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Editorial on the Research Topic

The role of thyroid hormones in vertebrate development, volume II
The thyroid hormone is an important signaling molecule system involved in vertebrate

development, acting at the embryonic and post-embryonic levels (1). Although this has

long been established, a detailed understanding of the thyroid hormone’s developmental

action still needs to be fully understood. The present Frontiers in Endocrinology Research

Topic aims to close this knowledge gap by bringing together a collection of papers

addressing what is known and the challenges ahead on the role of thyroid hormones in

vertebrate development, from teleosts to humans. The published manuscripts highlight the

pivotal action of thyroid hormones in vertebrate neurodevelopment (Lee at al.; Ng et al.;

O’Shaughnessy et al.; Richard et al.; Silva and Campinho; Valcárcel-Hernández et al.), post-

natal development in amphibians (8–10) and how thyroid disorders can affect human

development (Ru et al.; SeyedAlinaghi et al.).

Thyroid hormone signaling plays an essential role in neurodevelopment. Puzzling out

the mechanisms of action of thyroid hormones in the developing brain will help contribute

to progress in the prevention and treatment of several neurological disorders. Using data

obtained in animal models, Richard et al. first review the adverse effects of thyroid hormone

signaling disruption in the central nervous system before recalling how GABAergic

neurons were found to be a major target of TH signaling during development and

highlighting the difficulties in analyzing the mechanisms by which TH act on brain

development. In mice, O’Shaughnessy et al. bring new data. They show how congenital

hypothyroidism affects neurodevelopment at the ventricular zone, limiting glial cells, tight

junctions, extracellular matrix, and blood-brain and blood-cerebrospinal barrier

development. Moreover, this work suggests that the action of thyroid hormones in mice

brain development likely occurs by genomic and non-genomic mechanisms. The action of

thyroid hormones is not limited to the brain. The retina is also a target of thyroid hormones

affecting cones, the photoreceptors that mediate color vision. Ng et al. previously reported

the functions for thyroid hormone receptor TRb2 in mice, encoded by the gene Thrb. Here,

they provide new knowledge investigating TRb1, another thyroid hormone receptor b

isoform also expressed in the retina, suggesting novel functions in retinal and non-neural

ocular tissues. Zebrafish is another animal model relevant to address the role of thyroid
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hormones in neurodevelopment. In this teleost fish, Silva and

Campinho study the effect of functional impairment of T3

membrane transporter Mct8 (monocarboxylic acid transporter 8)

that leads to the Allan-Herndon-Dudley syndrome when mutated

in humans (2). The findings show that mct8 gene deletion in

zebrafish phenocopies many symptoms observed in patients, thus

contributing to the understanding of the cellular and molecular

mechanism underlying the severe underdevelopment of the central

nervous system. The effect of thyroid hormones is also necessary for

neurodevelopment throughout life. Valcárcel-Hernández et al.

discuss the latest advances in the role of thyroid hormones in

regulating adult neurogenesis in rodents and their potential

implication in human health and therapeutical approaches in

neurodegenerative diseases.

Another action controlled by thyroid hormones in vertebrates is

the developmental change coming from a need to adapt to a change

in habitat during post-embryonic development events. Amphibian

metamorphosis is such transition from the larval state to the adult

state, when the tadpole undergoes physiological and anatomical

changes. This biological process resembles mammalian

postembryonic development (3), with many organs mature into

their adult forms. Using Xenopus, an anuran amphibian, Tanizaki

et al. review the roles of thyroid hormones in larval epithelial cell

death and de novo formation of adult intestinal stem cells,

suggesting that T3-induced activation of cell cycle program. Still,

in the Xenopus model, the work by Tribondeau et al. shows that T4

and T3 have similar actions and are involved in regulating the

expression of genes involved in cell proliferation during early larval

stages. Because these developmental stages are not normally subject

to a physiological action of thyroid hormones, these data highlight

the potential molecular actors that could be involved in the adverse

effects of thyroid hormones during the larval period. The modalities

of metamorphosis can be very diverse in amphibians, the latter also

being paedomorphic by maintaining larval characteristics in

reproductive adults and rarely, if ever, metamorphose in nature.

This is the case of the Axolotl, the model used by Lazcano et al.

Further expanding our knowledge on how different thyroid

hormone metabolites are involved in post-natal development,

they demonstrate bioactivity of 3,5-T2 inducing gill retraction,

which is reversible following treatment withdrawal and at high

concentration irreversible metamorphosis. These contrasting effects

are explained by 3,5-T2 regulation of different genetic responses.

Finally, in human, Lee at al. investigate the iodine status and its

association with thyroid function in South Korean children.

Adequate iodine intake is essential because this trace element, is a

necessary and limiting substrate for thyroid hormone synthesis and

both deficient and excessive iodine status can result in thyroid

dysfunction. They show that excess iodine was prevalent in Korean

children and associated with a decrease in FT4 or T3 levels and an

increase in TSH levels. In a different context, Ru et al. explore the

association of maternal anti-thyroid peroxidase antibody (TPOAb)

on placenta morphology and potential pathophysiologic

inflammatory and oxidative stress responses in this organ and

discuss the potential consequences for the developing embryo.
Frontiers in Endocrinology 026
Meta-analysis of previously published datasets by SeyedAlinaghi

et al. reveals a close association between thyroid hormone disorders

and later incidence of hip fractures in both men and women,

shedding light on the effects of thyroid action through an

individual lifespan.

With this Research Topic, we provide a diversified

developmental and evolutionary picture of how thyroid hormones

are important in vertebrate development. There is no doubt that

further studies are required to fully understand the role of thyroid

hormones during development not only in humans but also in

many classes of vertebrates in order to better characterize and treat

thyroid hormone-associated pathologies or anthropomorphic

disruption of thyroid hormone signaling in humans (4) and

ecosystems (5).
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Thyroid hormone action controls
multiple components of cell
junctions at the ventricular zone
in the newborn rat brain

Katherine L. O’Shaughnessy1*, Benjamin D. McMichael1,2,
Aubrey L. Sasser1,2, Kiersten S. Bell1,2, Cal Riutta1,2,
Jermaine L. Ford3, Tammy E. Stoker1, Rachel D. Grindstaff1,
Arun R. Pandiri4 and Mary E. Gilbert1

1United States Environmental Protection Agency, Public Health Integrated Toxicology Division, Center
for Public Health and Environmental Assessment, Research Triangle Park, NC, United States, 2Oak Ridge
Institute for Science Education, Oak Ridge, TN, United States, 3Chemical Characterization and Exposure
Division, Center for Computational Toxicology and Exposure, United States Environmental Protection
Agency, Research Triangle Park, NC, United States, 4Comparative and Molecular Pathogenesis Branch,
Division of Translational Toxicology, National Institute of Environmental Health Sciences, Research
Triangle Park, NC, United States
Thyroid hormone (TH) action controls brain development in a spatiotemporal manner.

Previously, we demonstrated that perinatal hypothyroidism led to formation of a

periventricular heterotopia in developing rats. This heterotopia occurs in the posterior

telencephalon, and its formation was preceded by loss of radial glia cell polarity. As

radial glia mediate cell migration and originate in a progenitor cell niche called the

ventricular zone (VZ), we hypothesized that TH actionmay control cell signaling in this

region. Herewe addressed this hypothesis by employing laser capturemicrodissection

and RNA-Seq to evaluate the VZ during a known period of TH sensitivity. Pregnant rats

were exposed to a low dose of propylthiouracil (PTU, 0.0003%) through the drinking

water during pregnancy and lactation. Dam and pup THs were quantified postnatally

and RNA-Seq of the VZ performed in neonates. The PTU exposure resulted in a

modest increase in maternal thyroid stimulating hormone and reduced thyroxine (T4).

Exposed neonates exhibited hypothyroidism and T4 and triiodothyronine (T3) were

also reduced in the telencephalon. RNA-Seq identified 358 differentially expressed

genes inmicrodissected VZ cells of hypothyroid neonates as compared to controls (q-

values ≤0.05). Pathway analyses showed processes like maintenance of the

extracellular matrix and cytoskeleton, cell adhesion, and cell migration were

significantly affected by hypothyroidism. Immunofluorescence also demonstrated

that collagen IV, F-actin, radial glia, and adhesion proteins were reduced in the VZ.

Immunohistochemistry of integrin avb3 and isoforms of both thyroid receptors (TRa/
TRb) showed highly overlapping expression patterns, including enrichment in the VZ.

Taken together, our results show that TH action targets multiple components of cell

junctions in the VZ, and this may be mediated by both genomic and nongenomic

mechanisms. Surprisingly, this work also suggests that the blood-brain and blood-

cerebrospinal fluid barriers may also be affected in hypothyroid newborns.

KEYWORDS

thyroid hormone action, hypothyroidism, brain development, ventricular zone, cell
migration, radial glia, cell adhesion, cell junctions
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1 Introduction

Thyroid hormone (TH) action controls multiple developmental

pathways in the brain (reviewed in 1). These thyroid-dependent

processes all exhibit striking spatiotemporal activity, with

subcompartments of the brain exhibiting differing sensitivities to

THs, which also varies with developmental time (1, 2).

Highlighting these spatiotemporal dynamics, we previously

reported that a transient maternal exposure to the propylthiouracil

(PTU) resulted in the formation of a periventricular heterotopia in the

developing rat brain (3, 4). This malformation is not only inducible by

anti-thyroid pharmaceuticals, but also by environmental thyroid

disrupting chemicals in multiple strains of rats (3–9). The

heterotopia is predominantly comprised of ectopic neurons and can

be detected in 100% of pups following a 5-day perinatal exposure

(gestational day 19 – postnatal day 2, GD19 – PN2) (4). In addition to

a clear temporal susceptibility, we also identified a spatial sensitivity

to TH action. The heterotopia reproducibly occurs in the posterior

telencephalon, directly medial to the lateral ventricular epithelium as

this region extends into the corpus callosum (3, 5–8). Given these

data, we hypothesized that the developing ventricular epithelium is

acutely sensitive to reduced TH action during the perinatal period in

the rat. We postulated that this may be due in part to its anatomical

location. The most luminal cells come in direct contact the

cerebrospinal fluid (CSF), one source of brain THs (10). The

ventricular epithelium also possesses an enriched vascular network,

and as THs are also actively transported across the blood-brain

barrier (BBB), the microvasculature represents a second source of

brain T4/T3 (4, 11). Thus, the cells of the ventricular epithelium

reside at the intersection of TH transport.

In addition to being a potential target of TH action, the neonatal

ventricular epithelium is also one of two stem cell niches that supports

neurogenesis. The most apical proliferative population is the

ventricular zone (VZ), and houses multipotent stem cells, namely

radial glia (12–14). Importantly, while radial glia are progenitors, they

also act as migratory scaffolding to mediate the travel of neuroblasts

into regions like the cortex (14). The next most basal cell layer is called

the subventricular zone (SVZ), which also possesses undifferentiated

cells including intermediate progenitors (14–16). Unlike the SVZ,

which supports neurogenesis throughout life, the VZ is only present

during embryonic and early postnatal development in rodents (13).

The VZ appears as the pseudostratified ventricular epithelium due to

the cell bodies of numerous radial glia (13). By approximately 2-weeks

of age, the pseudostratified epithelium remodels to simple columnar

as radial glia cells differentiate, leaving the SVZ with only limited

proliferative capacity (13). These dynamics between VZ/SVZ

transition during the postnatal period, in addition to the VZ’s

anatomical location, may also contribute to TH susceptibility.

Here we investigated the hypothesis that the posterior VZ is a

target of TH action during the neonatal period in rats. We exposed

pregnant animals to a low dose of propylthiouracil (PTU) beginning

in early pregnancy. Using laser capture microdissection (LCM), we

isolated cells of the posterior VZ in pups during a known period of

hormone sensitivity (PN2) (4). We then employed RNA-Sequencing
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(RNA-Seq) and pathway analyses to investigate the molecular

pathways disturbed in affected neonates. Next, we performed

immunohistochemistry to garner further support of our RNA-Seq

findings, which includes mediators of TH action.
2 Materials and methods

2.1 Animal husbandry and exposure

All experiments were conducted with prior approval from the

United States Environmental Protection Agency’s (US EPA’s)

Institutional Animal Care and Usage Committee and were carried

out in an Association for Assessment and Accreditation of Laboratory

Animal Care approved facility. N=16 timed pregnant Long Evans rats

were purchased from Charles River (Morrisville, NC) and delivered

on gestational day (GD) 2; sperm positive was considered GD0 and

pup birth postnatal day 0 (PN0). Dams were single housed in

polycarbonate cages, maintained a 12:12 light cycle and offered

chow (Purina 5008) and deionized water ad libitum. Animals were

weight ranked and then randomly allocated to two treatment groups.

N=8 dams were exposed to 3 ppm (0.0003%) 6-propyl-2-thiouracil

(PTU, purity ≥98%, Sigma) dissolved in deionized drinking water;

N=8 control dams were administered vehicle only (deionized

drinking water). The maternal exposure was initiated on GD6 and

continued through PN14. This PTU exposure was not expected to

induce overt toxicity in dams, but was sufficient to induce a

periventricular heterotopia in their offspring (3). N=8 controls and

N=7 PTU exposed dams gave birth.
2.2 Serum thyroid hormone quantification

To evaluate serum total thyroxine (T4), triiodothyronine (T3),

and thyroid stimulating hormone (TSH), pups on PN2 and dams on

PN14 were euthanized by rapid decapitation and trunk blood

collected in serum separator tubes with clot activating gel (BD

Vacutainer). Serum hormones were quantified from N=8 vehicle

control and N=7 PTU exposed dams and litters. Pup blood was

pooled from two littermates, taking one male and one female from

each litter when possible. Previous work has shown that PTU

exposure similarly reduces serum T4 and T3 in both sexes of rats

(17, 18). Blood samples were allowed to clot on ice for at least 30

minutes before centrifugation at 1300 x g (4° C). Serum was then

aliquoted in sterile, nonstick tubes and stored at -80°C until analysis.

Pups were analyzed on PN2 due to our previous work demonstrating

that TH dysfunction at this stage is associated with periventricular

heterotopia development (4). The dams were euthanized at the

conclusion of this animal exposure on PN14; other data collected

from this animal cohort will be published elsewhere. For further

information on dam serum TH profiles over the perinatal period

following a 3 ppm PTU exposure, see (3).

Serum T4 and T3 were analyzed by liquid chromatography with

tandem mass spectrometry using an AB Sciex (Framingham,
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Massachusetts) Exion AC UHPLC-Qtrap 6500+ Linear Ion Trap LC/

MS/MS system as previously described (19). The lower limit of

quantitation (LLOQ) for each analyte was set to the concentration

of the lowest calibration standard that gave an acceptable ion ratio,

and acceptable recovery of ±30% of the spike amount; the lower limit

of quantification (LLOQ) for both T4/T3 were 0.1 ng/ml (100 pg/ml).

