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Abstract

Thyroid hormones (TH) are crucial for brain development; their deficiency during neurodevelopment impairs neural cell
differentiation and causes irreversible neurological alterations. Understanding TH action, and in particular the mechanisms
regulating TH availability in the prenatal human brain is essential to design therapeutic strategies for neurological diseases
due to impaired TH signaling during neurodevelopment. We aimed at the identification of cells involved in the regulation of
TH availability in the human brain at fetal stages. To this end, we studied the distribution of the TH transporters monocar-
boxylate transporter 8§ (MCTS) and organic anion-transporting polypeptide 1C1 (OATP1Cl1), as well as the TH-metabolizing
enzymes types 2 and 3 deiodinases (DIO2 and DIO3). Paraffin-embedded human brain sections obtained from necropsies
of thirteen fetuses from 14 to 38 gestational weeks were analyzed by immunohistochemistry and in situ hybridization. We
found these proteins localized along radial glial cells, in brain barriers, in Cajal-Retzius cells, in migrating fibers of the
brainstem and in some neurons and glial cells with particular and complex spatiotemporal patterns. Our findings point to an
important role of radial glia in controlling TH delivery and metabolism and suggest two additional novel pathways for TH
availability in the prenatal human brain: the outer, and the inner cerebrospinal fluid—brain barriers. Based on our data we
propose a model of TH availability for neural cells in the human prenatal brain in which several cell types have the ability
to autonomously control the required TH content.

Keywords Thyroid hormones - Human fetal brain - Thyroid hormone transporters - Deiodinases - Brain barriers - Radial
glial cells

Introduction

Thyroid hormones (TH), T4 (3,5,3',5'-tetraiodo-L-thyro-
nine or thyroxine), and T3 (3,5,3'-triiodo-L-thyronine) are
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exerted mainly by the interaction of the active hormone T3
with nuclear receptors and regulation of gene expression.
Studies in experimental animals indicate that TH control
neuronal migration, cortical lamination, cortical circuitry
formation, differentiation of neural cells, and myelination.
In humans, TH availability and action at critical prena-
tal stages may result in permanent and irreversible brain
damage unless adequate treatment is undertaken. Adverse
conditions include maternal hypothyroxinemia and hypo-
thyroidism during pregnancy, congenital hypothyroidism,
endemic cretinism, and mutations in T3 receptors, and in
the gene encoding the TH-specific transporter monocarbox-
ylate transporter 8 (MCT8) (DeLong 1993; Bernal 2007;
Morreale de Escobar et al. 2004; Dumitrescu and Refetoff
2013; Lopez-Espindola et al. 2014; Dumitrescu et al. 2004;
Friesema et al. 2004; Bernal et al. 2015).

The supply of TH for neural cells is regulated by TH
transporters and deiodinases. The transporters are inte-
gral membrane proteins that mediate the cellular influx
and efflux of TH. Studies in postnatal rodents have shown
that TH require transporters to cross the blood—brain bar-
rier (BBB) (Bernal et al. 2015), and to a lesser extent, the
blood—cerebrospinal fluid barrier (BCSFB) (Dratman et al.
1991). In the fetal brain there are two additional barriers,
the outer and the inner cerebrospinal fluid—brain barriers
(CSFBB) (Saunders et al. 2018). The outer CSFBB, formed
by intercellular junctions between pial leptomeningeal cells
and the basal end-feet of radial glial cells (RG) (Brochner
et al. 2015), restricts the passage of molecules from the CSF
in the subarachnoid space to the cerebral cortex. The inner
CSFBB, disappearing later in development, is formed by
strap junctions present in the neuroepithelial cells lining the
ventricular system that differentiate subsequently into RG.
This barrier restricts the exchange of substances between the
CSF and the ventricular zone (VZ) (Mollgard and Saunders
1986; Whish et al. 2015). It is unknown at present whether
brain TH availability is regulated by these barriers.

Experimental and clinical data point to MCTS8 and the
organic anion transporter polypeptide 1C1 (OATPICI) as
the major TH transporters in the brain (Dumitrescu et al.
2004; Friesema et al. 2004; Ceballos et al. 2009; Mayerl
et al. 2014; Vatine et al. 2017). MCTS is a highly spe-
cific transporter for T4 and T3, and other TH derivatives
(Friesema et al. 2003). OATP1C1 transports T4 and steroid
hormone metabolites (Westholm et al. 2009) and does not
transport T3. Previous studies have reported the presence
of MCT8 and OATPIC1 in the BBB and the BCSFB in the
fetal and adult human brain. MCT8 is abundant in both bar-
riers and OATP1C1 is high in the BCSFB but very low in
the BBB (Wirth et al. 2009; Chan et al. 2011, 2014; Roberts
et al. 2008; Friesema et al. 2012). MCTS8 and OATP1C1
have also been localized in ependymal cells, tanycytes and
neurons (Friesema et al. 2012; Wirth et al. 2009; Chan et al.
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2014; Alkemade et al. 2005, 2011). MCTS8 has also been
detected in cells of the VZ and subventricular (SVZ) zones
(Chan et al. 2014; Kallo et al. 2012).

The cellular availability of TH in the brain is also con-
trolled by the deiodinase enzymes types 2 (DIO2) and 3
(DIO3). DIO2 is an activating enzyme, generating T3 by
outer ring deiodination of T4. DIO3 inactivates T4 and T3
through inner ring deiodination, producing rT3 (3,3',5"-tri-
iodo-L-thyronine) from T4 and 3,3'-T2 from T3 (Gereben
et al. 2008). In humans, DIO2 and DIO3 localization has
been studied in the developing and adult hypothalamus.
DIO2 is localized surrounding blood vessels, and in the
choroid plexus, tanycytes, and astrocytes, and DIO3 in the
choroid plexus, and in hypothalamic neurons and axons
(Friesema et al. 2012; Alkemade et al. 2005; Kallo et al.
2012). Brain T3 is derived in part from the circulation, and
in part from local T4 deiodination in astrocytes (Guadafo-
Ferraz et al. 1997). In the fetus, most if not all brain T3 is
formed locally from T4 (Calvo et al. 1990; Grijota-Martinez
et al. 2011; Kester et al. 2004). As development proceeds
during postnatal stages the proportion of T3 derived from
the circulation increases, reaching around 50% of total brain
T3 (Crantz et al. 1982; Galton et al. 2007; Dumitrescu et al.
2006; Trajkovic et al. 2007; Morreale de Escobar et al. 2004;
Larsen et al. 1981). The current model of TH delivery to
the brain in rodents predicts that circulating T4 crosses the
BBB through MCT8 and OATPI1CI and is converted to T3
in astrocytes (Morte and Bernal 2014; Bernal et al. 2015).
MCTS is the main transporter for T3 but despite its presence
in the rodent fetal brain circulating T3 does not reach this
organ for unknown reasons (Grijota-Martinez et al. 2011).
The brain pool of T3 is, therefore, entirely dependent on
local production, and once formed, T3 would be available to
neural cells possibly through diverse membrane transport-
ers (Bernal et al. 2015). It is unknown whether this model
applies to humans. This is partially due to the limited knowl-
edge on the cellular distribution of transporters and deiodi-
nases in the human fetal brain. Indeed, fundamental differ-
ences must exist between humans and rodents since MCT3
deficiency in mice minimally affects the nervous system in
sharp contrast to patients with MCT8/SLC16A2 mutations
(Wirth et al. 2009). One possible explanation is the higher
abundance of OATPICI1 in the mouse BBB, compared to
humans and monkeys, permitting T4 uptake and conversion
to T3 in the absence of MCT8 (Roberts et al. 2008; Morte
and Bernal 2014; Ito et al. 2011).

