5.3-fold (P < 0.001) and 2.4-fold (P = 0.06), respectively, higher 
in Mct8-KO than WT mice. These findings indicate an accumula-
tion of newly synthesized iodothyronines as a result of decreased 
secretion from the thyroid glands of Mct8-KO mice.

Secretion of stable T4 from the thyroid gland. To confirm the data 
generated by the kinetic analysis of newly synthesized TH after 
depletion of the iodine stores, we measured the acute release of 
stable T4 in serum of animals with a normal iodine content after 
a single injection of 2 mU of bovine TSH. Mct8-KO and WT mice 
were pretreated with supraphysiological doses of L-T3 (10 μg/100 g  
BW/d for 4 days) to eliminate the effect of endogenous TSH and 
to reduce the basal concentration of T4 (see legend to Figure 7).  
As shown in Figure 7, the secretion of T4 was significantly 
reduced in the Mct8-KO as compared with the WT animals at 

Figure 4
Histology of WT and Mct8-KO mouse thyroid glands. (A) Low- (left) 
and higher-power (right) views of H&E-stained sections from thyroid 
glands of 14-week-old WT and Mct8-KO mice. Scale bars: 100 μm. (B) 
Morphometric analysis of thyroid gland sections showing the number 
of cells per follicle, whole follicle area, average thyrocyte size, and col-
loid-containing area (for details, see Methods). The data are expressed 
relative to WT and presented as mean and variance.

Figure 5
Thyroidal TH content. Non-Tg-T4 (A) and non-Tg-T3 (B) 
(T4 and T3 in the thyroid gland not within the Tg mol-
ecule), and Tg-T4 (C) and Tg-T3 (D) (T4 and T3 contained 
within the Tg molecule) of WT and Mct8-KO mice 2.6 
and 14 weeks old. Bars represent the mean ± SEM.  
*P < 0.05, **P < 0.01, ***P < 0.001.
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all time points after the administration of TSH. At 3 hours, cor-
responding to the peak serum T4 concentration, the mean T4 
increment was 1.6 ± 0.1 vs. 1.2 ± 0.1 μg/dl (P = 0.004) in the WT 
and Mct8-KO mice, respectively.

We next checked whether the decreased TH secretion in knock-
out mice was due to constitutive differences in the expression of 
the TSH receptor or in the expression of the genes that are regu-
lated by TSH. No differences were found in these, measured at 
baseline, or in D1 enzymatic activity (Figure 8, A and B). These 
results provide further evidence that in the Mct8-KO mice, there is 
an impairment in the efflux of T4 from the thyroid gland.

Thyroid function and thyroidal TH content in WT and Mct8-KO mice 
during the course of iodine depletion. The previous observation that 
the serum TSH levels did not increase after 2 weeks of treat-
ment with low-iodine diet in the Mct8-KO mice remained unex-
plained. To understand whether this could be related to a defect 
in TH secretion of the Mct8-KO mice, we fed 4 different groups of  
5–6 mice per genotype a low-iodine diet for 1, 2, 4, and 6 weeks, 
respectively. TSH, T4, and T3 concentrations in serum as well as 
the content of the two iodothyronines in the thyroid glands, both 
non-Tg-TH and Tg-TH, were measured in all the groups and com-
pared with those in the untreated baseline group. Measurement 
in serum showed that the mean circulating TSH levels, lower at 
baseline in the WT mice, increased to reach the same values as in 
Mct8-KO mice after 1 week of low-iodine diet, then became sig-
nificantly higher in the WT mice at 2 and 4 weeks and eventually 
reached the same levels in both genotypes at 6 weeks (Figure 9A). 
This trend reflected the progressive and greater increase in TSH 
levels in the WT mice during the initial 2 weeks of iodine defi-
ciency. Compared with that in the WT mice, the serum TSH in the 
Mct8-KO mice increased significantly relative to baseline values 
only after 4 and 6 weeks of low-iodine diet. As a consequence of 
the serum TSH rise in both genotypes, the thyroid gland weights 
increased, producing at 4 weeks histological features typical of 
hyperplastic goiter (Figure 9, D and E). The difference in magni-
tude of the TSH increase between WT and Mct8-KO mice could 
be explained by the greater decrease in serum T4 values in the WT 

than in the Mct8-KO mice (Figure 9B). In fact, at 2 weeks, whereas 
in the WT the serum T4 levels were only 17.8% of their baseline 
values, in the Mct8-KO they were still 45% (Figure 9B). We could 
not correlate exactly TSH and T4 values at 4 and 6 weeks, because 
the latter were in both genotypes below the limit of detection for 
our assay. The pattern of changes in circulating T3 was different 
from that described for T4. In the WT mice, serum T3 increased 
after 1 week, then decreased again to baseline values and remained 
stable in all the following weeks of treatment (Figure 9C). This is 
compatible with preferential production of T3 present in condi-
tions of iodine deficiency (20, 21). Similarly, in the Mct8-KO mice, 
serum T3 remained stable and equal to the baseline values until  
2 weeks but decreased significantly at 4 and 6 weeks, reaching at  
6 weeks the same absolute levels as in WT mice (Figure 9C).