Each sample batch consisted of a method blank, a laboratory control

sample (blank spike), and a continuing calibration verification sample

prepared in the solvent. Serum TSH was analyzed on using a Milliplex

Rat Thyroid Hormone Magnetic Bead Panel (Millipore Sigma,

RTHYMAG-30K-01) according to the manufacturer’s protocol. The

curve fit R2 was >0.99 and the sum of residuals was -0.004. Unpaired,

two-tailed Welch’s t-tests with an a=0.05 were performed for each

measured analyte using GraphPad Prism 9.1.2 (GraphPad Software,

San Diego, CA).
2.3 Brain hormone quantification

Following rapid decapitation, the brain from one female pup per

litter was extracted from the skull and the telencephalon (forebrain)

isolated in sterile 0.01 M phosphate buffered saline (PBS). Tissue was

blotted to remove excess buffer, weighed, placed in sterile tubes, and

frozen in liquid nitrogen. All samples were stored at -80°C until

analysis. THs were isolated by solid phase extraction and analyzed by

LC/MS/MS as previously described (19) for N=5 control and N=5

PTU exposed samples. The LLOQ for total T4 and reverse T3 (rT3)

were 0.01 ng/g and total T3 0.05 ng/g. Unpaired, two-tailed Welch’s t-

tests with an a=0.05 were performed for each TH measured using

GraphPad Prism 9.1.2 (GraphPad Software, San Diego, CA). Previous

work has shown no differences in heterotopia incidence or severity

between the sexes, suggesting that sex not a significant variable in

determination of this phenotype (3). Hence, only female brain

hormones were assessed.
2.4 Laser capture microdissection

One male pup was selected from each of N=7 control and N=6

PTU exposed litters on PN2 for laser capture microdissection (LCM)

and sequencing. Pups were administered an overdose of Euthasol®

and transcardiac perfusion performed with 30% sucrose in sterile 0.01

M PBS pH 7.4. Following sucrose perfusion, the brain was

immediately dissected from the skull, embedded in Tissue Freezing

Medium™ (Fisher Scientific, 15-183-13), and frozen on a slurry of

dry ice and isopentane. The brains were cryosectioned coronally at 10

µm thickness and collected directly onto MicroDissect polyethylene

terephthalate membrane single frame slides (ASEE, FS-LMD-M-50r);

slides were placed on dry ice immediately after section pickup and

stored -80°C. Immediately before microdissection slides were stained

with 2% cresyl violet in 75% ethanol, dehydrated, and cleared. Laser

capture of the posterior ventricular epithelium was then performed

using a MMI CellCut LCM System (Molecular Machines and

Industries). The epithelium as identified by its pseudostratified

appearance, consistent with reports that this morphology represents

the VZ (13). Isolated cells were then collected using 0.5 ml
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MicroDissect stick-cap tubes (ASEE, ST-LMD-M-500). The

ventricular epithelium from both hemispheres of ~20 sections was

collected from each animal.
2.5 RNA isolation

RNA was isolated using Qiagen’s RNeasy® Micro kit (Qiagen,

74004). Immediately after cells from each slide were collected as

described, 10 µl of RLT lysis buffer was added directly on to the cap

for 5 minutes. RNA was isolated from lysed cells according to the

manufacturer’s protocol, including on-column DNA digestion. RNA

concentrations were determined using Qubit (RNA HS, Q32852) and

quality using Agilent Bioanalyzer (Nano, 5067-1511). The average RNA

concentration across biological replicates was 15 ng/µl and RNA Integrity

Number was (RIN) 5.3. While this indicates some RNA degradation,

slide control cells (microdissected CA1/CA3 of the hippocampus)

revealed consistently intact RNA with RIN ≥8 across all biological

replicates (Supplementary Figure 1). Therefore, we attributed the lower

RINs of our microdissected VZ to the long, narrow shape of this region,

which likely resulted in an increased amount of burned cellular debris

relative to intact cells following microdissection.
2.6 Library preparation and RNA-Sequencing
(RNA-Seq)

Total RNA-Sequencing libraries were prepared using the

SMARTer® Stranded Total RNA-Seq Kit v3 - Pico Input

Mammalian kit (Takara, 634485) according to the manufacturer’s

protocol. This included sample barcoding and rRNA depletion.

Library quantities were evaluated using Qubit (dsDNA, Q32851)

and library size and quality evaluated using Agilent Bioanalyzer

(DNA HS, 5067-4626). Libraries were pooled and sequenced on

two lanes of Illumina HiSeq 4000 and paired end sequenced to an

average depth of 58 million reads/sample.
2.7 Identifying differentially expressed
genes (DEGs)

Samples were demultiplexed and trimmed using Trimmomatic

(20). Downstream processing of RNA-Seq data was performed in

Partek Flow Bioinformatics Software (Chesterfield, MO). Samples

were aligned to the Rattus norvegicus reference genome

(mRatBN7.2/rn7) using STAR 2.7.8a. Counts were quantified

using the Partek Expectation/Maximization (E/M) model and the

rat RefSeq annotation (GCF_015227675.2) and normalized using

median ratio. Differential expression was identified by comparing

N=6 PTU exposed samples to N=7 controls using DESeq2 (21),

and multiple testing corrected using the Benjamini–Hochberg

step-up procedure to control the False Discovery Rate (FDR).

DEGs were identified by an FDR (q-value) ≤0.05. A volcano plot

was generated using the ggplot2 R package (22), and a heatmap of

normalized count values using the Pheatmap (23) and Viridis R

packages (24).
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2.8 Gene ontology and pathway analyses

For preliminary investigation of the RNA-Seq data, all

differentially expressed genes (DEGs) with a q-value ≤0.05 were

analyzed using Gene Ontology (GO) in STRING (25). Results

within the sub-ontologies of Cellular Components and Biological

Function are reported here, with an adjusted p-value (q) ≤0.05

considered significant. Next, significant DEGs (q ≤ 0.05) were

analyzed in Ingenuity Pathway Analysis (IPA) (Qiagen, Hilden,

Germany) and used to generate predicted canonical and disease

and function pathway analyses between control and PTU exposure.
2.9 Immunohistochemistry and imaging

A subset of PN2 pups of both sexes were euthanized for

immunohistochemistry. Pups were administered an overdose of

Euthasol® and perfused with sterile 0.01 M PBS pH 7.4, and then

4% paraformaldehyde. Brains were isolated and cryoprotected in 30%

sucrose in PBS before embedding in Tissue Freezing Medium™

(Fisher Scientific, 15-183-13). Blocks were frozen on a slurry of dry

ice and isopentane. The brains were cryosectioned coronally at 35 µm

and collected in PBS for free-floating immunohistochemistry (IHC).

All primary and secondary antibody combinations can be found in

Supplementary Table 1. For fluorescent IHC, nonspecific binding was

blocked in a mixture of 10% horse and goat serum in PBS with 0.1%

triton-X for 2 hours. Primary antibodies were then diluted in block

buffer and incubated overnight at 4°C. The sections were then washed

in PBS and incubated with appropriate Alexa Fluor antibodies and

counterstained with DAPI. For visualization of filamentous actin (F-

actin), sections were incubated in 0.5% triton for 15 minutes before

incubation in Alexa Fluor 647 phalloidin according to manufacturer’s

protocol (Abcam, ab176759). Fluorescent sections were then

mounted on SuperFrost Plus (Fisher Scientific, 12-550-15) slides

and coverslipped using ProLong Diamond (Thermo Fisher

Scientific, P36965). Imaging was performed using a Nikon A1 laser

scanning confocal microscope fitted with an Eclipse Ti inverted

microscope base and a T-P2 Nikon polarizer slider. Control

sections were imaged first and PTU exposed animals analyzed using

the same parameters (see laser line information in Supplementary

Table 1). For calorimetric detection background staining was reduced

by incubating in 0.3% hydrogen peroxide diluted in methanol for 30

minutes. Nonspecific binding was reduced in block as stated above,

and the signal amplified by avidin-biotin complex (ABC kit, Vector

PK-4001 and PK-4002); the color reaction was developed with 3,3′-
Diaminobenzidine (Sigma, D8001). Slides were then mounted,

dehydrated, cleared, and cover slipped before imaging using an

Aperio slide scanner (Leica). For all immunohistochemistry

experiments at least N=3 control and N=3 PTU exposed pups were

analyzed, and all images are representative of repeated findings.
2.10 Figure preparation

Microscopy images were prepared in Adobe Photoshop and

figures assembled in Adobe Illustrator, with the same settings

applied across control and PTU exposed images.
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3 Results

3.1 PTU exposure perturbed the maternal
thyroid axis

Following the drinking water exposure beginning on GD6, PTU

significantly reduced dam T4 by 53% as compared to vehicle controls

on PN14 (Figure 1A, p<0.0001). In contrast, there was no significant

change in serum T3 (Figure 1B, p=0.33). Serum TSH was increased by

72% (Figure 1C, p=0.01). Together, the T4/T3/TSH results shows that

PTU exposed dams exhibited thyroid axis perturbation.
3.2 Neonatal pups exhibited hypothyroidism
and decreased brain T4/T3

On PN2, a known day of hormone susceptibility (4), serum T4

was reduced in neonates by 80% (p<0.0001) (Figure 1D) and serum

T3 by 39% (p=0.03) (Figure 1E). Serum TSH was increased by 243%

(p<0.0001) (Figure 1F). In the telencephalon, T4 was significantly

reduced by 80% (p=0.001) and T3 by 38% (p=0.02) (Figures 2A, B).

Reverse T3 (rT3) was not significantly different following PTU

exposure in the neonatal telencephalon (p=0.16) but showed more

biological variability than T4/T3 (Figure 2C). Together, these serum

and brain data show that the pups exhibited overt hypothyroidism

and decreased brain tissue T4/T3 concentrations.
3.3 TH action regulates gene expression at
the neonatal ventricular epithelium

To confirm that the posterior ventricular epithelium is the VZ, we

performed SRY-Box 2 (SOX2) immunofluorescence. SOX2 is

expressed in multipotent neural stem cells, and is enriched in the

VZ (26). Results show that in the posterior telencephalon, strong

SOX2 expression was observed in the PN2 ventricular epithelium,

which appears pseudostratified when observed by DAPI nuclear

staining (Figure 3A). Following laser capture microdissection of this

region and RNA-Seq (Figure 3B), 358 DEGs with FDR ≤0.05 were

identified in male pups (172 downregulated, 186 upregulated)

(Figures 3B–D, see Supplementary File 1 for full results).

Preliminary examination of the dataset revealed a subset of DEGs

related to extracellular matrix composition. This included 4 collagen

genes with a q<0.05 (Col8a2, Col2a1, Col12a1, Col4a6), and 3

approaching statistical significance (q ≤ 0.07, Col9a3, Col25a1,

Col4a5) (Table 1, which includes full gene names). All of these

collagen transcripts were downregulated except for Col25a1. Several

other genes encoding extracellular matrix proteins were also

significantly downregulated, including a glypican, syndecan, and

dystroglyan (Glp4, Sdc2, Dag1). Another subset of DEGs were also

related to cytoskeleton formation and/or dynamics. Four genes related

to actin or tubulin formation were upregulated (Actg1, Tbcb, Tpgs2,

Tubb2b, and Tubb4a, Table 1); three unconventional myosins, which

bind F-actin, were all downregulated (Myo1d,Myo1e,Myo7a). A third

subgroup of DEGs related to cell adhesion and/or cell junctions were

downregulated, including Cldn1 and Jam3 (Table 1). Further, genes

related to Wnt/Planar cell polarity (Vangl1, Vangl2), hedgehog
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signaling (Gli2, Gli3), and bone morphogenetic protein (BMP)

signaling (Rgma, Bmp1, Bmper) were also all downregulated in PTU

exposed VZ cells (Table 1). Downregulation of Spred1 was also

detected, a gene we previously implicated in heterotopia

development (4). Surprisingly, only 3 genes were identified as

known mediators of TH transport and/or action, including Slc16a2,
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Tshr, and Thrsp, all of which were downregulated (Table 1); no

deiodinase enzymes (i.e., Dio2) or known T4/T3 receptors (i.e.,

Thra, Thrb) were differentially expressed in the VZ (Supplementary

File 1). Genes known to respond to lowered brain T4/T3, like Klf9 and

Hr, were also not amongst the DEGs (Supplementary File 1). We

acknowledge that downregulation of Slc16a2 (MCT8) was a
A B

D E F

C

FIGURE 1

Serum thyroid hormones in dams and pups. (A) Dam serum T4 is reduced in dams on PN14, whereas (B) total T3 was not significantly different.
(C) TSH was increased by 72% in PTU exposed dams on PN14. (D) Pup serum T4 and (E) T3 were reduced in pups on PN2. (F) TSH was increased in PN2
neonates. In all presented data, N=8 control and N=7 PTU exposed dams or litters were assayed. For all pup data, each biological replicate represents
serum pooled from multiple littermates of mixed sex. The data were then analyzed by t-test and each graph shows the value of each biological replicate
and the SEM; ****p ≤ 0.0001, *p ≤ 0.05, ns, not significant.
A B C

FIGURE 2

Telencephalon thyroid hormones in PN2 pups. (A) Brain T4 was significantly reduced on PN2, as was (B) T3. (C) Reverse T3 (rT3) was reduced in PTU
exposed animals when comparing group means, but this was not statistically significant. In all presented data, N=8 control and N=7 PTU exposed female
pups were assayed (1 pup/litter). The data were then analyzed by t-test and each graph shows the value of each biological replicate and the SEM; **p ≤

0.001, *p ≤ 0.05, ns, not significant.
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counterintuitive finding. Given that our brain hormone measures

show a significant reduction in T3, one would expect upregulation

of Slc16a2 to increase T3 availability at the VZ. While we do not

understand why Slc16a2 is downregulated, it is important to consider

if this signal is originating from specific cell types, or is similar across

all Slc16a2 expressing cells. As the apical VZ abuts TH containing CSF

and the VZ possesses an enriched BBB, there may be complex

mechanisms of regulating TH economy in this region that we

cannot discern by bulk RNA-Seq. The lack of transcriptional signal

for deiodinases and thyroid receptors is less surprising, as previous

gene expression studies of mild/moderate developmental

hypothyroidism in the postnatal rat brain have reported similar data

(4, 27, 28).
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We next invest igated the s ignal ing pathways with

overrepresentation amongst the DEGs. Gene Ontology (GO)

Cellular Component analysis showed most gene products will

localize intracellularly, within the cytoplasm, and at the cell

junction (Figure 4A and Supplementary File 2). Among the most

significant Biological Processes identified include nervous system

development (q<0.001), cellular component organization (q=0.002),

fiber organization (q=0.002), actin filament organization (q=0.02),

lateral sprouting from an epithelium (q=.03), adhesion (q=0.03), and

cytoskeletal organization (q=0.03) (Figure 4B and Supplementary File

3). A transcriptional signal for circulatory system development was

also detected (q=0.03). Ingenuity Pathway Analysis showed similar

results as GO Biological Processes. The top Molecular and Cellular
A

B

DC

FIGURE 3

Laser capture microdissection and RNA-Seq of the neonatal ventricular zone (VZ). (A) Fluorescent immunostaining in control animals demonstrates that
the ventricular epithelium (V.E.) of the posterior telencephalon is highly enriched for SOX2, demonstrating that this is the VZ (ventricular zone, progenitor
cell niche) on postnatal day 2 (PN2). (B) Example of laser capture microdissection of the VZ. (C) Volcano plot of resulting RNA-Seq data obtained from
microdissected VZ from PN2 male pups, with downregulated (pink) and upregulated (yellow) genes highlighted (q ≤ 0.05). (D) These differentially
expressed genes (DEGs) were then visualized by a heatmap, which shows clear differences between the control (euthyroid) and PTU exposed
(hypothyroid) neonates. Each column of the heatmap represents a biological replicate (N=7 control and N, 6 PTU exposed pups).
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Functions include Cellular Assembly and Organization (54 DEGs

associated, p-values <0.001) as well as Cell-to-Cell Signaling and

Interaction (36 DEGs, p-values <0.001). Between these two categories,

there were 68 unique DEGs (Figure 5). Highly significant processes

within this curated data include cell-cell contact, organization of

cytoplasm, organization of cytoskeleton, formation of cellular

protrusions, microtubule dynamics, neuritogenesis, formation of
Frontiers in Endocrinology 0714
actin, and cell migration (Figure 5, all p-values <0.001). Ingenuity

Pathway Analysis’s Canonical Pathways also revealed both different

and overlapping signals in our DEGs. The most significant Canonical

Pathways were oxidative phosphorylation, mitochondrial

dysfunction, and protein kinase A signaling; cell-cell junction as

well as endothelin-1 signaling were also significant in our data set

(all p-values <0.001) (see Supplementary File 4).
TABLE 1 Genes of interest from RNA-Seq dataset.