The present work aims at a better understanding of the
entry pathways and the mechanisms regulating TH availabil-
ity during human prenatal neurodevelopment. To this end,
we have performed an extensive analysis of the regional and
cellular expression of MCTS8, OATP1C1, DIO2, and DIO3
in several human fetal brain regions at different gestational
ages, using immunohistochemistry and in situ hybridization
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techniques. We show that transporters and deiodinases dis-
play a complex expression pattern in the human fetal brain.
We propose a model that includes two novel entry pathways
for TH in the brain located in the cerebrospinal fluid—brain
interface. Our results also suggest, for the first time, a key
role for RG in the availability of TH during cerebral cortex
development, and in the generation of the active hormone
T3. We believe that these findings are relevant to therapeutic
approaches for neurological diseases with an origin in TH
imbalances at prenatal stages.

Materials and methods
Subjects and brain tissue

Paraffin blocks of brain tissue from 12 fetuses at gestational
weeks (GW) 14, 16, 20, 25, 30, 32, and 38 without known
brain pathology were provided by the IdiPAZ Biobank. The
samples included frontal, parietal, temporal and occipital
cortex, intermediate zone (IZ), SVZ, VZ, ventricular epi-
thelium, hippocampal formation, brainstem, choroid plexus,
and meninges. Blocks from a GW30 MCTS8-deficient fetus
(MCT8 mutation L494P) were provided by the Wolfson
Medical Center, Holon, Israel, and the Sackler School of
Medicine, Tel Aviv, Israel with written informed consent
from the parents (Online Supplementary Resource 1). All
procedures followed the 1964 Helsinki Declaration and were
approved by the ethics committee of our Institution (Con-
sejo Superior de Investigaciones Cientificas, permit number
SAF2011-2560). The smallest possible number of samples
was used to perform these studies and personal data were
treated anonymously.

Tissue processing

Upon collection, the tissue samples were fixed in 4% for-
maldehyde for 15 days, then postfixed in Bouin’s solution
for 6 h and embedded in paraffin using standard procedures.
Seven micrometer thin sections were examined histologi-
cally by hematoxylin—eosin staining (HT110332, HHS32,
Sigma-Aldrich, Darmstadt, Germany) following standard
protocols, and also by immunohistochemistry (IHC), immu-
nofluorescence (IF), and in situ hybridization.

Immunohistochemistry

Three MCT8 antibodies were used: a rabbit polyclonal
anti-MCT8 AB_611613 (IHC 1:700/IF 1:200, HPA003353
Atlas Antibodies, Bromma, Sweden) (Wirth et al. 2011);
a rabbit polyclonal anti-MCT8 hMCT81306 (IHC 1:100/
IF 1:50) (Alkemade et al. 2005) and a rabbit polyclonal
anti-MCTS8 XE045 (IHC 1:100, kindly donated by Roberts

2008). For OATP1C1 we used two antibodies: a rabbit
polyclonal anti-OATP1C1 hOATP1C13516 (IHC 1:500/
IF 1:100) (Alkemade et al. 2011) and a rabbit polyclonal
anti-OATP1C1 XE066 (IHC 1:200/IF 1:50, kindly donated
by Roberts 2008). The DIO2 antibody was the rabbit poly-
clonal AB_2261556 (IHC 1:100/IF 1:50, sc-98716 Santa
Cruz Biotechnology, Dallas, TX, USA) (Yamaguchi et al.
2012). The DIO3 antibody was the rabbit polyclonal abD3-
718 (IHC 1:700/1F 1:200) (Huang et al. 2002; Howard et al.
2011). We also used the following antibodies listed in the
JCN Antibody Database and registered in the Antibody Reg-
istry (http://antibodyregistry.org/): mouse monoclonal anti-
GFAP AB_477010 (IHC 1:200/IF 1:50, G3893, clone G-A-
5, Sigma-Aldrich, Darmstadt, Germany); mouse monoclonal
anti-vimentin AB_10013485 (IHC 1:200/IF 1:50, M0725,
clone V9, Dako, Santa Clara, CA, USA); mouse monoclonal
anti-nestin AB_2251134 (IHC 1:200/IF 1:50, MAB5326,
clone 10C2, Millipore, Darmstadt, Germany); mouse mon-
oclonal anti-reelin AB_2179313 (1:200, MAB5364, clone
G10, Millipore, Darmstadt, Germany) and goat polyclonal
anti-Olig2 AB_2157554 (1:30, RYD-AF2418, R&D Sys-
tems, Minneapolis, MN, USA). As secondary antibodies,
we used goat anti-rabbit biotinylated and horse anti-mouse
biotinylated (1:200, BA-1000, BA-2000, Vector Labora-
tories, Burlingame, CA, USA) and goat anti-rabbit IgG
AF488 and goat anti-mouse IgG AF546 (1:500; A11034,
A11030 Molecular Probes, Waltham, MA, USA).