Measurement of the thyroid gland content of iodothyronines 
showed that in Mct8-KO mice the rate of decrease in Tg-T4 and Tg-T3  
content was lesser than in WT mice at 1 and 2 weeks (Figure 10, A 
and B). By the 4th and 6th weeks, WT and Mct8-KO mice showed 
the same values, which were at the limit of the assay detection. In 
contrast, the content of non-Tg-T4 and non-Tg-T3 decreased less 
in Mct8-KO than WT mice until 4 weeks, when their levels in the 
thyroid were still higher than in WT mice (Figure 10, C and D).

These data show that in a condition in which the TH synthesis 
is reduced or inhibited, as in iodine deficiency, because of a defect 
in TH hormone secretion in Mct8-KO mice, the depletion in the 
thyroidal hormone content is slower, especially in non-Tg-hormone 
content. As a consequence, compared with WT mice, Mct8-KO mice 
can maintain relatively higher serum TH levels for a longer time.

Figure 6
Kinetic TH secretion from the thyroid gland of WT and Mct8-KO mice. 
Adult animals were given 125I, and, at indicated time intervals, the 
radioactivity was determined in their thyroid glands by counting in vivo 
and in serum samples (see Methods). Results of thyroidal radioactivity 
are expressed as percent of the maximal 125I uptake, being 100% at  
8 hours (A). The results of serum TCA-precipitable radioactivity (iodo-
thyronines 125I) are expressed as percentage of the injected 125I dose 
per milliliter of serum (B). *P < 0.05, ***P < 0.001, †P < 0.0001.

Figure 7
T4 secretion following the administration of TSH. Mice were pretreat-
ed with L-T3 in order to suppress endogenous TSH and T4 prior to 
the administration of bovine TSH. Serum T4 concentration was mea-
sured before and 1.5, 3, and 4.5 hours after injection. The response 
of T4 was significantly reduced in the Mct8-KO as compared with 
WT mice at all time points. At time 0 (after L-T3 treatment), serum T4 
was 0.36 ± 0.02 and 0.44 ± 0.10 μg/dl in the WT and Mct8-KO mice, 
respectively (NS). Values are expressed as mean ± SEM of serum 
T4 increment. **P < 0.01, ***P < 0.001.
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Expression of TH transporters in thyroid glands. To determine whether  
there is redundancy in the expression of TH transporters in the 
thyroid gland, we measured by quantitative PCR (qPCR) the 
mRNA levels of Mct8 and the other putative TH transporters in the 
WT mouse. As shown in Figure 11A, Mct8 was most abundantly 
expressed. Compared with Mct8, Mct10 was expressed at 14%, Lat1 
at 0.9%, and Lat2 at 0.5%. Other TH transporters were undetectable 
(Table 2). In search for compensatory mechanisms, we also looked 
for differences in the mRNA levels of Mct10, Lat1, and Lat2 in Mct8-
KO as compared with WT mice and found none (Figure 11B).

Discussion
The mechanism involved in the secretion of TH from the thyroid 
gland into the blood circulation has remained up to now an enig-
ma. For many years, this process has been commonly attributed 
to passive diffusion of the small lipophilic hormone molecules 
through the plasma membrane of thyrocytes (22). This statement, 
however, ignores the fact that secretion of TH is a polarized pro-
cess; the hormone is released across the basolateral membrane of 
thyroid follicular cells, adjacent to the capillary bed. In addition, 
studies from different laboratories over the past few decades have 
shown that influx and efflux of both T3 and T4 across plasma 
membrane requires facilitated and/or active transport systems  
(8, 9, 23). From these data, it seems reasonable to postulate the 
existence of a putative transport system localized at the basolateral 
membrane of thyrocytes.

In the present work, we have addressed the role of Mct8 in TH 
secretion. To accomplish this goal, we used Mct8-KO mice, which we 
generated by homologous recombination (14). Characterizing the 
phenotype of these mice revealed that Mct8 mediates, at least in part, 
the transport of TH from the thyrocytes into the bloodstream.