Gene Name Ensembl ID Description p-value q-value Fold change

Gpc4 ENSRNOG00000002413 glypican 4 <0.001 0.00 -1.71

Sdc2 ENSRNOG00000004936 syndecan 2 <0.001 0.02 -1.42

Frem2 ENSRNOG00000021670 FRAS1 related extracellular matrix 2 <0.001 0.04 -1.35

Dag1 ENSRNOG00000019400 dystroglycan 1 <0.001 0.04 -1.24

Col8a2 ENSRNOG00000010841 collagen type VIII alpha 2 chain <0.001 0.02 -1.80

Col2a1 ENSRNOG00000058560 collagen type II alpha 1 chain <0.001 0.02 -1.93

Col12a1 ENSRNOG00000058470 collagen type XII alpha 1 chain <0.001 0.04 -1.36

Col4a6 ENSRNOG00000056772 collagen type IV alpha 6 chain <0.001 0.04 -1.45

Col9a3 ENSRNOG00000009531 collagen type IX alpha 3 chain <0.01 0.06 -1.45

Col25a1 ENSRNOG00000050706 collagen type XXV alpha 1 chain <0.01 0.06 2.45

Col4a5 ENSRNOG00000018951 collagen, type IV, alpha 5 <0.01 0.07 -1.37

Tbcb ENSRNOG00000020781 tubulin folding cofactor B <0.001 0.01 1.47

Tpgs2 ENSRNOG00000054118 tubulin polyglutamylase complex subunit 2 <0.001 0.02 1.38

Tubb2b ENSRNOG00000017445 tubulin, beta 2B class Iib <0.001 0.04 1.22

Actg1 ENSRNOG00000036701 actin, gamma 1 <0.001 0.02 1.21

Myo1d ENSRNOG00000003276 myosin ID <0.001 0.02 -1.61

Myo1e ENSRNOG00000061928 myosin IE <0.001 0.02 -1.39

Myo7a ENSRNOG00000013641 myosin VIIA <0.001 0.04 -1.55

Ajap1 ENSRNOG00000050137 adherens junctions associated protein 1 <0.001 0.02 2.71

Jam3 ENSRNOG00000009149 junctional adhesion molecule 3 <0.001 0.02 -1.29

Celsr1 ENSRNOG00000021285 Cadherin EGF LAG seven-pass receptor 1 <0.001 0.02 -1.37

Cldn1 ENSRNOG00000001926 claudin 1 <0.01 0.05 -1.81

Hepacam ENSRNOG00000009219 hepatic and glial cell adhesion molecule <0.01 0.05 -1.32

Vangl1 ENSRNOG00000016477 VANGL planar cell polarity protein 1 <0.001 0.02 -1.53

Vangl2 ENSRNOG00000004889 VANGL planar cell polarity protein 2 <0.001 0.02 -1.30

Gli2 ENSRNOT00000009963 GLI family zinc finger 2 <0.001 0.03 -1.34

Gli3 ENSRNOT00000019396 GLI family zinc finger 3 <0.001 0.05 -1.35

Bmp1 ENSRNOG00000010890 bone morphogenetic protein 1 <0.001 0.04 -1.35

Bmper ENSRNOG00000015357 BMP-binding endothelial regulator <0.01 0.05 -1.38

Slc16a2 ENSRNOG00000002832 monocarboxylic acid transporter 8 <0.001 0.02 -1.49

Tshr ENSRNOG00000003972 thyroid stimulating hormone receptor <0.001 0.02 -1.41

Thrsp ENSRNOG00000012404 thyroid hormone responsive <0.001 0.04 -1.42

Spred1 ENSRNOG00000070996 sprouty-related EVH1 domain containing 1 <0.001 0.02 -1.25
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FIGURE 5

Ingenuity pathway analysis of significant cellular pathways. In this diagram unique genes identified are the outside of the circle, and connected to
statistically significant processes (p<0.001). Note the overlap of the biological processes highlighted in purple boxes, which are correlated to dynamics of
the cytoskeleton and cytoplasm, cell adhesion, cell morphology, and cell migration.
A B

FIGURE 4

Statistically significant gene ontology (GO) analyses of the identified DEGs, as visualized by bubble plots. (A) Cell component GO reveals that the most
statistically significant categories include intracellular, cytoplasm, and cell junction (q=0.00013 for each); this shows that most protein products DEGs will
localize to these cellular compartments. (B) Biological processes analysis shows that cell component organization, nervous system development,
cytoskeletal organization, and supramolecular fiber organization are amongst the most statistically significant processes (q≤0.0018), while more specific
categories like cytoskeletal organization, biological adhesion, actin filament-based processes, were also identified. In both panels all categories listed are
supported by q≤0.05.
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3.4 Immunofluorescence demonstrates
thyroid-dependent changes in cell junction
components of the VZ

To corroborate the RNA-Seq findings, we next performed

immunofluorescence to visualize components of the extracellular

matrix, cytoskeleton, and cell junctions at the VZ in PN2

littermates. We first investigated collagen IV (COL IV), a critical

extracellular matrix protein that maintains the basement membrane

in brain endothelial cells. One collagen IV subunit was downregulated

in our RNA-Seq data (Col4a6), and another was downregulated and

approaching statistical significance (Col4a5, see Table 1 and

Supplementary File 1). Our results in control pups show COL IV is

highly expressed at the brain barriers, including in the choroid plexus

(blood-cerebrospinal fluid barrier) and in the blood vessels of the VZ

(Figures 6A, B, D, for colorblind compatible images see

Supplementary Figure 2). Expression was also observed near the

apical surface of the inferior VZ (Figure 6B). In contrast to euthyroid

controls, PTU exposed pups show pronounced differences in the

pattern of COL IV expression, specifically a notable reduction in the

vasculature throughout the VZ (Figures 6C, E and Supplementary

Figures 3A–C, see white arrows). Next, we visualized components of

the cytoskeleton, given the RNA-Seq signal related to its formation

and function. Filamentous actin (F-actin) was visualized by phalloidin

staining in PN2 littermates. In euthyroid controls, F-actin is normally

distributed throughout the brain, including in the VZ and its

associated blood vessels (Figures 6F, H and Supplementary

Figure 3D). In hypothyroid neonates, F-actin expression appeared

globally reduced, and with a more punctate staining patterns as

compared to controls (Figures 6G, I and Supplementary Figure 3E).

This was apparent along the entire VZ (inferior, superior, and medial)

and in the surrounding parenchyma (Figures 6G, I and

Supplementary Figures 3D, E). This change in F-actin is

reminiscent of the T4 and rT3-dependent change in actin

polymerization, which has been reported in neurons and astrocytes

in vitro and ex vivo by others (29–34). We next examined vimentin

(VIM) immunostaining, another component of the cytoskeleton.

Vimentin is an intermediate filament and used to visualize radial

glial progenitor cells. Radial glia progenitors originate from

neuroepithelial cells of the VZ, and anchor endfeet to this region

(13). In our RNA-Seq dataset Vim was reduced in PTU exposed pups

and this change was approaching statistical significance (q=0.06);

Pax6, a transcription factor expressed by radial glia, was also

downregulated (q=0.06, Supplementary File 1). Our results show

that VIM is highly expressed in the PN2 control brain, with

pronounced staining of radial glia cells as expected (Figure 7A). At

high magnification, the spindle-like morphology of radial glial cells is

clearly observed, including their attachment to the VZ (Figure 7A). In

hypothyroid pups, VIM was still observed throughout the brain,

although the apicobasal polarity of radial glial cells was abnormal

(Figure 7B). This was clear at high magnification (Figure 7B).

As our data suggested that hypothyroid animals exhibited

differences in the components that comprise cell junctions, we next

asked whether adhesive proteins were also affected. Adherens

junctions are the primary cell junction type of the VZ and are

responsible for maintaining normal adhesion of the epithelium,

including radial glia. This is supported by our results, where N-
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cadherin expression is strongly expressed in the VZ, especially along

its apical border (Figure 7C, for colorblind compatible images see

Supplementary Figure 4). In contrast, a loss of both basal and apical

N-cadherin staining is observed in PTU exposed pups, including

amongst the most luminal cells (Figure 7D and Supplementary

Figure 4D, see arrows). In addition to adherens junctions, tight

(occluding) junctions are crucial for polarization of epithelial cells,

and for the normal functioning of the brain barriers. To visualize tight

junctions, we examined the distribution of claudin 5 (CLD5). We did

not observe any overt changes in the expression patterns of CLD5 in

the brain parenchyma of the VZ, except along the apical surface; these

changes were not as pronounced as N-cadherin (Figures 7E, F). CLD5

was also expressed in the CSF-facing epithelial cells of the choroid

plexus (Figure 7E); interestingly, CLD5 expression appeared

disorganized in the choroid plexus of PTU exposed neonates.

Next, as our bioinformatic analyses suggested that vascular

patterning and/or function may be implicated in our RNA-Seq

data, we analyzed the endothelial cell marker platelet endothelial

cell adhesion molecule 1 (PECAM-1). PECAM-1 was observed in the

vascular component of the choroid plexus, as well as in the brain’s

blood vessels (Figure 7E). The PECAM-1 pattern at the VZ appeared

less complex in PTU exposed pups as compared to controls, which

was most apparent at the transition between the VZ-SVZ (Figure 7F).

We did not observe any notable changes in the co-labeling of

PECAM-1 and CLD5 between hypothyroid and euthyroid pups in

the VZ parenchyma. However, the disorganization of normal CLD5/

PECAM-1 expression was appreciable in the plexus of PTU exposed

neonates (compare merge images of 7E and F, see C.P.). In total, these

results showed differences in the expression patterns of extracellular

matrix, cytoskeletal, and adhesive proteins within the posterior VZ.

Surprisingly, during imaging we also observed clear differences in

markers of the BBB (cerebral microvasculature, COL IV, PECAM-1,

F-actin), as well as the blood-cerebrospinal fluid barrier (choroid

plexus, COL IV, F-actin, PECAM-1, CLD5). It is noted that the

choroid plexus data were gathered incidentally during imaging, and

the RNA-Seq experiment did not include these cells.
3.5 TH action at the VZ may be
mediated by both nongenomic
and genomic mechanisms

While we found that thyroid stimulating hormone receptor (Tshr)

was differentially expressed in the posterior VZ (Table 1), the

potential role of TSH in the VZ is unknown. However, it is

expressed in the adult SVZ, suggesting it may be of importance in

this region (35). No known receptor for T4 or T3 was identified as a

DEG (Supplementary File 1). Given this lack of transcriptional signal,

we chose to evaluate the localization of known T4/T3 receptors in

vivo. Specifically, we hypothesized that the T4 receptor integrin avb3
would be highly expressed in the VZ. Integrins are transmembrane

adhesion proteins that anchor intracellular F-actin to the extracellular

matrix, serving as a cell-matrix junction (36). They are implicated in

not only cell adhesion, but are critical to cell migration. Consistent

with this hypothesis, we observed robust immunostaining of integrin

avb3 in the VZ of both control and PTU exposed pups. (Figures 8A,

B). We also detected its expression in the choroid plexus as well as in
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other brain compartments (Figures 8A, B). We next examined the

expression of thyroid receptor isoforms, thyroid receptor alpha 2 and

beta 1/2 (TRa2 and TRb1/2). TRa2 and TRb1/2 mediate genomic

(nuclear initial action) and nongenomic (extranuclear initial action)

TH signaling (see 37), and in addition to integrin avb3 in the VZ,

could explain this region’s hormone sensitivity. Both Thra and Thrb
Frontiers in Endocrinology 1017
were expressed in microdissected VZ cells although they were not

differentially expressed between exposure groups; Thra exhibited

higher expression as compared to Thrb (Supplementary File 1).

Using an antibody that recognizes TRa2, the dominant negative

isoform highly expressed in the developing rat brain (38), we showed

that TRa2 is expressed in the VZ of both control and PTU exposed
A

B

D

E

F

G

I

H

C

FIGURE 6

Developmental hypothyroidism affects collagen IV (COL IV) and filamentous actin (F-actin) in PN2 neonates (A) Representative regions of the posterior
telencephalon. The white bonding boxes represent the inferior and superior portions of the VZ, and represent where the images were captured. Note
that the choroid plexus (C.P., blood-cerebrospinal fluid barrier) is in proximity to the VZ and thus often imaged simultaneously. (B) Collagen IV (COL IV) is
an extracellular matrix protein that is critical to basement membrane maintenance in cerebral endothelial and in some epithelial cells, and was implicated
by RNA-Seq. In control pups, COL IV is enriched in blood vessels (B.V.) of the inferior VZ, as well as the vascular component of the choroid plexus. Less
pronounced staining is also observed in the more luminal area of the VZ. (C) In PTU exposed pups, there was a clear disorganization of COL IV in the
blood vessels, the choroid plexus, and in the inferior VZ parenchyma (see arrows). (D) COL IV is expressed in the blood vessels and choroid plexus of the
superior VZ. (E) In PTU exposed pups COL IV also appears reduced in the superior VZ. (F) Visualization of F-actin by phalloidin shows strong signal
throughout the brain, including in the blood vessels of the inferior VZ. F-actin was also highly enriched surrounding the nuclei of cells (blue DAPI
staining) in the VZ, as expected. (G) In the PTU exposed animals, staining appeared globally reduced, which was especially notable in the parenchymal
cells surrounding the VZ as well as in blood vessels (see arrows). (H) F-actin is highly expressed in the superior VZ and its associated blood vessels in
control animals. (I) The PTU-associated changes in F-actin are apparent in the VZ and the surrounding parenchna. In all panels VZ, ventricular zone; C.P.,
choroid plexus; Hp, hippocampus; B.V., blood vessel; Vn, ventricle and scale bars are 50 µm.
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pups on PN2 (Figures 8C, D). TRa2 was also observed in the

hippocampus, as well as in the choroid plexus (Figures 8C, D, Hp

and C.P.). Next, using an antibody that recognizes TRb1/2, robust
expression was also observed in the VZ of both control and PTU

exposed animals; the hippocampus, and choroid plexus also showed

signal (Figures 8E, F). Strikingly, integrin avb3, TRa2, and TRb1/2
show highly similar distribution in the PN2 telencephalon, including

enrichment in the VZ (see Supplementary Figure 5 for antibody

control experiments). Taken together, this suggests that the VZ may

be a “hotspot” of TH action in the developing brain.
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4 Discussion

Neurodevelopment requires tightly coordinated spatiotemporal

signaling processes, including those controlled by THs. Here we

addressed the hypothesis that the posterior VZ is sensitive to TH

action during the neonatal period in the rat. While the anterior and/or

entire VZ/SVZ has been studied at different developmental stages

including adulthood (39–44), the posterior VZ has not been

investigated in isolation during an established time of

TH dependency.
FIGURE 7

Radial glia cells and cell adhesion are affected in the newborn VZ. (A) Vimentin immunohistochemistry highlights radial glia cells. In control animals radial
glia endfeet anchor these cells to the ventricular zone (VZ), as seen at high magnification (see asterisk). (B) In PTU exposed pups, there is a loss of the
apicobasal polarity of radial glia, which is especially prominent at high magnification (see white arrows). Note that the high magnification image was
rotated so that the VZ was viewed horizontally. (C) Visualization of adherens junctions by N-cadherin. N-cadherin expression is observed in the VZ,
notably along the apical border which faces cerebrospinal fluid. (D) In PTU exposed pups on PN2 there is a disorganization of N-Cadherin, especailly
along the apical border (see arrows). (E) Examination of tight junctions by claudin 5 (CLD5) and endothelial cell by PECAM-1. CLD5 is normally expressed
in endothelial cells and is a critical compoenent of the blood-brain and blood-cerebrospinal fluid barriers. It is also expressed along the apical surface of
the VZ, similar to N-Cadherin. (F) In hypothyroid (PTU exposed) neontates, there was a pronounced reduction and disorganization in CLD5 staining in the
choroid plexus (see arrows). There was also subtle changes in CLD5 along the apical surface of the VZ. Interestingly, PECAM-1 was also affected in the
choroid plexus, and at the more basal region of the VZ as it transitions to the SVZ (see arrows). In all panels VZ, ventricular zone; C.P., choroid plexus;
Hp, hippocampus; B.V., blood vessel; Vn, ventricle, and scale bars are 50 µm.
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4.1 TH action affects components of cell
junctions in the ventricular zone

Cell–cell junctions link cells to maintain tissue homeostasis, and

regulate critical processes like tissue barrier function, cell

proliferation, and cell migration. Tight and adherens junctions are

two different multiprotein complexes that require similar

components: adhesion proteins to physically connect cells,

anchoring proteins that link the intercellular cytoskeleton, and an

extracellular matrix that supports cell shape and contacts (45).