Immunohistochemical procedures were performed
as previously described (Lépez-Espindola et al. 2014).
For immunofluorescence, tissues were incubated with
Alexafluor®-conjugated secondary antibodies, DAPI
counterstained (D1306, Molecular Probes, Waltham, MA,
USA), and coverslipped with Prolong (P36930, Molecu-
lar Probes, Waltham, MA, USA). To avoid methodologi-
cal differences, samples from the same brain regions at
different developmental stages were processed simultane-
ously for every antibody and with a negative control with-
out the primary antibody (Online Supplementary Resource
2). Whenever possible, to obtain more reliable results, the
same protein was analyzed with different antibodies against
different epitopes. The different antibodies for MCT8 and
for OATP1C1 gave similar immunostaining patterns. The
almost absence of MCTS8 immunoreactivity in the MCT8-
deficient fetus confirms the specificity of the MCTS anti-
bodies (Online Supplementary Resource 3). The immu-
noreactive staining patterns are qualitatively described as
weak, moderate or strong, compared to its maximum signal
observed in all regions and ages studied.

Radioactive in situ hybridization

Radioactive in situ hybridization combined with nestin
immunohistochemistry or counterstained with hematoxylin
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Fig.1 MCT8 immunostaining in the fetal cerebral barriers. Repre-
sentative photomicrographs showing immunohistochemical (brown
color) and immunofluorescence (green color) staining of MCTS in
the BBB (a—c), the meninges and the outer cerebrospinal fluid-brain
barrier (d-g), the blood—cerebrospinal fluid barrier (h) and the epi-
thelium of the fourth ventricle (i) in control fetuses at GW16 (d-h),
GW25 (a, i) and GW32 (b, ¢). Tissue sections were also counter-
stained with hematoxylin or DAPI (blue color). Arrows in a—c show
MCT8 immunostaining associated with blood vessels comprising the
BBB. Arrowheads in b and ¢ point to glial cells surrounding blood
vessels identified as astrocytes immunopositive for GFAP in immu-
nofluorescence assays (¢, GFAP in red). Arrows in d—g point to

was performed as previously described (Bernal and Gua-
dafio-Ferraz 2002) with the required modifications for par-
affin tissue sections. Tissue sections were deparaffinized in
xylene, hydrated and processed in 0.30 M sodium citrate
and 0.03 M NaCl buffer for auto-crosslinking at 1200 pJ.
The riboprobe cDNA templates were obtained by PCR using
total RNA from human fetal brain (636,526, Clontech Labo-
ratories, Takara Bio, Kusatsu, Shiga, Japan) and subcloned
in pGEM®-T Easy (A1360, Promega, Wisconsin, USA). The
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MCT8 immunoreactivity in leptomeningeal cells identified as vimen-
tin immunopositive cells (e, f, vimentin in red) comprising the outer
cerebrospinal fluid-brain barrier. Note in g the strong MCTS8 immu-
noreactivity in the subarachnoid blood vessels. Arrow in h points to
MCT8 immunostaining in the apical portion of choroid plexus epi-
thelial cells comprising the blood-cerebrospinal fluid barrier, while
arrowhead points to MCT8 immunostaining in the epithelial cells’
cilia. In i MCT8 immunostaining is present in the ependymocytes,
both in the cytoplasm and cilia (arrowhead) and in their basal pro-
cesses (arrow) running across the subventricular neuropil. L blood
vessel lumen, 4 V fourth ventricle, N neuropil. Scale bar represents
115 pm (a); 23 pm (b, g-i) and 12 pym (¢, d—f)

specific oligonucleotide pairs used were: MCTS8: 5'-ATC
TGGGCCTTCGGAATTGC-3', 5'-GGTAGCCAATGG
CCTGTGAG-3"; OATPICI: 5'-AGGCATAGTGGGAAG
ATGTC-3', 5'"-TGGGATGCTGTAGCAATGAG-3"; DIO2:
5'-AGAGTTCTCCTCAGTGGCTG-3', 5'-TCAGTAAGC
CAATAGGGCTC-3' and DIO3: 5'-AGAGCCAGCACATCC
TCGAC-3', 5'-CGCAGCTCAGAGACCTGGTA-3'. Sense
and antisense probes were transcribed with RNA polymer-
ase enzymes (Roche Molecular Biochemicals, Mannheim,
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Fig.2 MCT8 immunostaining in the fetal cerebral cortex. Repre-
sentative photomicrographs showing immunohistochemical (brown
color) and immunofluorescence (green color) staining of MCTS in
the cerebral cortex of control fetuses at GW14 (d—f, h), GW16 (i),
GW20 (a—c) and GW38 (g). Tissue sections were also counterstained
with hematoxylin or DAPI (blue color). Arrowheads in a—g point to
the strong MCT8 immunoreactivity detected in RG basal processes,
which are also immunopositive for nestin (e, f, nestin in red). Arrows

Germany) in the presence of *>S-UTP (NEG039H, Perki-
nElmer, Waltham, MA, USA), and purified in Chromaspin
100 columns (Clontech Laboratories, Takara Bio, Kusatsu,
Shiga, Japan). Exposure time after hybridization was
60-90 days. The thin thickness of the sections limited the
sensitivity of the procedure and only cells with a high con-
tent of MCT8 mRNA could be detected.

Tissue analysis
Tissue slices were analyzed on an Eclipse E400 light micro-

scope. Images were captured with a digital camera (Dn100,
Nikon, Tokyo, Japan) and NIS software (Nikon, Tokyo,

in ¢ and g point to MCT8 immunoreactivity at the cellular membrane
of cortical plate neurons. Arrows in h and i point to MCT8 immu-
nopositive Cajal-Retzius cells, which were characterized as immu-
nopositive for reelin (i, reelin in red). Asterisk in h point to immu-
nopositive endfeet of RG basal processes in MZ/I. CP cortical plate,
SP Subplate, MZ/I Marginal zone/layer I. Scale bar represents 230 pm
(a); 23 um (b, ¢, g, h) and 12 pm (d—f, i)

Japan). Immunofluorescence was analyzed on a confocal
microscope (LSM 710 Spectral Confocal Microscope, Zeiss,
Oberkochen, Germany). Images were acquired with the ZEN
2009 software and processed with the ZEN 2012 program
(Zeiss, Oberkochen, Germany). Adobe Illustrator and Adobe
Photoshop CS4 (Adobe Systems, CA, USA) were used to
create the artwork.

The “Atlas of human central nervous system develop-
ment” (Bayer and Altman 2003, 2005) was used for histo-
logical analyses and nomenclature of brain structures and
regions.