As shown by us and another group (14, 15), Mct8-KO mice fully 
replicate the endocrine aberrances observed in humans, including a 
low concentration of the precursor T4. This latter finding cannot be 
fully accounted for by the tissue-specific increase in D1 and D2 and 
decrease in D3 activities or by the defective TH cell entry, found in 
Mct8-KO mice and considered so far as the mechanisms responsible 
for the thyroid phenotype in humans and mice (14, 15).

We studied the sequence in which thyroid function test abnor-
malities develop in Mct8-KO mice from birth to adulthood (24) 
and found that low serum T4 precedes the increase in serum T3 
levels, suggesting that another mechanism in addition to that of 
T4 consumption through excess deiodination is responsible for the 
low serum T4 level in Mct8-KO mice. The idea that the low serum T4 
concentration could result from a defect in its secretion from the 

thyroid gland and therefore the involvement of Mct8 in this pro-
cess was suggested by the pattern of T4 and T3 release after stop-
ping suppression of endogenous TH production. After 2 weeks of 
treatment with methimazole, perchlorate, and low-iodine diet, T4 
and T3 levels were suppressed to the same level in both genotypes. 
The amount of T4 and T3 in serum measured early following release 
of chemical blockage was significantly lower in Mct8-KO com-
pared with the WT mice. The characteristic high serum T3 of Mct8 
deficiency manifested later. In contrast to serum, thyroid gland 
content of non-Tg-T4 and non-Tg-T3 in Mct8-KO mice was sig-
nificantly higher than that of WT littermates, indicating that the 
thyroid glands of Mct8-KO mice might have a defect in the release 
of hormone into the circulation. The finding that Mct8-KO mice 
accumulate larger amounts of non-Tg-TH in their thyroid glands 
was confirmed in other measurements performed in mouse thy-
roid glands in the basal condition. The thyroid glands of Mct8-KO 
mice contained at baseline 2.3- (P < 0.001) and 1.5-fold (P < 0.01) 
more non-Tg-T4 and non-Tg-T3, respectively, than WT mice. The 
measurement of TH content after hydrolysis of Tg showed that 
the same mice also accumulated in their thyroid glands Tg-bound 
hormones (almost double the amount of Tg-T4 and Tg-T3 than in 
WT mice). This latter phenomenon seems to be a consequence of 
the progressive accumulation of the non-Tg hormonal fractions. 
In fact, while we found an increased content of non-Tg-TH already 
in 2.6-week-old mice, the increase of Tg-TH manifested only in 
the adult mice (14 weeks old). It is possible that the progressive 
accumulation of non-Tg-hormones in the thyrocytes inhibits the 
endocytosis and/or degradation of Tg. However, the mechanism 
involved requires further investigation. The increased colloid areas 
in the thyroid glands of Mct8-KO mice, observed on morphologi-
cal examination, reflects this increase in the TH content. Of note 
is that the T3 to T4 ratio either as non-Tg- or as Tg-hormones was 
conserved in the thyroids of Mct8-KO mice, indicating that there is 
no preferential synthesis of T4 and/or generation of T3. The enzy-
matic activity of iodothyronine deiodinase 1 in the thyroid gland 
was not increased in Mct8-KO mice. Furthermore, mice deficient 
in both Mct8 and the two deiodinases, 1 and 2, had higher intra-
thyroidal non-Tg-T3 and non-Tg-T4 content than mice deficient in 
the deiodinases only (our unpublished observations). Thus, intra-
thyroidal deiodinases have no role in the observed accumulation 
of non-Tg-TH in Mct8-KO mice.

The immunohistochemical localization of the Mct8 protein 
at the basolateral membrane of thyrocytes (secretory surface) 
lent further credence to the hypothesis that this transporter is 
involved in hormone secretion. However, only the results of the 

Figure 8
Effect of Mct8 deficiency on the expression of genes that 
regulate thyroid gland activity, hormone synthesis, and 
metabolism. (A) The transcript levels of the TSH recep-
tor and genes regulated by TSH and (B) the enzymatic 
activity of D1 in the thyroid glands of Mct8-KO and WT 
mice. Values in A are relative to WT. Data are expressed 
as mean ± SEM.
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experiments assessing directly the secretion allowed us to demon-
strate this new role of MCT8.