Perturbation of any of these components can disrupt the structure

and function of cell junctions. For example, disruption of CLD5

(adhesion molecule), actin (cytoskeleton), or COL IV (basement

membrane, extracellular matrix) in tight junctions of brain

endothelial cells will disturb the occluding activity of the BBB (46–

48). In this study we show that various adhesion, cytoskeletal, and

extracellular matrix proteins are simultaneously disturbed by

moderate developmental hypothyroidism in vivo. While these

findings may have several implications for the development and

function of the brain, it is clear that cell migration is affected.

Our previous work to understand the cellular etiology of the

periventricular heterotopia showed that radial glia cells were

abnormal in hypothyroid rat pups (4). We correlated this

observation to downregulation of Spred1, as detected by qRT-PCR

in a hand-dissected region of the brain that included the cortex,

hippocampus, and VZ (2, 4). Here, using a lower dose of PTU and

laser capture microdissection to isolate the VZ in newborn rats, we
Frontiers in Endocrinology 1219
again demonstrate downregulation of Spred1 and loss of radial glia

apicobasal polarity. Phoenix and Temple (49) showed that Spred1

knockdown in the embryonic mouse brain caused reduced cell

adhesion at the VZ/SVZ, abnormal morphology of radial glia cells,

and disordered neuroblast migration. The authors also detected

periventricular heterotopia in the posterior telencephalon of

postnatal mice (49). In patients, periventricular heterotopia are

often attributed to mutations in cytoskeletal proteins. The most

commonly associated are within filamin A (FLNA), but other genes

encoding cytoskeletal, adhesive, and extracellular matrix proteins are

also implicated (reviewed in 50). Intriguingly, various COL IV

mutations cause not only heterotopia, but also small vessel disease

of the brain in affected individuals (50). Here we also show that TH

action affects expression of Col4a6 (q=0.04), Col4a5 (q=0.07), and

COL IV at the rat VZ. Regardless of the molecular etiology, it is

established across species that heterotopia are caused by

abnormalities in radial glia-mediated cell migration (49–52). These

observations, coupled with our repeatable findings, strengthens the

interpretation that TH action affects radial glia form and function,

which then leads to heterotopia formation in the rat.

The conclusion that radial glial cells and/or cell migration can be

affected by TH action has been supported by others (8, 53–60). There

are several hypotheses about why this occurs, including TH-mediated

loss of cell adhesion at the VZ, which normally anchors radial glia

endfeet (4, 59). Other hypotheses include direct changes in the

cytoskeleton of radial glia, as F-actin in particular is responsive to

T4 and rT3 in the brain (29–34, 61). Given the data presented here, we
FIGURE 8

Mediators of TH action in PN2 pups. All receptors are visualized by diaminobenzidine (DAB) staining; at low magnification DAB is used alone and high
magnification images were taken from sections counterstained with Cresyl violet. (A) Integrin aVb3 is expressed in the VZ of control and (B) PTU exposed
pups. Signal was also detected in the hippocampus and choroid plexus. High magnification images of the inferior VZ (see bounding box in panel A)
demonstrates enriched expression of integrin aVb3 along the apical border of the VZ and in the choroid plexus (see arrows). (C) Thyroid receptor alpha 2
(TRa2) was detected in the VZ of both euthyroid control pups and (D) PTU exposed pups. High magnification images show TRa2 staining throughout the
VZ and in the choroid plexus (arrows). (E) Thyroid receptor beta 1/2 (TRb1/2) was also expressed in the VZ of both control and (F) PTU exposed pups, in
similar brain compartments as integrin aVb3 and TRa2. At high magnification TRb1/2 is also expressed in throughout the VZ and in choroid plexus cells
(arrows). In all panels VZ, ventricular zone; C.P., choroid plexus; Hp, hippocampus; B.V., blood vessel; Vn, ventricle and scale bars are 50 µm. Low
magnification images are stained with DAB alone, and high magnification images counterstained with Cresyl violet.
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cannot determine whether abnormalities in adherens junctions of the

VZ cause loss of radial glial cell morphology, or if this is a secondary

effect of cytoskeletal changes in radial glia themselves. Regardless, loss

of adherens junctions in the VZ is associated with loss of radial glia

apicobasal polarity, which results in abnormal cell migration in other

models (62). Interestingly, despite the VZ’s function as a stem cell

niche, we did not detect a robust transcriptional signal related to

neurogenesis and/or cell differentiation. For example, we did not

detect a downregulation of genes related to oligodendrocyte

progenitors (i.e., Ng2, Olig1, Olig2) in PTU exposed animals, even

though reduced myelination is well established consequence of

hypothyroidism (1). We acknowledge that bulk RNA-Seq may

make such determinations regarding cell population changes

difficult (63). But overall, the RNA-Seq data are supportive of our

previous work, where we did not find a significant difference in Ki67+

cells at the ventricular epithelium in PN2 hypothyroid neonates (4).

Neurogenesis in the developing and adult VZ-SVZ has been shown to

be affected by THs (39, 42, 44, 64, 65), but the majority of published

work has examined the anterior or entire VZ and/or SVZ in rodents

older than this study. Some cellular biology studies have shown that

abnormal cell junctions in the brain precede neurogenesis and cellular

differentiation deficits, due to a breakdown in intercellular

communication (reviewed in 66). We also show by pathway

analysis that oxidative phosphorylation was significantly

represented in our RNA-Seq data, and that it was estimated to be

activated. Neural progenitor cells switch primarily from glycolysis to

oxidative phosphorylation upon differentiation (67), so it is possible

that this transcriptional signal may be another early indicator of

abnormal neurogenesis in hypothyroid animals. In the future it would

be interesting to determine if and how TH-action may affect cell

differentiation in this model of moderate hypothyroidism, but

developmental stages later than PN2 should be included.

TH action may influence the cytoskeleton and extracellular

matrix of brain tissue by multiple mechanisms (29, 31–33, 61).

With respects to in vivo models, Morte et al. reported differential

expression of cytoskeletal genes in the brains of hypothyroid rat pups;

however, maternal TH function was abolished by thyroidectomy as

well as methamizole exposure 68. In a series of ex vivo experiments,

Farwell et al. showed that deficiency in T4 and rT3 reduced F-actin in

rat cerebellar cells, which attenuated neurite migration (33). This

migration phenotype could be recapitulated by blocking the integrin

b1 subunit, even in the presence of sufficient T4/rT3 concentrations.

This suggests that that the hormonal regulation of F-actin is necessary

for normal integrin b1-mediated cell migration (33). With respects to

this study, brain T4 was significantly reduced although rT3 was more

variable between rat pups across litters. Integrin avb3 protein was

also expressed in the developing rat VZ. Similar to in vitro and ex vivo

reports, we demonstrated that F-actin appeared reduced and our

model suffers from abnormal cell migration as evidenced by

periventricular heterotopia formation (3, 5–8). Thus, the similarities

between experimental models are compelling and suggests the brain

cytoskeleton can be perturbed by moderate hypothyroidism in vivo.

In the future, additional studies are needed to fully elucidate the TH

signaling mechanism(s) at the VZ and how this translates to the

observed cellular abnormalities. This could include rescue

experiments where T4/T3 are each supplemented to hypothyroid

pups and gene expression measured at the VZ, chromatin
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immunoprecipitation of thyroid receptors, and/or pharmacological

manipulation of integrin avb3.
4.2 TH action and the blood-brain and
blood-cerebrospinal fluid barriers

We previously hypothesized that the VZ was susceptible to TH

action, due to its juxtaposition between two sources of brain THs: the

CSF and an enriched vascular network (4). The VZ itself also

represents the developmentally transient CSF-brain barrier (69, 70).

What we did not expect to discover was that the TH-dependent

changes in the VZ parenchyma may also extended to cerebral

endothelial cells.

The blood-brain and blood-CSF barriers develop in parallel with

the brain tissue, and these fluid interfaces are functional during fetal

development (71, 72). These mechanical and physiological barriers

are comprised of tight and adherens junctions that line endothelial

cells of the central nervous system, expression and activity of influx

and efflux transporters, and fluid flux-flow dynamics (73). However,

tight junctions are the hallmark of their occluding activity. In our

RNA-Seq experiment, we sequenced all cell types within

microdissected VZ, which represents a heterogeneous population.

We subsequently identified several DEGs that are critical to brain

barrier function (Table 1); microscopy also revealed pronounced

effects in endothelial cells of the brain vasculature and/or choroid

plexus, in addition to changes in VZ parenchyma. Specifically, COL

IV, F-actin, CLD5, and PECAM-1 are associated with endothelial cell

patterning and/or function of the BBB in vivo (46, 74, 75), and we

discovered clear effects in their localization between euthyroid and

hypothyroid neonates. These preliminary findings pose the new

question – could brain barrier development and/or function be an

underappreciated target of TH action?

Several studies in adult and canines demonstrate that

hypothyroidism is associated with increased permeability of the

brain barriers (76–81). Clinically, this manifests as increased

protein concentrations in the CSF. In one study, necropsy of

affected hypothyroid dogs suggested cerebrovascular disease in this

species (80). More than half a century ago, Thompson et al. studied 17

adult patients with myxedema, who also presented with increased

CSF protein concentrations (76). Amazingly, after supplementation

with thyroid extract all but 2 patients had a marked reduction in CSF

protein content, and achieved normal levels once euthyroidism was

established (76). This rescue to a normal phenotype demonstrates

that brain barrier function directly responds to TH action. While the

mechanisms of these observations are unknown, TH signaling can

affect vascular function and patterning in different tissues. This has

been shown in vitro and in vivo with regards to T4/rT3 action on

integrin avb3 (reviewed in Davis et al., 2020), as well as TSH activity

via TSHR in primary human cultures (82). Both pathways appear to

be proangiogenic, where both excess T4 or TSH can induce

angiogenesis (36, 82). It has also been shown in rats exposed to

PTU from birth to PN21 that brain angiogenesis was reduced,

including in the complexity and density of microvessels (83). Taken

together, there is evidence that THs control the morphogenesis and

function of endothelial cells, and this is likely mediated by multiple

complex mechanisms. While there is convincing evidence that
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thyroid-mediated brain barrier disruption in adults is transient and

corrects following TH supplementation, this may not occur during

development. If TH action controls patterning of cells that comprise

the brain barriers, then it is possible that developmental

hypothyroidism could lead to permanent changes in the way the

barriers are formed and/or function. Future studies should determine

if TH action can affect brain barrier activity, and if so, determine its

persistence. There is accumulating evidence that both

neurodevelopmental and neurodegenerative disorders are associated

with increased permeability of the BBB (84), so any TH-mediated

effects could have significant consequences.
4.3 The human health implications of
this study

This study extends our previous observations and reinforces that

TH action targets multiple components of normal cell junctions in the

developing brain. These abnormalities can converge to affect

downstream processes like cell migration and potentially brain

barrier function. While previous in vivo work has demonstrated that

radial glia morphology and/or cell migration is affected by

developmental hypothyroidism, these conclusions were drawn from

experiments that induced severe TH disturbances (e.g., maternal

thyroidectomy and/or high doses of TH modulators) (53–57, 59, 60).

While these studies are critical to our understanding of mechanisms, it

can be difficult to translate these findings to patients. Our PTU exposed

dams exhibited a relatively minor 72% increase in TSH, with no

significant change in serum T3. The American Thyroid Association

advises that normal TSH in pregnant patients during the second

trimester is 0.2-3.0 mIU/L in absence of a laboratory-established

reference range (85). Given the biological variability of TSH in

human populations and our presented data, we consider our

experiment representative of moderate maternal hypothyroidism. The

pronounced effects we observed at the neonatal VZ, with the knowledge

that a 3 ppm PTU exposure will induce a periventricular heterotopia in

offspring (3, 5, 6), emphasizes that euthyroidism throughout pregnancy

is critical. The mammalian brain undergoes protracted development, so

processes like cell migration occur over many weeks in both human and

rodents (13, 86).

In conclusion, this study provides evidence that the posterior VZ is

sensitive to THs in newborn rats, even under conditions of moderate

maternal hypothyroidism. Specifically, components of normal cell

junctions including adhesive, cytoskeletal, and extracellular matrix

transcripts were differentially expressed as detected by RNA-Seq and

pathway analyses. Immunofluorescence reinforced these results, and

supports that cell migration is a target of TH action. In addition, this

work led to the unexpected finding that components of both the blood-

brain and blood-cerebrospinal fluid barrier may also be affected by

hypothyroidism.While we acknowledge our study’s limitations, namely

that there are multiple cell types in this the developing VZ and we

performed bulk RNA-Seq, these findings support previous hypotheses

that cell adhesion and radial glia cell polarity are affected in this critical

region. In the future, single cell RNA-Seq to differentiate between

various cell types in the VZ (i.e., radial glia versus endothelia cells), and

functional studies of brain barrier function could further illuminate

mechanisms of TH action.
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6-year-old children living
in an iodine-replete area
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Bung-Nyun Kim8, Johanna Inhyang Kim9, Yun-Chul Hong6,7,10,
Young Joo Park3,4, Choong Ho Shin1,2 and Young Ah Lee1,2*
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3Department of Internal Medicine, Seoul National University Hospital, Seoul, Republic of Korea,
4Department of Internal Medicine, Seoul National University Hospital College of Medicine,
Seoul, Republic of Korea, 5Section of Environmental Health, Department of Public Health, University of
Copenhagen, Copenhagen, Denmark, 6Institute of Environmental Medicine, Seoul National University
Medical Research Center, Seoul, Republic of Korea, 7Environmental Health Center, Seoul National
University College of Medicine, Seoul, Republic of Korea, 8Division of Children and Adolescent
Psychiatry, Department of Psychiatry, Seoul National University Hospital, Seoul, Republic of Korea,
9Department of Psychiatry, Hanyang University Medical Center, Seoul, Republic of Korea, 10Department
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Background: Adequate iodine intake is essential for growing children, as both

deficient and excessive iodine status can result in thyroid dysfunction. We

investigated the iodine status and its association with thyroid function in 6-year-

old children from South Korea.

Methods: A total of 439 children aged 6 (231 boys and 208 girls) were investigated

from the Environment and Development of Children cohort study. The thyroid

function test included free thyroxine (FT4), total triiodothyronine (T3), and thyroid-

stimulating hormone (TSH). Urine iodine status was evaluated using urine iodine

concentration (UIC) in morning spot urine and categorized into iodine deficient (<

100 mg/L), adequate (100–199 mg/L), more than adequate (200–299 mg/L), mild

excessive (300–999 mg/L), and severe excessive (≥ 1000 mg/L) groups. The

estimated 24-hour urinary iodine excretion (24h-UIE) was also calculated.

Results: The median TSH level was 2.3 mIU/mL, with subclinical hypothyroidism

detected in 4.3% of patients without sex differences. The median UIC was 606.2

mg/L, with higher levels in boys (684 mg/L vs. 545 mg/L, p = 0.021) than girls. Iodine

status was categorized as deficient (n = 19, 4.3%), adequate (n = 42, 9.6%), more

than adequate (n = 54, 12.3%), mild excessive (n = 170, 38.7%), or severe excessive

(n = 154, 35.1%). After adjusting for age, sex, birth weight, gestational age, body

mass index z-score, and family history, both the mild and severe excess groups

showed lower FT4 (b = − 0.04, p = 0.032 for mild excess; b = − 0.04, p = 0.042 for

severe excess) and T3 levels (b = − 8.12, p = 0.009 for mild excess; b = − 9.08, p =

0.004 for severe excess) compared to the adequate group. Log-transformed

estimated 24h-UIE showed a positive association with log-transformed TSH

levels (b = 0.04, p = 0.046).
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Conclusion: Excess iodine was prevalent (73.8%) in 6-year-old Korean children.

Excess iodine was associated with a decrease in FT4 or T3 levels and an increase in

TSH levels. The longitudinal effects of iodine excess on later thyroid function and

health outcomes require further investigation.
KEYWORDS

iodine, thyroid hormone, urine, thyroid function test, child, Republic of Korea
1 Introduction

Iodine is an essential micronutrient for the synthesis of thyroid

hormone synthesis (1). Both iodine deficiency and excess can result in

thyroid dysfunction, with a U-shaped association between iodine

exposure and the risk of thyroid disease (2). Considering the critical

role of thyroid function in childhood growth and development,

children need an optimal iodine intake. The global health program

has focused on intervention for iodine deficiency through salt

iodization (3). However, with effective iodine fortification, concerns

about iodine excess and its health impact have also been raised (4, 5).