@ Springer
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Subiculum Midline Raphe Midline Raphe

Subiculum

Analysis of single cell transcriptomics database

Pollen et al. (2015) have recently performed transcriptomic
analysis of single RG micro dissected from GW16-18 human
fetal cortex. Using their published database we searched for
single cell expression of SLCOICI and SLC16A2, other sec-
ondary thyroid hormone transporters (Bernal et al. 2015),
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DI02, thyroid hormone receptors THRA and THRB, and
a glia (VIM) or neuronal marker (SSTR2). The data were
extracted from the mmc3 file published as supplementary
information (Pollen et al. 2015). This file contains tran-
scriptomic data on 393 isolated cells, 188 from the VZ, and
205 from the SVZ. Coexpression of different mRNAs in the
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«Fig.3 MCT8, OATP1CI1, DIO2, and DIO3 immunostaining in cel-
lular migratory routes in the fetal brain. Representative photomicro-
graphs showing MCTS (a, e, i, m, q, u), OATPIC1 (b, f, j, n, r, v),
DIO2 (¢, g, k, 0, s, w) and DIO3 (d, h, 1, p, t, Xx) immunostaining
(brown color) in RG basal processes in the cornus ammonis of the
hippocampus (a—d), in fibers from the anterior extramural migratory
stream (AEMS; e-h), in the midline raphe glial fibers (i-p) and in
nests of migrating granule cells in the subiculum (q-x), in control
fetuses at GW14 (e-h), GW16 (a-d), GW20 (1, p) and GW25 (i-k,
m-o, q—x). Tissue sections were also counterstained with hema-
toxylin staining (blue color). Arrows in a—p indicate localization
of transporters and deiodinases in migrating fibers. Note in the hip-
pocampus (a—d) the strong immunoreactivity for all the proteins in
RG basal processes. Arrowheads in e-h indicate the localization of
transporters and deiodinases associated to blood vessels. Note in
f the weak OATP1C1 immunoreactivity in AEMS fibers and blood
vessels. Images in m—p correspond to amplifications of i-l, respec-
tively. Note the strong MCT8 and DIO3 immunoreactivity in the
midline raphe glial fibers (i, 1, m, p). Arrowheads in k, n and o point
to OATPIC1 and DIO2 immunopositive cells of the raphe nuclear
complex. Arrows in g—t point to nest of granule cells in the subicu-
lum. Images in u—x correspond to amplifications of q-t, respectively.
Asterisks in u—x point to the immunopositive neuropil of the nests of
granule cells. Note the strong MCT8 immunostaining in q and u. SAS
Subarachnoid space. Scale bar represents 31 um (a-h, m—p, u—x) and
154 um (i-1, g-t)

same cells was analyzed using Venny software (Oliveros
2007-2015).

Results

We analyzed the expression of TH transporters and deiodi-
nases in different brain regions of human fetuses from GW14
to GW38 as detailed in the supplementary information
(MCTS8 in Online Supplementary Resource 4; OATP1Cl1
in Online Supplementary Resource 5; DIO2 in Online Sup-
plementary Resource 6 and DIO3 in Online Supplementary
Resource 7). Figures in this section show the most repre-
sentative results.

MCTS8 is present in the brain barriers and ventricular
system

From the first age studied (GW14) onwards, strong MCT8
immunoreactivity was associated with blood vessels in all
brain regions (Fig. la—c, Online Supplementary Resources
3a, ¢, and 4). An interesting finding was the presence of
moderate MCT8 levels in GFAP-immunopositive cells
surrounding parenchymal blood vessels at GW32 and 38
(Fig. 1b, c, and Online Supplementary Resource 4). At
all ages, MCT8 exhibited strong immunoreactivity in the
leptomeninges, specifically in the membrane of vimentin-
immunopositive cells present in the arachnoid and pia mater
(Fig. 1d—g and Online Supplementary Resource 4). In the

subarachnoid space MCT8 was also associated with blood
vessels and some fibrillar elements (Fig. 1g). MCTS8 was
also present at all ages in the membrane of choroid plexus
epithelial cells, with strongest immunoreactivity in the api-
cal portion and less in the cilia (Fig. 1h and Online Sup-
plementary Resource 4). Weak MCT8 immunostaining was
observed in the fenestrated vessels of the stroma (Online
Supplementary Resource 4).

MCTS8 was also expressed at all ages in the epithelium
lining the lateral ventricles and the mesencephalic aqueduct
(Online Supplementary Resource 4). The strongest inten-
sity was present in the fourth ventricle, increasing consid-
erably from GW20 onwards, mostly in the ventral region
as shown in Fig. 1i for GW25. This figure shows the pres-
ence of MCTS in the apical membrane and cytoplasm of
ependymocytes facing the ventricles and with lesser inten-
sity in cilia and basal processes running to the parenchyma.
Increased immunostaining with advancing development was
also observed in the neuropil of the periventricular region of
all ventricles (Fig. 1i).

Our results confirm the presence of MCTS in the human
fetal BBB and BCSFB (Roberts et al. 2008; Wirth et al.
2009; Chan et al. 2011, 2014) and describe the presence
of MCTS to the outer CSFBB as indicated by its localiza-
tion in leptomeningeal cells. Especially relevant to BBB
transport was the presence of MCT8 associated with the
microvessels and in the astrocytes surrounding them. Since
these cells express DIO2 (Guadafio-Ferraz et al. 1997; Fli-
ers et al. 2006), this observation suggests that T4 transport
through the BBB is linked to T4 deiodination to T3 in the
fetal human astrocytes.

MCT8 is expressed in the radial glia and Cajal
Retzius cells in the developing cerebral cortex

Interestingly, MCT8 was strongly expressed in the RG span-
ning the cortical plate (Fig. 2a—d, f, g, and Online Supple-
mentary Resource 4), with lower intensity in the subplate
(Fig. 2a). MCTS8 immunoreactivity was associated with RG
immunopositive for nestin, vimentin, and GFAP (Fig. 2d—f,
and Online Supplementary Resource 8). RG immunostain-
ing intensity was variable among different cortical areas,
and increased from GW14-16 to GW20 when MCTS8 immu-
noreactivity was strong throughout all cerebral cortices
(Fig. 2a—f and Online Supplementary Resource 4). Despite
the high MCT8 immunoreactivity, from GW32 a decrease
in the density and definition of MCT8 immunopositive RG
basal processes was observed (Fig. 2g). MCTS8 expression
in the RG was also confirmed by the analysis of a single-cell
transcriptomics database from isolated human RG cells. The
data indicate that MCT8/SLC16A2 is expressed in RG cells
of the VZ and SVZ from GW16 to GW18 (Online Supple-
mentary Resource 9). Interestingly, at all ages, weak MCT8
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Ventricular zone

Fig.4 MCTS8 immunostaining in the intermediate, subventricular,
and ventricular zones. Representative photomicrographs showing
immunohistochemical staining (brown color) of MCTS in the inter-
mediate zone (a), in the VZ (b), and in the SVZ (c¢) in human fetus
at GW20. Tissue sections were also counterstained with hematoxylin
(blue color). Arrowheads in a—c point to RG basal processes. White

immunoreactivity was found in a reticulated framework
in the marginal zone (MZ)/layer I, which corresponds to
the basal end-feet of RG (Fig. 2h). Additionally, cells with
the typical morphology and distribution of Cajal-Retzius
cells staining for reelin (Marin-Padilla 2015) also expressed
MCTS (Fig. 2h, i, and Online Supplementary Resource 4).