Administration of 125I to Mct8-KO and WT mice was used to 
determine the rate of iodothyronine secretion in vivo. The peak 
thyroidal uptake of 125I occurred at the same time and reached the 
same values in the Mct8-KO and WT mice, in agreement with their 
similar TSH levels after 2 weeks of low-iodine diet. However, in 
Mct8-KO mice, there was a marked reduction in the rate of thy-

roidal release and appearance of the labeled hormones in serum. 
According to the “last-come-first-served” phenomenon (25, 26), 
the latter represent the newly synthesized iodothyronines. At 72 
hours, the very low levels of labeled hormones in serum of Mct8-
KO mice were associated with a high degree of retention of the 
maximal 125I taken by the gland (71% vs. the 30% present in the 
thyroid glands of WT mice). Consistent with a defective secre-
tion, measurement of thyroidal content in radioactivity after TCA 

Figure 9
Effect of low-iodine diet on thyroid function of WT and Mct8-KO mice. Shown are serum TSH (A), T4 (B), and T3 (C) concentrations. Values are 
expressed in absolute amount (bars) and as percentage of the mean baseline value of the corresponding genotype (lines). (D) Effect of TSH 
increase produced by low-iodine diet on thyroid gland weight. Data are expressed as mean ± SEM. (E) Low- (top panels) and higher-power 
(bottom panels) views of H&E-stained sections from thyroids of WT and Mct8-KO mice after 4 weeks of low-iodine diet. The rise in serum TSH in 
both genotypes produced typical histological features of hyperplastic goiter (compare sections from untreated mice, Figure 4A). Note the larger 
glands of WT animals at 4 weeks. Scale bars: 500 μm. *P < 0.05, **P < 0.01, ***P < 0.001, †P < 0.0001.
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precipitation, prior to or following hydrolysis, showed that the 
increased content in thyroidal radioactivity in Mct8-KO mice cor-
responded to a higher content of non-Tg- and Tg-TH.

Analogous results were obtained studying T4 secretion after 
acute stimulation with exogenous TSH. A single injection of TSH 
in mice pretreated with L-T3 elicited a lesser secretion of T4 from 
the thyroid glands of Mct8-KO as compared with WT mice. We 
excluded the possibility of reduced sensitivity of Mct8-KO mice to 
TSH. In fact, at baseline we found no differences in the expression 
of the TSH receptor gene, which mediates the effects of TSH (27), 
or other genes that are regulated by TSH, such as Nis (28, 29), Tg (30, 
31), and Tpo (30, 32), and the enzymatic activity of D1, regulated  
also by cAMP (33). Except for the defect in the secretion, Mct8-KO 
mice did not present any features found in mice with defective thy-
roidal response to TSH (34–36). They had normal iodine uptake, 
Tg iodination, iodothyronine coupling, and proliferative response 
to TSH and to goitrogens.

Further support for the presence of defective TH secretion in 
mice lacking Mct8 came from the observation that with the imple-
mentation of a low-iodine diet, their thyroidal Tg-TH and non-
Tg-TH content decreased more slowly. Indeed, in the Mct8-KO 
mice the rate of decrease of Tg-TH content was lesser than in WT 
mice after 1 and 2 weeks of low-iodine diet. Thyroidal Tg-T4 and 
Tg-T3 attained the same degree of reduction in WT and Mct8-KO 
mice only after 4 weeks of iodine deficiency, when both reached 
the same absolute amounts. For the non-Tg-TH content, the dif-
ferences between the two genotypes persisted until 4 weeks. This 
latter finding shows that even when the stored hormone is virtu-
ally completely depleted (see the undetectable Tg-iodothyronines), 

Mct8-KO mice continue to have, because of the defect in the secre-
tion, higher non-Tg-TH content than the WT mice. As a result of 
the slower thyroidal TH depletion, the Mct8-KO mice showed over-
all lesser decline in serum T4 level than WT mice, and, therefore, 
their serum TSH levels rose more slowly (see difference at 4 weeks 
of low-iodine diet, Figure 9, A and B).

The finding of an important defect in the TH secretion in Mct8-
KO mice suggested that Mct8 is an important TH transporter 
expressed in the mouse thyroid gland. To confirm this assump-
tion, we measured the expression levels of Mct8 and the other 
known putative TH transporters in the thyroid glands of WT mice. 
Of the studied TH transporters, Mct8 was the most abundantly 
expressed, followed by Mct10, with a mean mRNA level 14% that 
of Mct8 and Lat1, and Lat2 trailing at 0.9% and 0.5%. Of these last 
3 transporters, only Mct10 has been reported to have a high affin-

Table 2
mRNA levels of TH transporters in WT mouse thyroid gland

TH transporter	 Gene copies/ng total RNA
Ntcp	 <0.1
Oatp1a1	 <0.1
Oatp1a4	 <0.1
Oatp1b2	 <0.1
Oatp1c1	 <0.1
Oatp3a1	 <8
Oatp4a1	 <0.2
Oatp1a5	 <2

    