Iodine excess-induced hypothyroidism, resulting from failure to escape

from the acute Wolff-Chaikoff effect in susceptible individuals has been

reported (5) in addition to iodine-induced hyperthyroidism after iodine

supplementation in iodine-deficient areas (6).

The association between iodine excess and thyroid dysfunction has

been studied in the pediatric population (7–9), with some supporting

results showing elevated thyroid stimulating hormone (TSH) levels in

children exposed to iodine excess (8, 9). South Korea is an iodine-

replete area (10) characterized by high seaweed consumption (11).

According to the 2013–2015 Korean National Health and Nutrition

Examination Survey, a high prevalence (64.9%) of iodine excess has

been reported in Korean children and adolescents (8, 12).

In this study, we aimed to investigate the iodine status, using urine

iodine measurements, and its association with thyroid function in 6-

year-old Korean children.
2 Methods

2.1 Study population

This study was performed as a part of the Environment and

Development of Children cohort study investigating the effects of

early-life environmental risk factors on physical and neurobehavioral

development (13). Among the 574 children who were examined at 6-

years of age during 2015–2017 study period, 477 were evaluated for

thyroid function and iodine status. Thirty-six children with multiple

births and two diagnosed with thyroid disease (congenital

hypothyroidism and Hashimoto’s thyroiditis, respectively) were

excluded. Finally, 439 children were included in this study

(Supplementary Figure 1). Informed consent was waived in

accordance with the institutional review board of Seoul National

University Hospital (IRB no. 1704-118-848).
0225
2.2 Anthropometric assessments
and questionnaires

Height, weight, and BMI z-scores were calculated using the 2007

Korean National Growth Charts, with overweight or obesity was

defined as a body mass index (BMI) above the 85th percentile (14).

Data on personal and parental medical history, socioeconomic status

(monthly household income and parental educational status), dietary

supplement intake, and dairy product consumption were collected

using structured questionnaires.
2.3 Evaluation of iodine status

Single spot urine samples were collected in the morning, after 8-

hour of fasting, to measure the levels of UIC (mg/L) and urinary

creatinine (Cr, mg/dL). UIC was measured by inductively coupled

plasma mass spectrometry (ICP-MS), using a 7900 ICP-MS apparatus

(Agilent Technologies, Santa Clara, CA, USA), and urinary Cr levels

were measured by the kinetic alkaline picrate method (Architect

TBA-C16000, Abbott, Abbott Park, IL, USA). The range of intra-

and inter-assay coefficients of variation (CV) for UIC was 1.6-2.0%

and 1.6-1.9%, respectively. The iodine status of the participants was

assessed using the UIC (mg/L), iodine/Cr ratio (mg/g), and estimated

24-hour urine iodine excretion (24 h-UIE, mg/day). Children were

categorized into four iodine status groups using the UIC, based on

World Health Organization (WHO) recommendations: iodine

deficiency (UIC < 100 mg/L), adequate (UIC 100–199 mg/L), more

than adequate (UIC 200–299 mg/L), and excessive (UIC ≥ 300 mg/L)
(3). The excessive group was further divided into the mild excessive

(UIC 300–999 mg/L) and severe excessive (UIC ≥ 1000 mg/L) groups.
The estimated 24 h-UIE (mg/day) was calculated from the iodine/Cr

ratio using the following equation: estimated 24 h-UIE (mg/day) =
iodine/Cr (mg/g) × predicted 24 h-Cr excretion (g/day). The predicted

24 h-Cr excretion (g/day) was determined using age- and

anthropometry-based reference values (15).
2.4 Measurement of thyroid function

Thyroid function tests, including assays for free thyroxine (FT4),

total triiodothyronine (T3), and TSH, were performed using a

chemiluminescent microparticle immune assay on an ARCHITECT

i2000 System (Abbott Korea, Seoul, Korea). The normal range was

defined as 0.70–1.48 ng/dL (9.01–19.05 pmol/L) for FT4, 58–159 ng/
frontiersin.org

https://doi.org/10.3389/fendo.2023.1099824
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Lee et al. 10.3389/fendo.2023.1099824
dL (0.89–2.44 nmol/L) for T3, and 0.38–4.94 mIU/mL for TSH,

respectively. The range of CVs for FT4, T3, and TSH was 2.0-2.6%,

3.0-4.4%, and 2.6-2.9%, respectively. Subclinical hypothyroidism was

defined as TSH levels between 4.94–10 mIU/mL with normal

FT4 levels.
2.5 Statistical analysis

All continuous variables were tested for normality and expressed

as mean ± standard deviation or median with interquartile range

(IQR). Iodine parameters and TSH levels were log-transformed for

analysis. The participants’ characteristics were analyzed using the

Student’s t-test or Mann–Whitney U-test for continuous variables,

and the chi-squared test was used for categorical variables. Clinical

characteristics and thyroid function were compared among the four

iodine status groups (each group vs. the iodine-adequate group as a

reference group), and a Bonferroni-corrected p-value of 0.017 was

applied when performing multiple comparisons. The linear trend in

thyroid function in the UIC categories was evaluated. We used

generalized additive models (GAMs) to test the nonlinear

relationship between iodine measurements and thyroid hormone

levels. Linear and logistic regression analyses were used to evaluate

the relationship between iodine status, thyroid hormone levels, and

subclinical hypothyroidism. A directed acyclic graph (DAG) was used
Frontiers in Endocrinology 0326
to visualize the causal relationships among variables and to identify

potential confounding variables (Supplementary Figure 2) (16). The

following variables were included in the multivariate model: age, sex,

gestational age, birth weight, BMI z-scores, and parental history of

thyroid disease. The R Statistical Software package (version 3.6.0; R

Foundation for Statistical Computing, Vienna, Austria) was used for

the statistical analyses, and the statistical significance was determined

as p < 0.05.
3 Results

3.1 Clinical characteristics

Table 1 shows the clinical characteristics of 439 children (231

boys) included in the analysis. The mean age was 5.9 ± 0.1 years and

the mean BMI z-score was -0.1 ± 1.0. Twenty-one patients (4.8%) had

a history of thyroid disease. Most parents (82.9% of mother and 85.2%

of father) had high educational levels. The mean FT4 and T3 levels

were 1.16 ± 0.11 ng/dL and 148.1 ± 18.5 ng/dL, respectively. The

median TSH level was 2.29 mIU/mL (range, 0.53–8.59 mIU/mL). None

of the patients showed overt hypothyroidism and 19 (4.3%) had

subclinical hypothyroidism. No sex-related differences in thyroid

function were observed. Al l chi ldren with subcl inical

hypothyroidism had a normal stature, with three children (15.8%)
TABLE 1 Clinical characteristics of study participants.

Variables Total (N = 439) Boys (n = 231) Girls (n = 208)

Age, years 5.9 ± 0.1 5.9 ± 0.1 5.9 ± 0.1

Gestational age, weeks 39.3 ± 1.3 39.3 ± 1.3 39.3 ± 1.3

Birth weight, kg 3.3 ± 0.4 3.3 ± 0.4* 3.2 ± 0.4*

Height, cm 115.9 ± 4.5 116.5 ± 4.6* 115.2 ± 4.2*

Weight, kg 21.4 ± 3.3 21.6 ± 3.2 21.1 ± 3.3

Body mass index, kg/m2 15.9 ± 1.8 15.9 ± 1.7 15.9 ± 2.0

Body mass index z-score −0.06 ± 1.03 −0.14 ± 0.99 0.02 ± 1.07

Parental history of thyroid disease, n (%) 21 (4.8) 13 (5.6) 8 (3.9)

Monthly household income (> 4,000K KRW), n (%) 303 (69.0) 151 (65.4) 152 (73.1)

Paternal education level ≥ college, n (%) 374 (85.2) 197 (85.3) 177 (85.1)

Maternal education level ≥ college, n (%) 364 (82.9) 191 (82.7) 173 (83.2)

FT4, ng/dL 1.16 ± 0.11 1.17 ± 0.11 1.16 ± 0.11

T3, ng/dL 148.1 ± 18.5 147.6 ± 18.9 148.7 ± 18.0

TSH, mIU/mL 2.29 (1.71–2.98) 2.29 (1.63–2.98) 2.30 (1.76–2.99)

Subclinical hypothyroidism, n (%) 19 (4.3) 11 (4.8) 8 (3.9)

UIC, mg/L 606.2 (292.4–1446.4) 683.6 (317.1–1570.8) * 554.8 (236.8–1272.7) *

Iodine status groupa, n (%) 19/42/54/324 (4.3/9.6/12.3/73.8) 6/17/29/179 (2.6/7.4/12.6/77.5) 13/25/25/145 (6.3/12.0/12.0/69.7)

Iodine/Cr ratio, mg/g 826.1 (427.6–1856.1) 825.3 (434.2–2079.7) 838.2 (417.8–1690.8)

Estimated 24 h-UIE, mg/day 313.4 (155.9–646.3) 333.4 (166.2–802.4) 284.4 (145.4–590.8)
Data are expressed as the mean ± standard deviation, median (interquartile range), or number (%).
*p < 0.05 between boys and girls.
aIodine status groups were as follows: iodine deficient (UIC < 100 mg/L), adequate (UIC 100 to 199 mg/L), more than adequate (UIC 200 to 299 mg/L), and excessive (UIC ≥ 300 mg/L).
UIC, urine iodine concentration; Cr, creatinine; 24h-UIE, 24-hour urinary iodine excretion; FT4, free thyroxine; T3, total triiodothyronine; TSH, thyroid stimulating hormone.
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being overweight and two (10.5%) obese. None of these children

showed clinical signs of hypothyroidism.
3.2 Comparison among iodine
status categories

The median UIC was 606.2 mg/L (IQR, 292.4–1446.4 mg/L), with a
between-sex difference (683.6 mg/L in boys vs. 554.8 mg/L in girls, p =

0.021, Table 1). The distribution of iodine status categories was as

follows: iodine deficient (n = 19, 4.3%), adequate (n = 42, 9.6%), more

than adequate (n = 54, 12.3%), or excessive (n = 324, 73.8%). The

median iodine/Cr and estimated 24 h-UIE levels were 826.1 mg/g and
313.4 mg/day, respectively, with no between-sex difference. There

were no differences in clinical characteristics among the four iodine

categories (Supplementary Table 1). In addition, dietary supplement

intake or proportion of high dairy product consumption (≥ 2 cups/

day) did not differ among the four groups.

As shown in Table 2, we compared the three iodine status

categories (iodine deficient, more than adequate, and excessive

groups) with the reference category (iodine adequate group). The

iodine excessive group showed lower T3 levels (147.2 vs. 155.1 mg/dL,

p = 0.010), as revealed by the Bonferroni correction (p = 0.017).

Interestingly, 17 (89.5%) of the 19 children with subclinical

hypothyroidism had excessive iodine. However, FT4 and log-

transformed TSH (log-TSH) levels and the risk of subclinical

hypothyroidism did not differ among the four iodine categories.
3.3 Relationship between iodine status and
thyroid function

Due to the high prevalence of iodine excess, iodine status was

classified into five categories [deficient, adequate, more than adequate,

mild excessive (UIC of 300–999 mg/L, n = 170, 38.7%), and severe

excessive (UIC ≥ 1000 mg/L, n = 154, 35.1%)]. The results of the
Frontiers in Endocrinology 0427
univariate analysis are described in Supplementary Tables 2, 3. After

adjusting for age, sex, gestational age, birth weight, BMI z-scores, and

parental history of thyroid disease, a multivariate-adjusted model was

constructed to compare thyroid function among the five iodine

categories. Compared to the reference category (iodine adequate

group), the more than adequate group showed lower T3 levels (b =

–8.62, p = 0.021, Figure 1B) and log-TSH levels (b = –0.19, p = 0.035,

Figure 1C), and both mild and severe excessive groups showed lower

FT4 (b = –0.04, p = 0.032; mild excessive group: b = –0.04, p = 0.042

for the severe excessive group; Figure 1A) and T3 levels (b = –8.12, p =

0.009, for the mild excessive group; b = –9.08, p = 0.004 for the severe

excessive group; Figure 1B). In a sex-stratified analysis, these

associations for iodine excess were significant in girls but not in

boys (Figure 1; Table 3). In girls, FT4 and T3 levels were lower in the

iodine-deficient group than in the iodine-adequate group with

marginal significance. Due to the small number of children with

adequate and more than adequate group, we performed a sensitivity

analysis by combining the two groups as a reference category. The

results showed the similar trends of lower FT4 and T3 and higher

TSH levels among the iodine excess group compared to reference

group (Supplementary Table 4).

We investigated the nonlinear relationship between iodine

measurements and thyroid hormone levels using GAM but did not

reveal clear nonlinear relationships (Supplementary Figure 3). To

focus on the association between iodine excess and thyroid function,

we analyzed iodine-sufficient or-excessive children (n = 420) after

excluding iodine-deficient children (n = 19). Results of the univariate

analysis are reported in Supplementary Table 5, showing positive

associations between continuous iodine variables and log-TSH levels

in girls. After adjusting for covariates, log-transformed iodine/Cr

(log-iodine/Cr) and log-transformed estimated 24 h-UIE (log-

estimated 24 h-UIE) levels were significantly associated with log-

TSH levels (b = 0.05, p = 0.035 for log-iodine/Cr; b = 0.04, p = 0.046

for log-estimated 24 h-UIE, Table 4). In a sex-stratified analysis, a

positive relationship between log-iodine/Cr and log-estimated 24 h-

UIE and log-TSH levels was found only in girls (p < 0.05, Table 4) but
TABLE 2 Thyroid function status according to iodine status.

Deficient (UIC <
100 mg/L)

Adequate (UIC 100
to 199 mg/L)

More than adequate (UIC
200 to 299 mg/L)

Excessive (UIC ≥
300 mg/L)

P for
trend

P for between
group

comparisona

(each group vs.
adequate group
as reference)

Pa Pb Pc

Total, n 19 42 54 324 – – –

FT4, ng/dL 1.16 ± 0.09 1.20 ± 0.10 1.18 ± 0.12 1.16 ± 0.11 0.125 0.147 0.412 0.032

T3, ng/dL 150.7 ± 17.0 155.1 ± 20.4 147.2 ± 18.1 147.2 ± 18.2 0.034 0.414 0.048 0.010

Log-transformed
TSH, mIU/mL

0.72 ± 0.39 0.87 ± 0.37 0.67 ± 0.47 0.84 ± 0.45 0.213 0.155 0.028 0.740

Subclinical
hypothyroidism,
n (%)

0 (0.0) 1 (2.4) 1 (1.9) 17 (5.3) 0.127 0.999 0.999 0.668
frontier
Pa, adequate vs. deficient; Pb, adequate vs. more than adequate; Pc, adequate vs. excessive.
aBonferroni correction was applied for multiple comparisons and the significance level was set at p < 0.017.
Data are expressed as the mean (standard deviation) or number (%).
UIC, urine iodine concentration, FT4, free thyroxine; T3, total triiodothyronine; TSH, thyroid stimulating hormone.
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not in boys. FT4 and T3 levels were not associated with log-

transformed UIC, iodine/Cr, nor estimated 24 h-UIE levels in

either sex. The risk of subclinical hypothyroidism was not

associated with continuous iodine variables (Supplementary Table 6).
4 Discussion

Among 6-year-old children living in South Korea, iodine excess

was prevalent (73.8%), with a median UIC level of 606 mg/L. Only
Frontiers in Endocrinology 0528
9.6% of the children showed adequate iodine status, with a low

frequency (4.3%) of iodine deficiency. Compared to the iodine

adequate group, the iodine excessive group exhibited lower FT4 and

T3 levels, and the log-estimated 24 h-UIE showed a positive

association with log-TSH levels. In a sex-stratified analysis, this

trend was only significant in girls. Although iodine excess was

reported to be prevalent in Korean children, 6 to 19 years of age,

this is the first study showing a decreasing trend of FT4 and T3 levels

within the normal range in the iodine excess group and an increasing

trend of log-TSH levels, with higher urine iodine excretion in Korean

prepubertal children.
A B C

FIGURE 1

Association between iodine status and thyroid function (A) free T4, (B) total T3, and (C) log-transformed TSH levels. The iodine status groups were
categorized as deficient (UIC < 100 mg/L, n = 19), adequate (UIC 100–199 mg/L, n = 42), more than adequate (UIC 200–299 mg/L, n = 54), mild excessive
(UIC 300–999 mg/L, n = 170), or severe excessive (UIC ≥ 1000 mg/L, n = 154). Regression models for the total group were adjusted for age, sex,
gestational age, birth weight, body mass index z-scores, and a parental history of thyroid disease. The sex-stratified models were adjusted for age,
gestational age, birth weight, body mass index z-scores, and parental history of thyroid disease. *p < 0.05; **p < 0.01.
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The high levels of the median UIC (606 mg/L (IQR, 292.4–

1466.4]) and the high prevalence of iodine excess (73.8%) in 6-

year-old children were comparable to previous pediatric reports in

children 6 to 19 years of age (median UIC of 449 mg/L and 64.9% of

iodine excess) (8). This was higher than the UIC of 274 ug/L in the

adult population, according to the same database from the Korean

National Health and Nutrition Examination Survey from 2013–2015

(17). Excessive iodine status has been reported in Korean children,

ranging from 54.9% to 76.7% prevalence of iodine excess and 328 to

458 mg/L median UIC (18–20). Common dietary sources of iodine in

Korea include seaweeds, such as sea mustard, laver, kelp, as well as

pickled vegetables, milk, and dairy products (11). However, there

were no significant differences in dairy product consumption among

iodine status groups in this study. Higher UIC levels in boys than in

girls may result from higher consumption of iodine-rich food and

higher energy intake in boys (21). Considering the absence of sex

differences in Cr-adjusted iodine variables, sex differences in UIC may

be due to differences in urine volume or hydration status (12, 17).