Besides the RG, between GW16 and GW25 weak peri-
nuclear MCT8 immunoreactivity was detected in some
immature neurons in the cortical plate (Fig. 2c, and Online
Supplementary Resource 4) and subplate (Online Supple-
mentary Resource 4). From GW32, MCTS neuronal immu-
noreactivity was more intense and mainly localized in the
cell membrane (Fig. 2g and Online Supplementary Resource
4).

Given the involvement of RG in cell migration, we exam-
ined similar paths of cell migration. As in the cortical plate,
strong MCT8 immunoreactivity was found in RG basal
processes of the Cornu Ammonis (CA) region of the hip-
pocampus (Fig. 3a and Online Supplementary Resource 4)
and in the anterior extramural migratory stream (AEMS)
fibers (Fig. 3e and Online Supplementary Resource 4). Also,
moderate MCT8 immunoreactivity was found in the midline
raphe glial fibers of the brainstem and to a lesser extent in a
portion of the cellular component of this structure (Fig. 31,
m and Online Supplementary Resource 4). Furthermore,
strong immunoreactivity was detected in nests of migrating
granule cells of the presubiculum and subiculum (Fig. 3q, u
and Online Supplementary Resource 4).

These data reinforce the possible participation of MCTS8
in TH availability for RG basal processes and other cell
structures, in order to facilitate TH action during the period
of neuronal migration.
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arrow in b points to a RG soma immunopositive for MCTS in the lat-
eral ventricle surface, comprising the inner cerebrospinal fluid—brain
barrier. Black arrows in b and ¢ point to immunopositive precursor
cells in the ventricular and subventricular zone, respectively. LV lat-
eral ventricle. Scale bar represents 23 pm (a—c)

Localization of MCTS8 in the intermediate zone,
subventricular zone, and ventricular zone

Weak MCTS8 immunostaining was present in the RG basal
processes of the IZ at all ages (Fig. 4a and Online Supple-
mentary Resource 4). From GW?20, moderate MCTS8 immu-
noreactivity was observed in GFAP +cells (Fig. 1c and
Online Supplementary Resource 4). Strong staining, similar
to the cortical plate, was present in the VZ and SVZ (Fig. 4b,
¢, and Online Supplementary Resource 4) in RG processes
and cell bodies. Staining in the VZ was more prominent at
the apical neuroepithelial surface (Fig. 4b).

Our results confirm the presence of MCTS along the
entire RG cell, from the VZ to the cortical surface through
the IZ. MCT8 localization in RG and neuroepithelial cell
bodies suggests a novel second entry pathway for TH to the
brain parenchyma through the inner CSFBB.

MCT8 protein correlates with MCT8 mRNA
localization

The distribution of MCT8 mRNA was analyzed by radioac-
tive in situ hybridization at GW 14, 16, 20, 32, and 38 in
several brain regions. In all cases, there was a good cor-
relation between the MCT8 immunoreactivity and mRNA.
Higher content of hybridization grains corresponded to
strongest MCT8 immunoreactivity, as shown at GW16 in
the BBB (Fig. 5a), the choroid plexus (Fig. 5b) and SVZ
and VZ (Fig. 5¢). In situ hybridization for MCT8 combined
with immunohistochemistry for nestin clearly shows MCTS8
expression associated with nestin-immunopositive RG basal
processes of the cortical plate (Fig. 5d).



Brain Structure and Function (2019) 224:2103-2119

Fig.5 MCT8 mRNA expres-
sion in the human fetal brain.
Representative photomicro-
graphs showing MCT8 mRNA
expression (black grains)
associated with blood vessels
of the brainstem (a), the lateral
ventricle choroid plexus (b),
the VZ of the lateral ventricle
(¢) and the cerebral cortex (d)
in fetuses at GW16. Note the
high accumulation of hybridi-
zation grains on blood vessels
(arrowhead in a), the choroid
plexus (arrowhead in b) and

in the VZ in c. In the cerebral
cortex note the presence of
hybridization grains along the
RG basal processes immunopo-
sitive for nestin (arrowheads in
d). LV lateral ventricle. Scale
bar represents 50 um (a, b) and
30 um (¢, d)

OATP1C1, DI02, and DIO3 are expressed in the brain
barriers and ventricular system

Similar to MCTS8, OATP1C1, DIO2, and DIO3 were also
detected associated with blood vessels in all regions at
all prenatal ages (Fig. 6a—c and Online Supplementary
Resources 5-7). Staining intensity was much lower than for
MCTS and some vessels were not stained (Online Supple-
mentary Resources 5-7). From GW32 DIO2 immunoreac-
tivity was found in astrocytes surrounding capillary vessels
(Online Supplementary Resource 6). The strongest immu-
noreactivity for OATP1C1, DIO2, and DIO3 was present in
the choroid plexus (Online Supplementary Resources 5-7),
where epithelial cells showed an intense and homogeneous
signal associated with the cell membrane, and moderate
signal in the cytoplasm (Fig. 6d—f). In contrast to MCTS,
OATPI1C1, DIO2, and DIO3 had very weak or no immuno-
reactivity in stromal vessels of the choroid plexus (Fig. 6d—f
and Online Supplementary Resources 5-7).

OATPICI1, DIO2, and DIO3 immunoreactivity was also
observed with moderate intensity in leptomeningeal cells
(Fig. 6g—i and Online Supplementary Resources 5-7) and
blood vessels of the subarachnoid space (Fig. 6g—i).

In ependymocytes and tanycytes, the localization of
OATPIC1 and DIO2 was similar to MCTS, gradually
increasing up to GW20 (Fig. 6j, k, and Online Supplemen-
tary Resources 5 and 6). However, in ependymocytes and
tanycytes DIO3 showed strong immunostaining at all ages in

the soma and cilia, and also in the processes running into the
periventricular stroma of all the cerebral ventricles (Fig. 61
and Online Supplementary Resource 7).