Figure 10
Effect of low-iodine diet on thyroidal TH con-
tent of WT and Mct8-KO mice. Content of 
Tg-T4 (A) and Tg-T3 (B) (T4 and T3 contained 
within the Tg molecule) and non-Tg-T4  
(C) and non-Tg-T3 (D) (T4 and T3 in the 
thyroid gland not within the Tg molecule). 
Values are expressed in absolute amount 
(bars) and percentage of the mean base-
line value of the corresponding genotype 
(lines). *P < 0.05, **P < 0.01, #P < 0.001, 
†P < 0.0001.



research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 120      Number 9      September 2010	 3385

ity for iodothyronines and to be able to stimulate the efflux of 
TH, though still less than Mct8 (37). The other 8 TH transporters 
studied were undetectable in thyroid tissue. In addition, the lack of 
Mct8 was not compensated by an increase in the expression of the 
other transporters, such as Mct10, Lat1, and Lat2, that were equally 
expressed in thyroid glands of Mct8-KO and WT mice.

In light of all the results presented herein, we can conclude that 
Mct8 is an important TH transporter involved in the secretion of 
TH from the mouse thyroid gland. This study is the first to our 
knowledge to demonstrate a molecular mechanism mediating TH 
secretion. In addition, it shows that the low serum T4 present in 
Mct8 deficiency is due not only to the consumptive effect caused 
by the increase in 5′ deiodination, but also to a defect of TH secre-
tion from the thyroid gland. However, our results do not exclude 
the involvement of other known or not-yet-identified TH trans-
porters in TH secretion.

Does MCT8 play the same role in human as in the mouse thy-
roid gland? A recent study reported that MCT8 is expressed in the 
human thyroid gland. Using qPCR, Nishimura and Naito (38) 
demonstrated that human MCT8 is expressed abundantly in the 
thyroid gland. In addition, similar to our results in mice, MCT10 
mRNA in the human thyroid is 14.3% that of MCT8 (38). Since 
mice and humans deficient in MCT8 present the same thyroid phe-
notype, it is likely that they share the same pathogenic mechanisms, 
and, therefore, the molecular mechanism regulating TH secretion 
described in this study for mice could also exists in humans.

Methods
Experimental animals. Procedures carried out in mice and described below 
were approved by the University of Chicago Institutional Animal Care 
and Use Committee. Animals were housed in temperature- (22 ± 2°C) 
and light-controlled (12-hour light/12-hour dark cycle; lights on at  
7 am) conditions and had free access to food and water. Mct8-KO mice 
were generated as described previously (14). Unless specified otherwise, 
each experiment was carried out on different groups of 10- to 14-week-old 

male WT (Mct8+/y) and KO (Mct8–/y) littermates derived from more than 10 
backcrossings of heterozygous females (Mct8–/+) with WT males (Mct8+/y) 
of the C57BL/6J strain. The genotype was confirmed by PCR of tail DNA 
(38 cycles at 55°C annealing temperature) using the following primers: 
forward common: 5′-ACAACAAAAAGCCAAGCATT-3′; reverse WT spe-
cific: 5′-GAGAGCAGCGTAAGGACAAA-3′; reverse knockout specific: 
5′-CTCCCAAGCCTGATTTCTAT-3′. Using this procedure, the WT allele 
generated a 476-bp product and the null allele a 239-bp PCR product. All 
animals were humanely euthanized.

Suppression of endogenous TH production. The endogenous TH production 
was suppressed with low-iodine diet (Harlan Teklad Co.) and the addition 
of 0.02% of methimazole (Sigma-Aldrich) and 0.5% perchlorate (Sigma-
Aldrich) in the drinking water (LoI/MMI/ClO4). After 2 weeks, mice were 
divided into 3 groups of 8 (4 per genotype). One group was euthanized at 
this same time, while the other 2 were placed on regular diet and water and 
euthanized 1 and 3 days later, respectively.

Bovine TSH stimulation test. A single injection of 2 mU of bovine TSH 
(Sigma-Aldrich) was given i.p. to mice pretreated for 4 days with 10 μg/100 g  
BW/d of L-T3 (Sigma-Aldrich). Blood was obtained before and 1.5, 3, and 
4.5 hours after bovine TSH injection for the measurement of T4. The opti-
mal TSH dose and time of blood sampling were established by dose and 
time course experiments carried out in WT mice (39). In these experiments, 
the peak value was reached at 3 hours (39).

Treatment with low-iodine diet. The low-iodine diet used (Harlan Teklad 
Co.) for this experiment is a modification of the Remington diet contain-
ing less than 0.05 mg/kg of iodine (or <0.05 ppm).