The decreasing trend in FT4 and T3 levels with increasing TSH

levels in the iodine excess group suggests a possible risk for iodine

excess-associated hypothyroidism. Although the prevalence of

subclinical hypothyroidism was not significantly different among the

iodine groups (2.4% in the adequate and 5.3% in the excess group),

89.5% (17 of 19 children) of children with subclinical hypothyroidism

had an iodine excess. Several pediatric studies have supported the effect

of iodine excess on a shift in FT4 or T3 to lower levels (8), TSH towards

higher levels (8, 9, 22), and an increased risk of subclinical

hypothyroidism (23). However, some studies have reported no

significant associations (7, 24). The prevalence of subclinical

hypothyroidism among iodine groups also varied according to the

geographic region and age group. A previous nationwide Korean

study showed significantly different frequencies of subclinical

hypothyroidism: 3.9% in the iodine adequate and 6.6% in the excess

group (8). A Chinese study also reported similar results, with a higher

prevalence of subclinical hypothyroidism in high iodine area (6.7%,

median UIC of 1030 mg/L) than in adequate iodine area (0.7%, median

UIC of 123 mg/L) (23). However, an international study performed in 12

countries showed similar rates of subclinical hypothyroidism in the

iodine adequate (0.5%) and excess (0.6%) group (9). A meta-analysis

found that chronic exposure to excess iodine increased the odds ratio for

subclinical and overt hypothyroidism in adults but not children, possibly

due to the high heterogeneity of the included pediatric studies (4).

Previous pediatric studies were limited by reporting the crude differences

in thyroid hormone levels among UIC groups (8, 9, 22, 24). Only a few

pediatric studies have performed the adjusted relationship between

iodine status and thyroid function (7, 23). The use of multivariate-

adjusted regression models strengthened the findings in our study.

We found lower FT4 levels in girls in the iodine-deficient group

than in the adequate group. However, our results were limited by the

small number of participants in iodine-deficient groups. Iodine

deficiency is associated with hypothyroidism and goiter in children

(25). Thus, both iodine deficiency and excess can lead to impaired

thyroid hormone production, suggesting a U-shaped correlation (2).

A recent nationwide study in Korean children and adolescents (10–19

years of age) also showed a U-shape and an inverted U-shape

correlation between serum TSH and FT4 levels and UIC,

respectively (8).
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The mechanisms underlying iodine-induced thyroid dysfunction

include failure to escape Wolff-Chaikoff effects or iodine-induced

thyroid autoimmunity (5), although there is a possibility of additional

mechanisms. Acute iodine excess can cause a transient decrease in

thyroid hormone production by inhibiting thyroid peroxidase activity

or intrathyroidal deiodinase activity, called the Wolff-Chaikoff effect

(5). Healthy individuals can maintain normal thyroid function by

escaping the Wolff-Chaikoff effect within several days, through a

decrease in sodium iodine symporter expression. However, failure of

this adaptation can lead to iodine-induced hypothyroidism in

susceptible populations, such as infants, the elderly, or those with

thyroid diseases (5, 26, 27). In addition, high iodine levels may induce

thyroid autoimmunity, leading to elevated TSH levels and

hypothyroidism (26). As this study included healthy children,

iodine-induced thyroid dysfunction was not definite in our study

population. However, a decreasing trend in thyroid hormone levels

was observed in the iodine-excessive group.

Only girls showed a significant association between iodine status

and thyroid function in this study. A Korean adult study reported that

the correlation between iodine status and the thyroid disease was only

significant in women, suggesting that women may be more

susceptible to excessive iodine exposure (28). Estrogen, directly and

indirectly, affects thyroid gland proliferation and function, including

iodine uptake through the sodium-iodine symporter and thyroid

peroxidase activity (29). However, because this study included

prepubertal children, the mechanisms underlying sex differences

remain unclear.

In this study, a higher BMI z-score and lower gestational age were

associated with higher serum T3 levels in our sample of 6-year-old

children. With regard to childhood obesity, the positive relationship

between BMI and T3 levels can be explained by an adaptation process

to increase resting energy expenditure or elevated deiodinase activity

(30–32). The relationship between prematurity and childhood thyroid

function has previously been reported, showing trends towards

decrease in free T4 and an increase in T3 and TSH levels (33, 34),

although the underlying mechanisms remains to be determined.

We used UIC, iodine/Cr ratio, and the estimated 24h-UIE as

iodine variables in this study. Although measurement of 24h-UIE is

the most reliable method to evaluate iodine status, it is difficult to

apply in field studies (35, 36). UIC from spot urine has been the most

widely used biomarker for iodine status in populations as >90% of

dietary iodine is excreted by urine, although UIC is influenced by

urine volume and hydration status (35). UIC related to urinary Cr has

been used to overcome this limitation to determine iodine status. In

children, anthropometry-based 24-h urinary Cr reference values can

be used to estimate the 24h-UIE from spot urine (15). Several

pediatric studies have reported that the estimated 24h-UIE better

reflects measured 24h-UIE than UIC, providing a valid and reliable

alternative to measured 24h-UIE (37, 38). In this study, we used the

estimated 24h-UIE to complement UIC and identified a significant

positive association between the estimated 24h-UIE and TSH levels.

The limitations of our study need to be acknowledged in the

interpretation of findings to practice. Foremost is the cross-sectional

design and relatively small sample size, including the small

proportion of participants in the non-iodine excess group, which

did not allow us to evaluate the relationship between iodine deficiency

and thyroid function. Further studies using a prospective design and
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focusing on environmental sources of iodine excess are needed to

generalize the adverse effects of iodine excess on health outcomes and

to suggest preventive strategies for iodine excess. Second, the single-

spot urine collection used in this study to assess UIC for iodine status

could not reflect within-day and day-to-day variations in urine iodine

excretion. Although we could not collect 24 h urine samples or

repeatedly collect spot urine samples, an ideal way to provide a

valid estimate of iodine status (39), spot urine samples collected in

the morning after overnight fasting can eliminate within-day

variations. In addition, we obtained similar results regardless of

which iodine variables (UIC or urinary Cr-adjusted iodine status)

used to examine the association between iodine status and thyroid

function (35). Third, we could not evaluate thyroid autoantibodies in

all study populations. However, thyroid autoantibodies were not

detected in our children with subclinical hypothyroidism.

Considering the low prevalence of positive thyroid autoantibodies

(2.3%) in Korean children and adolescents (8), the modifying effect of

thyroid autoimmunity is insignificant in our 6-year-old children.

Fourth, potential confounders, such as exposure to endocrine

disrupting chemicals (EDCs) or heavy metals that can affect thyroid

dysfunction, were not considered in this study. The mixed effects of

various thyroid disrupting chemicals, including both iodine and other

EDCs, need further investigation.

In conclusion, iodine was deficient in 4.3%, adequate in 21.9%, and

excessive in 73.8% of 6-year-old children living in South Korea during

2015–2017. Furthermore, excess iodine was associated with decreased

FT4 or T3 levels and increased TSH levels, particularly in girls. The

long-term health effects of iodine excess remain to be determined,

considering the high prevalence of iodine excess in Korean children.

Further studies to determine the optimal iodine intake are required.
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Biphasic expression of thyroid
hormone receptor TRb1 in
mammalian retina and anterior
ocular tissues

Lily Ng, Hong Liu, Ye Liu and Douglas Forrest*

National Institute of Diabetes and Digestive and Kidney Diseases, Laboratory of Endocrinology and
Receptor Biology, National Institutes of Health, Bethesda, MD, United States
The retina is increasingly recognized as a target of thyroid hormone. We

previously reported critical functions for thyroid hormone receptor TRb2,
encoded by Thrb, in cones, the photoreceptors that mediate color vision.

TRb1, another Thrb receptor isoform, is widely expressed in other tissues but

little studied in the retina. Here, we investigate these N-terminal isoforms by

RNA-sequencing analysis and reveal a striking biphasic profile for TRb1 in mouse

and human retina. In contrast to the early TRb2 peak, TRb1 peaks later during

retinal maturation or later differentiation of human retinal organoids. This switch

in receptor expression profiles was confirmed using lacZ reporter mice. TRb1
localized in cones, amacrine cells and ganglion cells in contrast to the restricted

expression of TRb2 in cones. Intriguingly, TRb1 was also detected in the retinal

pigmented epithelium and in anterior structures in the ciliary margin zone, ciliary

body and iris, suggesting novel functions in non-retinal eye tissues. Although

TRb1 was detected in cones, TRb1-knockout mice displayed only minor changes

in opsin photopigment expression and normal electroretinogram responses. Our

results suggest that strikingly different temporal and cell-specific controls over

TRb1 and TRb2 expression may underlie thyroid hormone actions in a range of

ocular cell types. The TRb1 expression pattern suggests novel functions in retinal

and non-neural ocular tissues.

KEYWORDS

thyroid hormone receptor, THRB gene, retina, anterior eye, neurodevelopment
Introduction

A growing body of evidence indicates the sensitivity of the mammalian retina to

thyroid hormone and the potential for retinal dysfunction in thyroid disorders. Genetic

studies have revealed particularly critical functions in cone photoreceptors, the specialized

cells that mediate color vision and daylight vision. Color vision is mediated by cone

populations with opsin photopigments for response to different regions of the light

spectrum, usually medium-long (M, “green”) or short (S, “blue”) wavelength regions in
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mammals (1, 2). Mice deleted for thyroid hormone receptor TRb2,
encoded by Thrb, lack M opsin resulting in a form of

monochromatic color-blindness (3). These findings reflect a key

role for TRb2 in promoting M and S cone diversity from cone

precursors with a default S opsin identity (4, 5). Mutations of the

THRB gene in human resistance to thyroid hormone have been

associated with monochromacy and impaired responses to

medium-long wavelength light (6–8). Mutation of THRB in

human retinal organoids impairs expression of opsins for

medium-long wavelength responses (9), suggesting conserved

functions for the Thrb gene in the mammalian retina.

Thyroid hormone also influences photoreceptor differentiation

and survival. Hypothyroidism in rodents impairs M opsin

expression (10–12) and responses to green wavelength light (13).

Hyperthyroidism can alter opsin expression (14) but excesses cause

cone cell death in mice (15, 16). Human population studies suggest

an association of high levels of thyroxine (T4), the major circulating

form of thyroid hormone, with age-related macular degeneration

(17, 18), a disorder of the retinal pigmented epithelium that leads to

deterioration of photoreceptors. Inhibition of thyroid hormone

signaling can reduce the loss of photoreceptors in mouse models

of retinal degeneration (15, 19) or macular degeneration (20).

Accordingly, studies to elucidate the receptor-mediated basis for

thyroid hormone action in the retina might suggest new therapeutic

approaches for retinal disease.

Mapping of receptor expression patterns has been instrumental

in identifying cellular targets for thyroid hormone. TRb2 and TRb1
isoforms encoded by Thrb differ in their N-termini but share

common DNA binding and ligand binding domains. TRb1 is

widely expressed including in the pituitary, brain, liver and

cochlea (21–23) but has been little studied in the retina.

Differential expression of isoforms in the retina was first indicated

in the chick embryo by in situ hybridization with specific N-

terminal probes: TRb2 localized in the outer nuclear

(photoreceptor) layer whereas a TRb1-like isoform appeared later

in the outer nuclear layer and inner nuclear (interneuron) layer

(24). However, previous in situ hybridization analyses lacked cell

type resolution. Subsequently, TRb2 expression was localized in

cones using knockin or transgenic reporters in mice (3, 25) and

transgenic reporters in avian and fish species (26, 27). The TRb1
cellular expression pattern is undefined. RNA-sequencing (RNA-

seq) is now common for gene expression studies of the retina or

retinal organoid cultures as a model system [e.g., see refs (9, 28,

29).]. However, standard RNA-seq analyses yield reads for the total

Thrb gene and do not distinguish TRb1- and TRb2-specific 5’

exons, which lie > 6 kb upstream in the mRNA (30). In single cell

analyses, the limitations are compounded by the very small

amounts of input RNA (4, 31).

We have tested the hypothesis that TRb1 has a role in cones or

other retinal cell types by determination of the TRb1 expression profile
in mouse and human retina using customized RNA-seq analysis. We

localized cellular expression of TRb1 using a knockin lacZ reporter (23)

and investigated cone phenotypes in TRb1-knockout mice. The results

show a unique pattern of TRb1 expression that differs strikingly from

that of TRb2, and suggest versatile roles for the Thrb gene in the retina

and other non-neural tissues of the eye.
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Materials and methods

Mouse strains

Tissue expression of TRb1 was investigated in Thrbb1 lacZ

reporter mice (23) that express b-galactosidase instead of TRb1
and which in the homozygous state represent a knockout of TRb1.
TRb2 expression was investigated using a Thrbb2 lacZ knockin (3);

homozygotes (Thrbb2/b2) were used to enhance detection of signals.

Phenotypic analyses were performed on homozygotes of each strain

representing knockouts of TRb1 and TRb2, respectively. Both
strains were back-crossed to a C57BL/6J background for ~10

generations. Genotyping was performed by PCR as described (3,

23). Experiments followed approved protocols at NIDDK at the

National Institutes of Health.
Library construction and RNA-seq analysis

Total RNA was prepared from pooled retinas of C57BL/6J

mice (The Jackson Lab, cat # 000664). Each pool represented 4 - 6

embryos (8 - 12 retinas) or ≥ 3 postnatal mice (≥ 6 retinas), except

at P60, two samples represented pools of 3 mice (6 retinas) and

four samples represented individual mice (both retinas per

mouse). At postnatal ages, males were selected to provide

datasets of a defined sex. For practical reasons, for embryos and

P1 neonates, when sex could not be determined visually at time of

collection, samples included mixed sexes; larger pools were

required at these early stages as tissue amounts were smaller.

RNA was prepared using TRIzol (ThermoFisher) and RNeasy

Micro kit (Qiagen, cat# 74004) isolation. Each RNA-seq library

was constructed from ~250 ng of purified RNA using SMARTer

total RNA Sample Prep kit (TakaraBio, cat# 634874). Libraries

were sequenced on an Illumina HiSeq-2500 instrument at the

NIDDK Genomics Facility. For each library, ~20 million single-

end 50 base reads were collected, then converted using bcl2fastq

(version 2) into fastq files and aligned on (GRCm38/mm10) with

STAR (version 2.7.3a).