These results suggest that similar to MCTS, OATP1Cl1
and deiodinases are located in several cells composing all
the brain barriers. In contrast to MCT8, the expression of
OATPICI and deiodinases is weak in the BBB and much
stronger in other fetal barriers.

Radial glial cells in the developing cerebral cortex
express OATP1C1, DIO2, and DIO3

OATP1Cl1, DIO2, and DIO3 were observed, as MCT8, in
nestin-immunopositive RG basal processes of the cortical
plate (Fig. 6m—o, and Online Supplementary Resources 5-7)
and the subplate at all ages (Data not shown). DIO3 dis-
played the strongest staining. In the MZ/layer I, OATP1C1,
DIO2, and DIO3 were also detected in the RG end-feet, and
Cajal-Retzius cells (Fig. 6p—1, and Online Supplementary
Resources 5-7). OATP1Cl1, DIO2, and DIO3 were also
detected, as MCTS, in the RG basal processes of the hip-
pocampal CA region (Fig. 3b—d and Online Supplemen-
tary Resources 5-7) and in the AEMS fibers (Fig. 3f~h and
Online Supplementary Resources 5-7), OATP1C1 with
the lowest immunostaining in this last structure (Fig. 3f
and Online Supplementary Resources 5-7). Expression of
OATPI1C1 and DIO2 in the RG was also confirmed by analy-
sis of the single cell genomics data from (Pollen et al. 2015)
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«Fig.6 OATPICI, DIO2, and DIO3 immunostaining in fetal cerebral
barriers, radial glia, and neural cells. Representative photomicro-
graphs showing immunohistochemical (brown color) and immunoflu-
orescence (green color) staining of OATP1CI (a, d, g, j, m, p, s, V),
DIO2 (b, e, h, k, n, q, t, w) and DIO3 (¢, f, i, L, 0, , u, x) in the BBB
(a—c), the blood-cerebrospinal fluid (d—f), meninges and outer cer-
ebrospinal fluid-brain barrier (g—i), lateral ventricle ependymocytes
(j-1), RG basal processes in the cerebral cortex (m-r), Cajal-Retzius
cells (p-r), radial RG processes and neural cells in the intermediate
zone (s—u) and neural precursors and RG in the VZ (v—x) in con-
trol fetuses at GW14 (g-i, m-o0), GW16 (d-f) and GW20 (a—c, j-1,
p-X). Arrowheads in a—c indicate the weak expression of OATP1C1
and deiodinases associated with blood vessels. In d—f, note the strong
expression of OATP1CI1 and deiodinases in the epithelial choroid
plexus cells (arrows) and the weak expression in fenestrated capil-
laries in the choroid plexus stroma (arrowheads). In g—i, OATP1C1
and deiodinases immunostaining in leptomeningeal cells (arrows) and
capillary vessels of the subarachnoid space (arrowheads). In g note
the lower immunoreactivity for OATP1C1 in leptomeningeal cells in
comparison to deiodinases and MCTS. In j-1 OATP1C1 and deiodi-
nases immunoreactivity in ependymocytes lining the lateral ventricle
(white arrows) and in the cilia (arrowheads). Note the strong DIO3
expression in the long basal processes (black arrow in 1). Arrows
in m—x point to OATPIC1 and deiodinases immunoreactivity in
RG basal processes immunopositive for nestin (m—o, nestin in red).
Arrowheads in s—x point to deiodinases and OATP1C1 immunoreac-
tivity in neural cells. Note the low OATPICI expression in the RG
basal processes in p, s and v and the low expression of all proteins
in the RG basal processes in the intermediate zone (s—u). In p-r
deiodinases and OATP1C1 immunoreactivity in the basal endfeet of
RG (arrows) and in the endings forming a reticulated framework in
the MZ/1 (asterisks). Insets in p-r show deiodinases and OATP1Cl1
immunostaining in Cajal-Retzius cells. CP cortical plate, MZ/[ mar-
ginal zone/layer 1. Scale bar represents 22 um (a-1, s—x), 12 yum (m-
0), and 56 um (p-r)

(Online Supplementary Resource 9). Nineteen percent of
RG in the VZ and 16% in the SVZ expressed OATPIC1/
SLCOIC1, and 95% of these cells expressed the glia marker
gene VIM. Interestingly, there was a high correlation
between OATPIC1/SLCOICI expression and DIO2 (30%
in the VZ and 19% in the SVZ coexpressed both genes).
The glial nature of most DIO2-expressing cells was also
confirmed by VIM coexpression.

OATPI1C1, DIO2, and DIO3 were also observed in the
midline raphe glial fibers (Fig. 3j—1, n—p and Online Sup-
plementary Resources 5—7) of the brainstem, and unlike
MCTS8 and DIO3, moderate OATP1C1, and moderate to
strong DIO2 immunoreactivity were observed in migrating
neurons of the raphe nuclear complex (Fig. 3j, k, n, o and
Online Supplementary Resources 5-7). OATP1C1, DIO2,
and DIO3 immunoreactivity was minimal in migrating gran-
ule cell nests in the subiculum and presubiculum (Fig. 3r—t,
v—x and Online Supplementary Resources 5-7).

OATPICI1 presented moderate, and DIO2 and DIO3
strong immunoreactivity in some immature neurons in
the cortical plate and subplate (Online Supplementary
Resources 10 and 5-7).

All these data suggest that RG, Cajal-Retzius cells, and
cortical neurons could get T4 through MCT8 and OATPI1C1
and autonomously generate T3 and degrade TH through dei-
odinases, thereby regulating their T3 and T4 content.

OATP1C1, D102, and DIO3 are also present
in the intermediate zone, subventricular zone
and ventricular zone

At all ages, OATP1C1 and DIO2 displayed weak immunore-
activity in the RG processes of the IZ, SVZ, and VZ (Fig. 6s,
t, v, w, and Online Supplementary Resources 5 and 6). DIO3
showed weak immunoreactivity in the RG processes of the
1Z (Fig. 6u, and Online Supplementary Resource 7), and
moderate signal in the SVZ and VZ (Fig. 6x and Online
Supplementary Resource 7). OATP1C1, DIO2, and DIO3
also presented moderate to strong immunoreactivity in the
soma of RG in the VZ (Fig. 6v—x, and Online Supplemen-
tary Resources 5-7). In the IZ OATP1C1, DIO2, and DIO3
immunoreactivity was observed in cells near RG processes,
probably migrating cells (Fig. 6s—u, Online Supplementary
Resources 5-7). GFAP immunopositive cells of the IZ also
showed OATP1C1 and DIO2 from GW32, as MCTS, but
not DIO3 (Online Supplementary Resources 5 and 6). In
addition, at all studied ages moderate OATP1C1, DIO2, and
DIO3 signals were observed in the cytoplasm of many cells
and in the neuropil in both the VZ (Fig. 6v—x and Online
Supplementary Resources 5-7) and SVZ (Online Supple-
mentary Resources 5-7).