Kinetic studies of hormone secretion from the thyroid gland using 125I. As in the 
McKenzie assay, used in the past for determination of the long-acting 
thyroid stimulator (40), mice weighing 25–30 g (no significant difference 
between the genotypes) were depleted of iodine with a low-iodine diet 
(Harlan-Teklad) for 2 weeks and then given a single i.p. injection of 5 μCi 
carrier-free 125I (PerkinElmer). The radioactivity was measured in serum 
samples 8, 20, 32, 44, 56, and 72 hour, after the 125I injection. At the same 
time points, the radioactivity in the mice thyroid glands was also measured 
in vivo, using the small probe of the Navigator gamma positioning system 
(ABS Medical). The difference between counts over the thyroid and thorax 
was attributed to thyroidal 125I. The experiment was terminated 72 hours 
after the 125I injection. Mice were anesthetized and, after a blood sample 
was obtained for serum counting, were perfused with heparinated saline to 
remove blood from thyroid gland prior to harvesting and counting.

The amount of radioactivity in serum samples and in excised thyroid glands 
was measured in a gamma scintillation counter (Cobra II Auto-Gamma, Pack-
ard) and expressed as percentage of injected dose. These calculations were 
carried out by counting 125I standards under the same conditions. The serum 
125I-labeled protein fraction representing labeled iodothyronines was mea-
sured in 50 μl of serum precipitated with 10% TCA (Fisher Scientific) and 
counted along with a standard in a gamma scintillation counter.

To measure the amount of radioactivity in thyroidal non-Tg- and Tg-
iodothyronines, we extracted thyroid glands with methanol-CaCl2 with-
out or with hydrolysis, respectively (see below), and following the protocol 

Figure 11
mRNA levels of Mct8 and the other TH transporters in mouse thyroid 
gland. (A) Transcript levels of Mct8 and other putative TH transporters 
were measured in the WT mouse thyroid gland by qPCR. Mct8 was 
the most abundantly expressed TH transporter. Bars represent the 
mean ± SEM. The numbers above the bars show the amount of mRNA 
as percentage of that of Mct8. (B) mRNA levels of Mct10, Lat1, and 
Lat2 in the thyroid of WT and Mct8-KO mice. Values are expressed 
as mean ± SEM.
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described in refs. 41, 42. They were then precipitated with TCA after addi-
tion of carrier serum (see above).

Blood and tissue collection. Blood was obtained from the tail vein or by 
retro-orbital puncture with a heparinated micropipette. For tissue collec-
tion, mice were perfused with heparinated PBS through a needle placed in 
the left ventricle when the tissue was required for measurement of TH con-
tent. Animals were perfused with the fixative when tissues were collected 
for histology and immunohistochemistry.

Iodothyronines and TSH determinations in serum. Serum total T4 and T3 
concentrations were measured by coated tube RIAs (Diagnostic Prod-
ucts) adapted for mouse using 25 and 50 μl serum, respectively. TSH was 
measured in 50 μl serum using a sensitive, heterologous, disequilibrium, 
double-antibody precipitation RIA (43).

Tg- and non-Tg-T4 and -T3 content in the thyroid gland. The entire thyroid gland 
was dissected from the surrounding tissues and homogenized in 150 μl of 
0.1 M phosphate buffer, pH 7, containing 1 mM EDTA and 4 mM DTT. 
The homogenate was then divided into aliquots used for the measurement 
of total and non-Tg-T4 and non-Tg-T3 content, mRNAs, and iodothyronine 
deiodinase enzymatic activity. For measurement of thyroidal total T4 and 
T3 content, 10 μl of thyroid homogenate was added to 60 μl lysis buffer  
(50 mM Tris-HCl, pH 8, 100 mM EDTA [Fisher Scientific], 100 mM NaCl, 
1% SDS [Bio-Rad], 1 mM propylthiouracil [Sigma-Aldrich]) followed by  
2 μl Proteinase K (Ambion). After hydrolysis for 2 hours at 37°C, the iodo-
thyronines were extracted with methanol-CaCl2, as previously described 
(41, 42). T4 and T3 content were measured by RIA. To measure the thyroidal 
content of non-Tg-T4 and non-Tg-T3, 40 μl of the thyroid homogenate was 
extracted without hydrolysis, and the procedure described above was fol-
lowed. The Tg-TH was calculated by subtracting corresponding non-Tg-TH 
from total TH measured after hydrolysis. For both, total and non-Tg-TH, 
recovery was monitored by addition of labeled iodothyronines before tis-
sue extraction, and the recovery rates ranged from 78% to 85%.