Dataset analyses: Transcripts were analyzed in bam files using

STAR (v2.6.0c, https://github.com/alexdobin/STAR) as counts per

million reads (cpm), or quantified in fastq files using Kallisto

(version 0.46.1, https://pachterlab.github.io/kallisto/) as transcript

per million reads (TPM). Samples at a given age were highly

consistent as shown by a principal component analysis, in which

the major source of variance was contributed by developmental age

(87.9% for the first principal component). To analyze TRb1 and

TRb2 isoforms, customized reference indices were created for four

defined TRb1-specific exons (see Figure 1A) and the single TRb2-
specific exon after removal of the total Thrb gene exons from the

reference genome index. The isoform-specific indices were analyzed

in STAR or Kallisto programs. Total Thrb reads were calculated for

a standard Thrb whole gene reference index based on NCBI or

ENSEMBL databases using STAR or Kallisto. Gene expression

heatmaps were generated using gplots in R version 4.2.1 (https://

cran.r-project.org/) for these retinal datasets and previously

reported isolated cone datasets (groups of 21 - 30 cells/age) (4).
frontiersin.org

https://github.com/alexdobin/STAR
https://pachterlab.github.io/kallisto/
https://cran.r-project.org/
https://cran.r-project.org/
https://doi.org/10.3389/fendo.2023.1174600
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Ng et al. 10.3389/fendo.2023.1174600
Human retinal RNA-seq analysis

Fetal datasets provided by Drs. A. Swaroop and T. Reh (32)

were obtained from the NEI-Commons at the National Eye

Institute (https://neicommons.nei.nih.gov/#/dataSearch) (GEO
Frontiers in Endocrinology 0335
accession GSE104827). Adult retina datasets representing

peripheral retinal punches provided by Drs. A. Swaroop, M.J.

Brooks and K. Kaya (33) were obtained from GEO (GSE115828).

For PEN8E iPSC-derived retinal organoids (NEI-001 control A)

(34), groups included 2 or 3 samples (GSE129104). The “60 day”
A B

D

E

C

FIGURE 1

Developmental profiles of TRb1 and TRb2 in mouse and human retina. (A), Mouse Thrb gene showing TRb1- and TRb2-specific 5’-exons and
promoters (black triangles) and receptor products above. DBD, DNA binding domain, LBD, ligand binding domain. (B), Overview of retinal lineage
markers in RNA-seq datasets in mice. Groups, n = 3 to 6; mean ± S.D., cutoff average = 10 cpm. (C), Developmental profiles of TRb1 and TRb2 in
mouse (left) and human retina (right). Mouse RNA-seq datapoints represent groups, mean ± S.D.; human datapoints, individual samples. (D), Cone
opsin expression in the same RNA-seq datasets; S opsin and M opsin (mouse) or L/M opsins (human). The human L/M opsin curve represents reads
from both genes in the OPN1LW-OPN1MW gene cluster. (E), Representative indicator genes for thyroid hormone signaling in mouse whole retina
(left) or isolated cones (right; cones from superior or inferior regions).
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stage represents 2 samples at 60 days and one at 67 days in culture.

For H9 retinal organoids (35), groups included two samples per

stage. For analyses of human THRB isoforms, customized indices

were created for the TRb1- and TRb2-specific exons equivalent to
the exons used for the mouse gene, and separately for THRB

common exons, using STAR or Kallisto programs. Gene

expression heatmaps were generated from human retinal and

retinal organoid datasets using R version 4.2.1 (https://cran.r-

project.org/).
TRb1 and TRb2 cDNA isolation

Total RNA from PEN8E retinal organoids (34) was kindly

provided by Anand Swaroop and Zepeng Qu (National Eye

Institute, NIH). RNA pooled from organoids at 90 and 120 day

stages was reverse-transcribed into cDNA using the SMARTer

RACE 5’/3’ kit (TakaraBio, Cat# 634858). Specific primers for

PCR-amplification of full-length TRb1 or TRb2 coding cDNAs

were based on THRB genomic exon sequences. Specific 5’ primer

for TRb1: Fb1, TTG CAT GAA TAA TGT GAG TGC; specific 5’

primer for TRb2: Fb2, TAT GCT TCT CTG CGT ATA TGC CCA

GC; common 3’-end reverse primer, Rc, CCA AAT AAT CCC TCC

CAA CAC.
Quantitative PCR analysis

Analysis of gene expression followed described procedures (4).

Briefly, total RNA was extracted using RNeasy Plus mini kit

(Qiagen, Cat #74136) from whole retina or sub-dissected pieces of

superior or inferior retina. First-strand cDNA was synthesized

using Superscript IV Reverse Transcriptase kit with oligo dT

primers (Thermofisher, Cat #18091050). The qPCR reaction was

performed with FastStart Universal SYBR Green Master-Mix

(Roche; Cat #04913914001) on a StepOne or QuantStudio 3

instrument with analysis using software provided by the

manufacturer (ThermoFisher). Relative gene expression levels

were quantified using the 2−DDCT method (36) and normalized to

Hprt (for photoreceptor gene analysis) or Actb (for TRb1 and TRb2
isoform analysis) as internal controls.

Primer pairs for photoreceptor genes: Opn1mw-F: CTG GTG

AAC TTGGCA GTT GC; Opn1mw-R: AAA TGA TGG CCAGGG

ACC AG; Opn1sw-F: ATG CAC TGA TGG TGG TCC TG;

Opn1sw-R: CAG ACT CTT GCT GCT GAG CT; Rho-F: TTG

GCT GGT CCA GGT ACA TC; Rho-R: GAA TGG TGA AGT

GGA CCA CG; Arr3-F: TCA GTA ACA CTG CAG CCT GG; Arr3-

R: CAT CCA GGC CTG CAG TTG TA;

Ccdc136-F: TGA GAT GGA GAT TGC CTC GC; Ccdc136-R:

TCG TAC TCC GTA GCA GGT GA; Gucy2e-F: AGT CCA CTG

GAC TGC CTT AC; Gucy2e-R: CGT GTC CTC AAT ACC CTT

GC; Pgc-F: TAG CCT GCC TAC CCT CAC TT; Pgc-R: CCC ACC

CTG TTA TTG CCC AT; Kcne2-F: AGG TCT CCT GCA TTG

CTC AC; Kcne2-R: TGC CGA TCA TCA CCA TGA GG; Grk1-F:

GAG GAG AGA AGG TAG AGA AC; Grk1-R: CCA ACA GCT
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GCT CAC AGA AG; Hprt-F: TAC CTC ACT GCT TTC CGG AG,

Hprt-R: ATC GCT AAT CAC GAC GCT GG;

Primer pairs for TRb1 and TRb2: Trb1-F: AAT AAG AAG GTC

AGA GGG AAT GCC; Trb1-R: CCT GGA TAA GGT GTG GGG

AAG TC; Trb2-F: CCT GTA GTT ACC CTG GAA ACC TG; Trb2-

R: TAC CCT GTG GCT TTG TCC C; Actb-F: CAC AGC TTC TTT

GCA GCT CC; Actb-R: ACC CAT TCC CAC CAT CAC AC;
Histochemistry and immunostaining

Experiments followed previously described procedures (5).

Retinas were fixed in 1% PFA for 1 hour for b-galactosidase
histochemistry or 3 hours for immunostaining. Twelve mm-thick

cryosections were incubated with 5-bromo-4-chloro-3-indolyl-D-

galactopyranoside (xgal)(1 mg/mL) using a b-Galactosidase
Reporter Gene Staining kit (Sigma). Images were obtained using a

Nikon 80i microscope. At each stage, at least 6 eyes (n ≥ 3 mice)

were examined. For immunostaining, sections were incubated with

primary antibodies overnight then with secondary antibodies for 1

hour. Images were obtained using a Leica TCS SPE confocal

microscope and processed using ImageJ software.

Primary antibodies (target antigen, type, dilution, source, RRID):

TRb2, rabbit polyclonal, 1:2,000 (37) (RRID : AB_2927439); b-
galactosidase, chicken polyclonal, 1:500 (Abcam ab9361, RRID :

AB_307210); Arr3, rabbit polyclonal, 1:1,000 (Millipore, AB15282,

RRID : AB_1163387); Calbindin, rabbit polyclonal, 1:500 (Millipore,

AB 1778, RRID : AB_2068336); RBPMS, rabbit polyclonal, 1:500

(PhosphoSolutions, 1830-RBPMS, RRID : AB_2492225); Calretinin,

rabbit polyclonal, 1:500 (Millipore AB 5054, RRID : AB_2068506); S

opsin, rabbit polyclonal, 1:500 (Millipore, AB 5407, RRID :

AB_177457); M opsin, rabbit polyclonal, 1:1,000 (Millipore AB

5405, RRID : AB_177456); Rho, rabbit polyclonal, 1:500 (Abcam

AB40673, RRID : AB_777706). Secondary antibodies: Alexa Fluor

488-conjugated anti-chicken IgY, goat polyclonal, 1:500 (Invitrogen,

A11039, RRID : AB_2534096); Alexa Fluor 568-conjugated anti-

rabbit IgG, goat polyclonal, 1:500 (Invitrogen, A11011, RRID :

AB_143157). Lectin: Rhodamine Peanut Agglutinin (PNA), 10 mg/
ml (Vector Lab, RL-1072, RRID : AB_2336642);
Electroretinogram analysis

Electroretinogram (ERG) analysis was performed as described

(5) on 6 - 8 week old mice anesthetized with ketamine and xylazine

(25 and 10 microgram per g body weight, respectively). The ERG

was recorded using an Espion Electrophysiology System (Diagnosys

LLC) for groups (6 - 8 mice) with approximately equal numbers of

males and females.
Statistical analyses

Statistical significance was evaluated using unpaired two-tailed

Student’s t-tests, with significance set at p < 0.05. Analyses were
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performed with GraphPad Prism version 9 (GraphPad Software).

Experimental design was based on previous studies (16, 38).

Column graphs for cell counts and qPCR analyses were plotted

using GraphPad Prism. The ERG b-wave graphs were plotted using

Microsoft XL (version 16.69.1).
Data availability

RNA-seq datasets of mouse retina generated in this work are

available at GEO (GSE224863).

RNA-seq datasets of mouse single photoreceptors are available

at GEO (GSE 203481).

Human RNA-seq datasets are available at NEI-Commons

(https://neicommons.nei.nih.gov) and at GEO: fetal retinal

datasets, GSE104827; adult retinal datasets, GSE115828. Datasets

for H9 and PEN8E retinal organoids are at GEO (GSE129104).

Human TRb2 and TRb1 cDNA sequences are available at GenBank

access OQ406274 and OQ406275.
Results

TRb1 and TRb2 profiles in mouse retinal
development

The mammalian Thrb gene spans > 400 kb of genomic DNA

and includes a complex 5’ region with distinct promoters and exons

encoding the specific N-termini of TRb1 and TRb2 (Figure 1A) (39,
40). The common exons encoding the DNA binding and ligand

binding domains, and the TRb2-specific and TRb1-specific 5’

coding exons are highly conserved in mammalian species (41).

We derived RNA-seq datasets to investigate expression of TRb
isoforms in mouse retina from embryonic day 14 (E14) to

adulthood (postnatal day 60, P60). This period spans the

neurogenesis of retinal cell types, postnatal differentiation and eye

opening (~P13), then functional maturation, as verified by a

summary heatmap of selected marker genes for retinal cell

lineages (Figure 1B). This period encompasses the differentiation

of cone photoreceptors. The generation of cone precursors begins

by ~E12, and is complete by around birth in mice (42). Cones then

mature postnatally and express markers including opsin (Opn1sw,

Opn1mw) and phototransduction genes (e.g., Arr3, Guca1a).

To distinguish TRb1 and TRb2 reads, we created customized

reference indices for analysis of TRb1- and TRb2-specific exons.

The TRb2 index represented the single TRb2-specific exon. The

TRb1 index represented four exons: the two TRb1-specific coding
exons, the non-coding exon at the TRb1 promoter region and the

next downstream, non-coding exon consistently found in TRb1-
specific cDNAs (depicted in Figure 1A). RNA-sequencing was

performed with substantial depth to improve detection of low

level mRNAs (~18 million reads/library). We detected TRb1 at

very low levels in embryonic retina, then a postnatal increase and

plateau at ~P15 with levels maintained into adulthood (Figure 1C,

first and second row plots). In contrast, TRb2 was high at

embryonic stages then declined postnatally, consistent with
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northern (3) and western blot (37) analyses. Analyses of Thrb

total reads (using a standard Thrb whole gene index) was

incapable of revealing this striking developmental switch of TRb2
and TRb1 expression (see Thrb in the heatmap in Figure 1B).

We investigated these retinal datasets for other genes that

serve as indicators of thyroid hormone signaling (Figure 1D). The

Thra thyroid hormone receptor gene displayed modest increases

in development. Previous northern blot analysis showed that the

TRa1 receptor and a non-receptor splice variant a2 were both

expressed with a2 in greater abundance in retina (3) as in other

tissues (21, 22). Certain transporters that convey thyroid

hormones across the plasma membrane, including Slc16a2

(Mct8), Slc7a5 and Slc7a8 (43, 44) showed shifting patterns,

suggesting that the control of ligand uptake or release may

change during retinal maturation. Type 3 (Dio3) and type 2

(Dio2) deiodinases inactivate and activate thyroid hormone,

respectively. The expression of Dio3 and Dio2 decreased and

increased, respectively, consistent with previous findings,

supporting the view that the retina progresses from a protected

to a T3-sensitive state during maturation (45).

Given the sensitivity of cones to thyroid hormone, we analyzed

these indicator genes in high resolution datasets for isolated cones

(4), which suggested cell type selectivity compared to whole retina.

For example, transcriptional coactivators (Ncoa1, Ncoa2) and

corepressors (Ncor1, Ncor2) for thyroid hormone receptors were

generally expressed in retina but in cones were more selective with

Ncoa1 and Ncor1 being more prominently expressed. Expression of

thyroid hormone transporters was more restricted in cones than

whole retina although some were enriched such as the organic

anion transporter Slco4a1. Dio2 and Dio3 expression was

undetected in cones, supporting previous evidence that these

genes are primarily expressed in surrounding cell types rather

than the cone itself (45). In summary, the results show that TRb1
expression rises during a phase of retinal maturation when

sensitivity to thyroid hormone is acquired or refined and when

systemic thyroid hormone levels rise in development (45).
TRb1 and TRb2 profiles in human
retinal development

To investigate similarities in mouse and human retina, we

analyzed TRb1 and TRb2 expression using published human

RNA-seq resources (Figure 1C, columns on right). Previous

studies of human retina have reported general THRB reads

without distinguishing TRb1 and TRb2 (9, 29, 31). We analyzed

datasets representing fetal days 52 to 136 (~8 to ~20 fetal weeks)

(32) and adults at 47 to 86 years of age (33). Cones are generated

during the first trimester of human gestation and express S opsin

(encoded by OPN1SW) by ~10 fetal weeks followed by L/M opsins

(encoded by the OPN1LW-OPN1MW locus) (46). The onset of S

then L/M opsin expression resembles that of S followed by M opsin

in mouse development (Figure 1D). The maturation of opsin

patterning may continue at least until birth (~40 weeks) and eye

opening in humans (29, 32, 46). Morphological and functional

maturation of cones continues into infancy in humans (47, 48).
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Analysis of TRb2- and TRb1-specific exons identified a peak of

TRb2 expression at human fetal weeks ~8 to 18 (days 52 - 136) then

low levels at postnatal, adult ages. In contrast, TRb1 mRNA levels

rose as TRb2 declined during later fetal development. At adult ages,

expression of TRb1 was maintained whereas TRb2 remained low.