These data suggest that, as MCT8, OATP1C1 would
allow the passage of T4 from the CSF to the RG, i.e., cross-
ing the inner CSFBB. From the RG, TH could pass to the
cells in the VZ and SVZ and to the migrating cells and
astrocytes in the IZ. On the other hand, RG, VZ, and SVZ
neural cells, as well as astrocytes and migrating cells in the
IZ would be able to activate or inactivate TH intracellularly
by deiodinases.

Discussion

A fundamental question in TH action in the brain is how
TH cross the brain barriers and which cells transform T4
into the active hormone T3 in the brain. In rodents, TH
cross the BBB through the OATP1C1 and MCTS transport-
ers, while astrocytic DIO2 generates T3 from T4. Lack of
knowledge of these pathways during early human develop-
ment precludes a clear understanding of the relative roles
of maternal and fetal hormones in brain development, and
the pathogenesis of the Allan-Herndon—-Dudley syndrome
caused by MCT8/SLC16A2 mutations. Here, by analyzing
the expression of TH transporters and deiodinases we pro-
pose a novel model (Fig. 7) of TH transport and metabolism
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in the developing human brain with a central role played by
the RG in local T3 formation.

Our model proposes that during prenatal stages, circulat-
ing TH enter the brain not only through the two previously
reported brain barriers, the BBB and the BCSFB, but also
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through two other brain barriers, the outer CSFBBs and the
inner CSFBBs, which disappear later in development.

The fetal CSF contains a high concentration of plasma
proteins (Adinolfi and Haddad 1977) during the processes
of neurogenesis and the formation of the cortical plate
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«Fig. 7 Putative model describing thyroid hormones delivery routes
for neural cells in the human fetal brain. Scheme illustrating the
localization of MCTS8, OATP1CI1, DIO2 and DIO3 at fetal stages.
The immunolabeling intensity of each protein is shown by symbols
of different sizes indicating its abundance in every cell type. Immu-
noreactivity intensity was qualitatively evaluated as compared to its
maximum signal observed in all regions and ages studied. a T4 and
T3 are transported through the BBB by MCT8 and, to a lesser extent,
by OATPICI, to reach different neural cells that express MCTS,
OATPIC1 and DIO2 and DIO3. b Middle panel schematizes histol-
ogy from the VZ to the cortical surface. Left panel depicts a possible
T4 and T3 entry pathway by MCT8 and OATPICI from capillaries
to the CSF, and then to the brain parenchyma through the leptome-
ningeal cells at the outer cerebrospinal fluid—brain barrier. Once in
the parenchyma, T4 and T3 could pass to the extracellular fluid or
be captured by the RG endfeet and delivered to cortical neurons by
OATPIC1 and MCTS8, both located in RG basal processes and neu-
rons. In the leptomeningeal and cortical cells, T4 and T3 concen-
trations could be regulated by DIO2 and DIO3. Right panel shows
the possible T4 and T3 flow from CSF to the cells in the VZ by
OATPI1C1 and MCTS in neuroepithelial and/or RG cells forming the
inner cerebrospinal fluid—brain barrier. In neuroepithelial cells, RG
and VZ cells, T4 and T3 concentrations could be regulated by DIO2
and DIO3. ¢ Right panel shows the localization of transporters and
deiodinases in the choroid plexus, and the possible flow of T4 and
T3 from the fenestrated capillaries in the choroid plexus to the CSF
through the epithelial cells that conform the blood—cerebrospinal fluid
barrier. Left and middle panels show that T4 and T3 could also reach
the brain parenchyma by MCT8 and OATPICI through the epend-
ymocytes and tanycytes, where T4 and T3 concentrations could be
regulated by DIO2 and DIO3. BBB Blood-brain barrier, CSF Cere-
brospinal fluid, Lmgs Leptomeninges, MZ/I Marginal zone/layer I, CP
Cortical plate, SP Subplate, /Z Intermediate zone, SVZ Subventricular
zone, VZ Ventricular zone, LV Lateral ventricle, 3 V Third ventricle

(Saunders et al. 1999), and the outer and inner CSFBBs
barriers control the diffusion of CSF molecules to the brain
parenchyma. Important signaling molecules and growth
factors enter the brain through these barriers. As an exam-
ple, retinoic acid produced in the meninges by the enzyme
ALDHI1A? is captured by the RG end-feet in contact with
the pia mater, and is delivered along the basal processes
to the RG soma located in the SVZ and VZ (Siegenthaler
et al. 2009). On the other hand, the retinoic acid precur-
sor all-trans retinol diffuses from the CSF to the neuroepi-
thelial cells of the VZ expressing the T3-regulated enzyme
ALDHI1A3 (Gil-Ibafiez et al. 2014) that generates retinoic
acid in the control of neurogenesis (Alonso et al. 2011;
Smith et al. 2001). Similarly, we here propose that MCT8
and OATPI1CI1, located in the outer and inner CSFBBs,
contribute to the passage of TH from the CSF to the brain
parenchyma. Our model implies that the modulation of TH
availability in the human prenatal brain differs from that pro-
posed for the rodent postnatal brain. In the latter, astrocytes
expressing Dio2 control the generation of T3, and neurons
expressing Dio3 control the degradation of T4 and T3. Our
present results suggest that different cell types in humans
have the ability to control the intracellular generation of T3
from T4 and their degradation. Studies in rats have shown

that maternal thyroxine is important for cortical neurogen-
esis even before onset of fetal thyroid gland function, and
that Mct8, Thra, and Dio2 are expressed in the VZ (Mohan
et al. 2012).