Immunohistochemical analysis. Thyroid glands were removed from perfused 
animals (see above) and postfixed overnight in 4% paraformaldehyde (Fisher  

Scientific) in PBS (pH 7.4). The fixed tissue 
was washed in PBS, then cryoprotected by 
equilibration with graded concentrations of 
sucrose (10%, 20%, and 30%) in PBS, embed-
ded in Tissue Freezing Medium (Triangle 
Biomedical Sciences), and frozen in liquid 
nitrogen. Frozen sections (8 μm) of thy-
roid glands were collected on Superfrost 
Plus slides (Fisher Scientific), air dried, and 
then stored at –80°C. For antibody label-
ing, sections were blocked with 5% BSA in 
PBS with 0.1% Tween 20 (Roche) for 1 hour 
and incubated overnight at 4°C with Mct8 
antibody (1:500). Sections were washed with 
PBS and incubated in 1:5,000 rabbit anti–
mouse Mct8 and 100 μg/ml biotinylated 
peanut agglutinin (PNA; Vector Laborato-
ries), which labels the cell membrane. Goat 
anti-rabbit IgG conjugated to Alexa Fluor 
555 and avidin–Alexa Fluor 488 (Molecular 
Probes) were used to detect anti-Mct8 and 
PNA binding, respectively. The buffer used 
for incubation with primary and second-
ary antibodies was 1% BSA and 0.1% Triton  
X-100 (Roche) in PBS. Sections were washed 
and coverslips were mounted with Gelva-
tol. Both primary and secondary antibod-

ies were diluted in 1% BSA in PBST, and phalloidin was diluted with 
PBS. Immunofluorescence labeling of tissue was visualized with a Zeiss 
LSM 510 confocal microscope (Zeiss Microscope Imaging Inc.). Images 
were exported in “tagged image file” format using LSM Image Brows-
er software (version 3,5,0,376, Zeiss Microscope Imaging Inc.). Single 
optical sections are shown, and adjustments of images were made to 
brightness and contrast only. The Mct8 antibody used in these studies 
was generated to the carboxyl terminus of mouse Mct8 (DPNGELLPG-
SPTPEEPI) by Ian Simpson (Hershey Medical Center, Hershey, Pennsyl-
vania, USA). The specificity of Mct8 antibody was demonstrated by the 
absence of labeling in tissue sections prepared from Mct8-KO mice and 
the presence of anti-Mct8 labeling in HEK293 cells overexpressing MCT8  
(data not shown).

Immunoblot analysis. The entire thyroid gland was dissected from the sur-
rounding tissues and homogenized in ice-cold lysis buffer (25 mM HEPES 
buffer, pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1% Triton X-100) containing 
protease inhibitors (Complete Mini, Roche) for 30 minutes on ice. Tis-
sue homogenates were centrifuged at 14,000 g at 4°C for 30 minutes and 
the cleared lysates removed for protein determination and immunoblot 
analysis. Lysates were diluted in 2× LDS sample buffer (Invitrogen), and 
equal amounts of protein were run on 4%–12% NuPAGE Bis-Tris gels 
(Invitrogen), then transferred electrophoretically from gels to Immobilon-P  
membranes (Millipore). Membranes were incubated for 1 hour at room 
temperature in blocking buffer (20 mM Tris, 137 mM NaCl, pH 7.5, 5% dry 
skim milk), followed by 1 hour incubation with primary antibodies and 
30 minutes incubation with HRP-conjugated secondary antibodies diluted 
1:5,000. Blots were probed with antibodies to Mct8 and to β-actin (Sigma-
Aldrich). Reactive bands were visualized with electrochemiluminescent 
Western blotting detection reagents (GE Healthcare Life Sciences).

Histological morphometry. Four randomly selected thyroid slides stained 
with H&E from 2 mice of each group were used for morphometry by 
NIH ImageJ software (http://rsb.info.nih.gov/ij/). Fifty thyroid follicles 
were analyzed from each slide, and the following parameters were quan-

Table 3
Oligonucleotide sequences used for the quantification of mRNAs by real-time PCR