Among the most novel and relevant results of this study
is the strong expression of MCT8 and to a lesser extent of
OATPICI1, DIO2, and DIO3 in the basal processes of RG
in the cerebral cortex, in Cajal-Retzius cells and in the 1Z,
SVZ, and VZ. The RG, which need TH for proper maturation
(Nicholson and Altman 1972; Martinez-Galan et al. 1997)
would also be crucial for the delivery of TH to immature
neurons throughout the cerebral cortex and to cells under-
going proliferation or differentiation in the SVZ and VZ.
The Cajal-Retzius cells, essential for the regulation of cor-
tical migration, are cellular targets of T3, expressing genes
under TH control, such as Reln, Dab1 (Alvarez-Dolado et al.
1999; Pathak et al. 2011), and many other genes (Gil-Ibafiez
et al. 2017). These data agree with the role of TH demon-
strated in rodents on development of cortical cytoarchitec-
ture (Lavado-Autric et al. 2003; Ausoé et al. 2004; Guadarfio-
Ferraz et al. 1994) as well as in the proliferation of neural
precursors in the VZ (Stenzel et al. 2014). Also in chicken
embryos MCTS knockdown in the optic tectum is associated
with the disorganization of the RG basal processes, reduced
reelin signaling, and disruption of neural progenitor migra-
tion (Vancamp et al. 2017).

The presence of MCT8, OATP1C1, DIO2, and DIO3 in
other migratory streams in the hippocampus and brainstem,
and migrating cells in the subiculum and presubiculum,
suggests that these proteins control the local concentrations
of TH to regulate cell migration also in these regions. It is
remarkable that in the cerebral cortex and most brain regions
analyzed, increasing immunoreactivity for these proteins is
observed between GW14 and 16, with maximal intensity
at around GW20, similar to the increase in T3 receptor in
the whole brain, and T3 concentrations and DIO2 activity
in the cerebral cortex (Bernal and Pekonen 1984; Kester
et al. 2004). These events occur during the period of neu-
ronal migration and the beginning of gliogenesis (Sidman
and Rakic 1973). Although the goal of our present study
was to analyze the transport routes and their coupling with
deiodinases, knowledge of the distribution of TH receptors
would have provided a wealth of information on the target
cells and the role of TH. These studies are however, difficult
to perform at the protein level due to the lack of specificity
of TH receptor antibodies. With the possibility of searching
a single-cell genomics database we looked at the expression
of the two TH receptor genes THRA and THRB. The data
(Online Supplementary Resource 9) show that THRA and
THRB were also expressed in the VZ (14% of the cells for
THRA and 10% for THRB) and SVZ (20% for THRA and 7%
for THRB) at GW16-18. Their patterns of expression showed
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no overlap, and each receptor was expressed in different sets
of cells. However, their expression was not clearly correlated
with specific transporters or cell markers, showing scattered
distribution. It is possible that the receptors in these cells and
at these stages of development still remain in the unliganded,
repressor state. The increased receptor and T3 concentration
occurring from GW12 to GW20 (Bernal and Pekonen 1984;
Kester et al. 2004) may be more related to events of terminal
differentiation in other areas. This is not surprising in view
that at the same fetal ages the cerebral cortex accumulates
T3, whereas the cerebellar cortex keeps T3 very low (Kester
et al. 2004), presumably resulting in a liganded receptor in
the former and unliganded in the latter.

The increased OATP1C1, DIO2, and DIO3 content at
midgestation in the cerebral cortex agrees with other studies
(Karmarkar et al. 1993; Chan et al. 2002, 2011; Kester et al.
2004). Differences between our findings and those of (Chan
et al. 2011) showing constant amounts of MCT8 mRNA
between GW7 and 20, may be due to post-transcriptional
regulation.

Knowledge on the expression of MCTS, OATPICI,
DIO2, and DIO3 in the human brain is important to under-
stand the pathophysiological mechanisms caused by MCT8/
SLC16A2 disruption underlying the Allan-Herndon—Dudley
Syndrome (Allan et al. 1944; Schwartz et al. 2005). The
Mct8 knockout mice are not neurologically impaired as do
patients with this syndrome. Functional studies in rodents
indicate that transport across the BBB is the main TH access
route to the brain (Chanoine et al. 1992). It is thought that in
the mouse, abundant expression of OATP1C1 in the BBB,
unlike the situation in primates, compensates for the lack of
MCT8 (Mayerl et al. 2014). In our study the weak expression
of OATPIC1 in the prenatal human BBB, in contrast with
what is observed in rodents, and its abundant expression in
epithelial cells of the choroid plexus, ependymal cells, tany-
cytes and leptomeningeal cells, confirms that OATP1C1 has
a secondary role in the entry of circulating TH to the human
fetal brain (Roberts et al. 2008). This would explain why
MCTS deficiency in humans results in brain morphological
alterations at prenatal stages (Lopez-Espindola et al. 2014)
with delayed maturation of the cerebral cortex and cerebel-
lum, hypomyelination, and altered synaptogenesis. These
defects underlie the serious neurological disorders (Matheus
et al. 2015) caused by restriction of TH to the brain since
early developmental stages, thus impairing neural cell dif-
ferentiation and migration.

The present study provides insight into the role of
MCTS8, OATP1C1, DIO2, and DIO3 in the control of the
passage of appropriate concentrations of TH through the
brain barriers during most part of the prenatal period. In
the human fetal brain, we observed an intense expression
of MCT8 and a minimal expression of OATP1C1, DIO2,
and DIO3 in the BBB, which suggests the importance of
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MCTS in the transport of TH to the brain during devel-
opment. Interestingly, this is not observed in other spe-
cies as the chicken, in which neither Mct8 nor Oatplcl
is expressed in the BBB during development (Geysens
et al. 2012) but Lati/Slc7a5 amino acid transporter is
(Van Herck et al. 2015). In chicken, as in humans, Mct8,
Oatplcl, Dio2, Dio3, and Latl are expressed in the
choroid plexus (Van Herck et al. 2015; Delbaere et al.
2016; Geysens et al. 2012; Bourgeois et al. 2016). While
it is possible that other transporters besides MCT8 and
OATPICI1 may be of functional importance in the human,
the analysis of single RG cells (Online Supplemental
Resource 9) indicates that only small percentage of cells
express alternative transporters. In addition, DIO2 coex-
pression with OATP1C1 reinforces the importance of this
transporter in TH metabolism and the provision of local
T3.

The outer and inner CSFBBs appear alternative entry
pathways that may supply TH during human neurodevel-
opment, and future studies are needed to determine the
contribution of these new entry pathways in the delivery
of TH into the prenatal brain. The knowledge of alternative
entry routes where MCTS is highly expressed allows to
identify new cellular targets for gene therapies for diseases
involving brain hypothyroidism.
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