	 Primer sequence

Gene	 Forward	 Reverse
Ttf1	 5′-GGTGCTGGGACTGGGATGT-3′	 5′-TCAAGATGTCAGACACTGAGAACG-3′
Tshr	 5′-TGTGTCTTCCACCAGCGTCA-3′	 5′-TGGTAGATGGGACCCCTCAA-3′
Tpo	 5′-GCTGTGACCGAAGATGACCA-3′	 5′-GCGGAGGAGCGGTAGAAAG-3′
Tg	 5′-GCCCACCATCTGTGGACTTC-3′	 5′-CATTCCCCTTTCACATCCCA-3′
Nis	 5′-GTGGGCCAGTTGCTCAATTC-3′	 5′-GTGCGTAGATCACGATGCCA-3′
Dehal1	 5′-ACACCGCCCCAGTTCTGAT-3′	 5′-ACCGTCACTAGCCCTGCATT-3′
Mct8	 5′-GTGCTCTTGGTGTGCATTGG-3′	 5′-CCGAAGTCCCGGCATAGG-3′
Mct10	 5′-GGCCGCATTGCTGACTATTT-3′	 5′-CAATGGGCGCCATGATAGA-3′
Lat1	 5′-CTGCTGACACCTGTGCCATC-3′	 5′-GGCTTCTTGAATCGGAGCC-3′
Lat2	 5′-CCAGTGTGTTGGCCATGATC-3′	 5′-TGCAACCGTTACCCCATAGAA-3′
Ntcp	 5′-CCCTCTCTGTGGCTGTCACA-3′	 5′-TGGACGTTTTGGAATCCTGTT-3′
Oatp1a1	 5′-AAGAGCCTCTGCTGCAATCC-3′	 5′-AGGCATACTGGAGGCAAGCTAT-3′
Oatp1a4	 5′-ACCTCCAATATGCCTCGGATATT-3′	 5′-TTGTGTTGCAGTCAGCAAGGA-3′
Oatp1b2	 5′-CAGCAGTTTGGTCAGACAGCAT-3′	 5′-GGTCAAGGTTAGGCCAGCAA-3′
Oatp1c1	 5′-AATTCTAGTGTGGCCGGACTGA-3′	 5′-CAGCAAGACAAGCCGACACAT-3′
Oatp3a1	 5′-TCTGAGTGCGCCTTGATGC-3′	 5′-AGAGAATCAGCGCCAGGTTG-3′
Oatp4a1	 5′-ATCGGCAAAGATCCTTTGCC-3′	 5′-TA ACGAAGCAGGAGCCCTG-3′
Oatp1a5	 5′-GGTCCTTGCTGACTGCAACA-3′	 5′-CCTGATGACTGAATGCAGCTG-3′
Pax8	 5′-CAGCAGTGGTCCTCGAAAGC-3′	 5′-GGTTGCGTCCCAGAGGTGTA-3′
β-actin	 5′-GGCCCAGAGCAAGAGAGGTA-3′	 5′-CTGGATGGCTACGTACATGGC-3′
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tified, as previously described (34): colloid-containing area, whole fol-
licle area, thyrocyte area (whole follicle area minus colloid area), number 
of visible nuclei, and average thyrocyte size (thyrocyte cell area divided 
by number of visible nuclei).

Measurement of specific mRNA content in the thyroid gland by qPCR. Total RNA 
was extracted using phenol/guanidine isothiocyanate (TRIzol, Invitrogen), 
and 2 μg total RNA was reverse transcribed using Superscript III RNase H 
Reverse Transcriptase Kit (Invitrogen) in the presence of 100 ng random 
hexamers. Reactions for the quantification of mRNAs by real-time qPCR 
were performed in an ABI Prism 7000 Sequence Detection System (Applied 
Biosystems), using SYBR Green I (Bio-Rad) as detector dye. The oligonucle-
otide primers were designed to cross introns. Primers used for the qPCR 
of thyroid transcription factor 1 (Ttf1), TSH receptor (Tshr), Tpo, Tg, Nis, 
iodothyrosine deiodinase (Dehal1), Mct8, Mct10, Lat1, Lat2, and other TH 
transporter mRNAs are listed in Table 3. The expression of genes was cal-
culated relative to that in the WT mice and normalized for the Pax8 gene, 
using the 2–ΔΔCT method (44). These results were similar to those obtained 
using as internal control β-actin mRNA.

For absolute quantitative assays of TH transporters, a standard curve was 
generated after amplification of known amounts of specific templates for each 
transporter gene to calculate the number of mRNA copies in each sample.

Measurement of D1 enzymatic activity in thyroid gland. D1 enzymatic activ-
ity in thyroid gland was measured as described previously (45) with the 
following modifications: 20 μg tissue homogenates in 100 μl reaction 
mixture containing 0.1 M phosphate buffer (pH 7), 1 mM EDTA, 10 mM 
DTT, 100,000 cpm [125 I]T4 (PerkinElmer), and 1 μM unlabeled T4 (Sigma-

Aldrich) were incubated at 37°C for 1 hour. The enzymatic activity was 
expressed in picomoles per hour and milligram of protein and was corrected  
for nonenzymatic deiodination observed in the tissue-free controls.

Statistics. All results are expressed as mean ± SEM. Statistical analysis was 
performed using 2-tailed Student’s t test for unpaired observations (com-
parison of values obtained in WT and Mct8-KO mice) and ANOVA with 
Fisher’s protected least significant differences (comparison among 3 or 
more groups). Logarithmic transformation of data was performed when 
SDs for different groups varied by more than 20-fold and sometimes by 
1,000-fold (see TSH). A P value less than 0.05 was considered significant.
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