Although the time course is prolonged in human development, the

overall trend resembled that in the mouse or chick (24) with

sequential peaks of TRb2 followed by TRb1.
Given the interest in retinal organoids as a model for human

retina, we investigated THRB isoform expression using RNA-seq

datasets from human retinal organoids derived from iPSC line

PEN8E (34, 35) and H9 embryonic stem cells (28, 35) over a period

of ~37 to 200 days in culture (Figure 2A). During differentiation in
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culture, retinal organoids produce both rod- and cone-like cells and

acquire a partly laminated retinal-like structure. These organoids

also express opsins although the lag between onset of S and L/M

opsins is short compared to human or mouse retinal tissue

(Figure 2B). We found that both lines of retinal organoids

displayed an early peak of TRb2 at ~60 - 90 days and a lagging

peak of TRb1 at ~90 - 200 days in culture. This biphasic pattern of

isoform expression resembled that in retinal tissue, suggesting that

the organoid model recapitulates THRB expression patterns that

occur in the retina.

Analysis of indicator genes for thyroid hormone signaling

revealed a broadly similar pattern of dynamic developmental

changes correlating with the switch of THRB isoforms in human
A

B

C

FIGURE 2

Expression of THRB and other genes in human retinal organoids and retina. (A), RNA-seq analysis of TRb1 and TRb2 in H9 organoids and PEN8E
organoids, derived from embryonic stem cells and iPSC lines, respectively. Mean ± S.D. The relative proportion of each isoform is indicated in the
column graph, below. (B), Cone opsin expression in the same RNA-seq datasets. OPN1SW, blue (S) opsin and OPN1LW-OPN1MW, red/green (L/M)
opsins; the L/M curve represents reads from both genes in the OPN1LW-OPN1MW gene cluster. (C), Heatmaps of expression of indicator genes for
thyroid hormone signaling in human retina and PEN8E retinal organoids.
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retina as in mouse retina (Figure 2C). Retinal organoids also showed

general similarities, although for some genes, such as transporter

genes, expression was more restricted than in retinal tissue. The

results suggest that TRb1 expression rises in the retina and in

organoid model systems during a period when sensitivity to thyroid

hormone signaling is acquired or refined during tissue maturation.
Isolation of coding cDNAs for human TRb2
and TRb1

To confirm the expression of coding mRNAs for TRb2 and

TRb1 in human retinal-like tissue, we isolated full-length cDNA

clones from PEN8E retinal organoids. The TRb1 cDNA sequence

encodes a protein of 461 amino acids and aligns with multiple

human TRb1 sequences in the GenBank database (49). TRb2 is a

rare isoform and is absent in most tissues. The human sequence is

represented in GenBank by a single, partial 5’-fragment (471 base

cDNA, pituitary adenoma origin, GenBank X74497) but no full-

length cDNA or published reference. In rodent models, TRb2 is

detected in very few tissues (e.g. pituitary, cochlea, retina) (21, 41).

The full-length human TRb2 cDNA we isolated encodes a 476

amino acid protein as predicted from the human THRB gene exons

and aligns with the mouse TRb2 cDNA (30).
Localization of TRb1 in the neural retina

To corroborate the expression profiles revealed by RNA-seq

analysis and to localize TRb1 in the retina, we analyzed Thrbb1

reporter mice with a lacZ knockin at a TRb1-specific exon in the

endogenous Thrb gene (23). In the embryonic retina, we detected

only occasional, weakly lacZ-positive cells in the outer neuroblastic

layer where newly-generated, immature cones reside (Figures 3A,

B). After P3, signals rose in this outer zone of the outer nuclear layer

(ONL) during retinal maturation. By P15, shortly after eye-opening,

signals increased, filling the cone soma, pedicles that contact inner

retinal interneurons and the light-detecting segments. We also

detected signals in sub-populations of neurons in the inner

nuclear layer (INL) and ganglion cell/displaced amacrine cell

layer at postnatal ages. In contrast, TRb2, detected using Thrbb2

lacZ reporter mice, was restricted to cones and peaked at late

embryonic stages as reported (3). The biphasic peaks of TRb2
and TRb1 correlated closely with the RNA-seq results.

During postnatal maturation, very weak signals for TRb1 were

detected over the width of the ONL which is composed primarily of

rods, the photoreceptors that mediate vision in dim light. In mice,

rods outnumber cones ~30-fold and occupy most of the ONL

whereas the sparser cone nuclei reside at the outer edge of the

ONL (50). Further analysis of RNA-seq data from isolated rods and

cones (4) detected only low Thrb reads in rods (Figure 3C),

consistent with very low TRb1 expression in rods compared

to cones.

We confirmed expression of TRb1 (as b-galactosidase protein

encoded by lacZ) in cones by double-staining with cone markers in

Thrb+/b1 lacZ reporter mice (Figure 4A). Immunofluorescence at
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P15 identified b-galactosidase-positive cones that co-stained for

TRb2, indicating co-expression of both TRb isoforms during cone

maturation. The cone identity was further confirmed by co-staining

for cone arrestin (Arr3).

The lacZ staining pattern in the inner retina in Thrb+/b1 mice

suggested expression in amacrine cells which are involved in

processing signals relayed from the photoreceptors to the

ganglion cells. Amacrine cells exist as many sub-types based on

staining with markers such as calbindin and laminar location (51).

b-galactosidase-positive cells detected in both the inner zone of the

INL and the displaced amacrine cell zone (in the ganglion cell layer)

co-stained with calbindin (Figure 4B) indicating TRb1 expression in
amacrine cell populations. Calbindin also stains horizontal cells. b-
galactosidase-positive cells in the horizontal cell layer of the INL

stained with calbindin, indicating TRb1 expression in horizontal

cells. We investigated if b-galactosidase signals in the ganglion/

displaced amacrine cell layer also localized in ganglion cells by

staining with RBPMS, a ganglion cell marker (52). b-galactosidase-
positive cells co-stained with RBPMS, indicating expression of

TRb1 in ganglion cells.
TRb1 in the ciliary margin zone, ciliary
body, iris and retinal pigmented epithelium

TRb1 is undetectable in most embryonic tissues but was

identified in the early ciliary margin zone (CMZ) and associated

anterior structures of the eye in Thrb+/b1 reporter mice at E14.5

(Figures 5A–I). The CMZ gives rise to non-neural epithelia of the

ciliary body (CB) and iris (53) and has been reported to have a

potential to generate some neurons that contribute to the neural

retina (54). The expression of TRb1 in the early CMZ was in

striking contrast to TRb2 in newly-generated cone precursors

(Figures 5C, D), indicating radically different control of the TRb1
and TRb2-specific promoters of the Thrb gene by different cell types

in retinal development.

The ciliary body, which supports lens focusing, acquires a

folded morphology in mouse postnatal development (53)

(Figures 5F, I). TRb1 was detected in the pigmented epithelia of

the ciliary body as well as the non-pigmented cells that produce the

aqueous humor of the eye. The iris expressed TRb1 in both

the sphincter pupillae and dilator pupillae, muscles that control

the aperture opening of the pupil (Figures 5J, K). TRb1 was also

detected in the retinal pigmented epithelium (RPE), which provides

support for photoreceptors (Figures 5G, H). These results suggest

wider roles for TRb1 in non-neural ocular tissues as well as in

photoreceptors and neurons of the inner retinal layers.
Cone gene expression in
TRb1-deficient mice

The expression of TRb1 in cones led us to test a role for TRb1
in opsin regulation by investigation of TRb1-KO mice. In mice at

mature ages, M and S opsins are expressed in counter-gradients

over the superior-inferior plane of the retina. M opsin has a
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modest gradient biased to the superior and S opsin has a more

marked gradient biased to the inferior (Figures 6A, B) (1). Opsin

expression changes, if pronounced, may be detected by

immunostaining on retinal sections. TRb1-KO adult mice (~2

months old) displayed only marginal decreases of M opsin-

positive cones in inferior regions and no obvious change of S

opsin-positive cones (Figure 6C). In comparison, TRb2-KO mice

have severe loss of M opsin in all regions and S opsin expression

extends to all cones (example in Figure 6A) (3). TRb1-KO mice

retained normal total cone numbers, indicated by staining with

peanut agglutinin (PNA), a pan-cone marker (Figure 6C). These

results were corroborated by qPCR analysis of Opn1mw (M) and

Opn1sw (S) mRNA in isolated pieces of superior and inferior

retina (Figure 6D). Expression of Opn1mw was slightly decreased

in inferior regions whereas Opn1sw was moderately increased in

superior regions. These minor changes in TRb1-KO mice

resemble in a minimal way the extreme phenotypes in TRb2-
KO mice, suggesting that TRb1 may influence some similar

transcriptional pathways as TRb2 in cones.
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Other TRb2-regulated cone genes (4) displayed only limited

changes in TRb1-KO mice. Expression of cone arrestin (Arr3),

which has an M opsin-like superior bias, was slightly decreased in

the inferior retina, partly resembling the defect in TRb2-KO mice

(4). Other TRb2-dependent genes including Pgc, Ccdc136 and

Kcne2 showed no obvious change in TRb1-KO mice. These

results suggest that TRb1 has a limited contribution to the

control of TRb2-dependent genes. No obvious changes were

detected in expression of rhodopsin, the rod photopigment, by

immunostaining or by qPCR analysis of Rho mRNA in TRb1-KO
mice. Selected phototransduction genes common to cones and rods

showed little (Grk1) or no (Gucy2e) change in expression.

We investigated TRb2 mRNA in retina by qPCR to assess if

elevation of TRb2 levels might compensate for loss of TRb1 in

TRb1-KO mice (Figure 6E). As expected TRb1 levels were severely
depleted in TRb1-KO mice at P19 or P30. However, TRb2 mRNA

levels were similar in wild type and TRb1-KO mice. If there is

compensation by TRb2, this would presumably be accomplished by

TRb2 levels in the normal range. In a similar analysis, we found
A

B

C

FIGURE 3

Developmental expression of TRb1 in the retina detected in Thrbb1 lacZ reporter mice. (A), TRb1 detected as b-galactosidase activity using x-gal
substrate (blue) in cryosections from Thrb+/b1 reporter mice. TRb2 was detected using Thrbb2/b2 lacZ mice. X-gal color reaction times were overnight
(~16 hr) except at P28 for Thrb+/b1, with a time of 6 hr to avoid saturation of signal. At least 6 retinas (n ≥ 3 mice) analyzed per stage. (B), Higher
magnification showing the shift from TRb2 to TRb1 expression in cone differentiation. Wild type (wt) sections gave little or no background. (C), RNA-
seq detection of Thrb (total gene) expression in isolated cones and rods; mean ± S.D., 34 cones, 29 rods; 2 month old mice. GC/dAC, ganglion cell/
displaced amacrine cell layer; INL, inner nuclear layer; ipl, inner plexiform layer; IS, inner segments; ONBL, outer neuroblastic layer; ONL, outer
nuclear layer; opl, outer plexiform layer; OS, outer segments, RPE, retinal pigmented epithelium.
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no obvious distortion of TRb1 expression in TRb2-KO
mice (Figure 6F).
Electroretinogram analysis

To investigate cone function, we analyzed the photopic

electroretinogram in TRb1-KO adult mice. Responses to light

stimuli at 516 nm and 368 nm, optimal wavelengths for

stimulation of M and S opsins, respectively in mice (55), were

in the normal ranges in TRb1-KO mice (Figure 7). The b-wave

magnitudes were in the normal range in TRb1-KO mice. Rod

responses in scotopic, dark-adapted electroretinogram

analyses, lacked obvious defects in TRb1-KO mice. These

results indicate that unlike deletion of TRb2 (3), deletion of

TRb1 in mice does not resul t in obvious defects in

cone function.
Discussion

We report a novel pattern of TRb1 expression in ocular tissues,

suggesting remarkably diverse roles for thyroid hormone in cones,

other retinal neurons and non-neural cell types. The findings

indicate the importance of specific analyses of individual receptor

isoforms encoded by Thrb rather than general analyses of Thrb

expression in total. Our results suggest that the Thrb gene

accomplishes diverse functions in the eye by independent

regulation of two promoters that drive differential expression of

the TRb1 and TRb2 receptor isoforms. The similar temporal

switches of TRb1 and TRb2 in mouse and human retina suggest

conserved functions during maturational periods when sensitivity

to thyroid hormone is determined.
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Biphasic expression of TRb isoforms
in the neural retina

In mice, cones mature into M and S opsin-expressing

populations during postnatal development (42). Surprisingly,

although TRb1 is expressed in cones, only subtle opsin changes

were detected in TRb1-KO mice unlike the extreme loss of M opsin

and gain of S opsin in TRb2-KO mice (3). It is possible that the

persistent low levels of TRb2 at mature ages suffice to minimize

cone phenotypes in TRb1-KO mice. However, the converse is not

true; i.e., TRb1 cannot compensate for deletion of TRb2. This might

be explained if TRb2 primes gene expression in immature cones in a

way that cannot be achieved by the later expression of TRb1 when

the epigenetic status of the cone lineage may be less pliable (4). In

support of this proposal, we recently demonstrated that an intronic

enhancer in the Thrb gene determines the appropriate timing and

level of expression of endogenous TRb2 protein and consequently,

levels of M opsin and the spectral sensitivity of cones (38). The

timing and cell-specificity of TRb2 expression suggest that a

threshold level of receptor at a sensitive developmental time

is requi red for normal maturat ion and funct ion of

cone photoreceptors.

Mutations of the human THRB gene have been associated with

monochromacy and impaired spectral sensitivity in the syndrome

of resistance to thyroid hormone (6–8). All known THRBmutations

in this syndrome occur in common regions of the gene and interfere

with both TRb1 and TRb2 (56). Mutation of the THRB common

region in human retinal organoids impairs expression of the

OPN1LW-OPN1MW locus (9). In the organoid model study, the

possibility was raised that TRb1 activates the OPN1LW-OPN1MW

locus although a specific deletion of TRb1 has not been reported.

The sequential peaks of TRb2 then TRb1, first observed in the

chick, are broadly similar in human and mouse development and in
A

B

FIGURE 4

TRb1 localization in cones and inner retinal neurons detected in Thrbb1 lacZ reporter mice. (A), TRb1 (b-galactosidase, bgal protein
immunofluorescence) co-staining with cone markers (TRb2, Arr3) in Thrb+/b1 mice. (B), TRb1 (bgal) in amacrine (arrowheads) and horizontal cells
(arrows) shown by staining for calbindin (left). Staining was sometimes weak and appeared punctate. TRb1 was also detected in ganglion cells
(arrowheads) by staining for RBPMS (right). In panel (B), Thrbb1/b1 homozygotes were analyzed to enhance detection of bgal. For RBPMS, a general
nuclear stain (DAPI, blue) shows tissue background. AC, amacrine cell; dAC, displaced AC; GC, ganglion cell; HC, horizontal cell; INL, inner nuclear
layer; ipl, inner plexiform layer; IS/OS, inner/outer segments; ONL, outer nuclear layer; opl, outer plexiform layer.
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human retinal organoids (Figure 1). However, the full course of

cone differentiation in the context of the human lifespan is

prolonged over many months and extends into infancy (46, 47).

It is unclear if the TRb2 and TRb1 peaks might overlap during this

period to a greater extent in human than mouse retinal

development. Further insights may be gained by localization of

TRb1 in human retinal cell types. Immunostaining previously
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detected TRb2 in human feta l cones and in human

retinoblastomas, which arise from cone-like L/M opsin-positive

cells (57).

It is not excluded that TRb1 might modify responses to

challenge or stress at adult or aging stages. Prolonged

hypothyroidism when induced in adult rodents over months can

reversibly alter M and S opsin patterning (58). This residual
A
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FIGURE 5

TRb1 in the ciliary margin zone, iris and associated tissues detected in Thrbb1 lacZ reporter mice. (A, B), TRb1 in the ciliary margin zone (CMZ) (x-gal
staining, blue) in Thrb+/b1 embryos. Otherwise, expression is rare in embryonic tissues (coronal head section in B). (C, D), Expression of TRb1 in the
CMZ contrasts with TRb2 in cone precursors shown in Thrbb2/b2 lacZ reporter mice. (E), TRb1 in the late embryonic CMZ. Arrowhead, positive
progenitor cells in the neuroblastic layers of the CMZ. Weak signals are detected in the lens epithelium. (F), TRb1 in the non-pigmented (NPE) and
pigmented epithelia (PE) of the ciliary body at P3. (G, H), TRb1 in the retinal pigmented epithelium (RPE) (arrowheads) at embryonic (G) and mature
(H) stages. Oblique section in H shows the planar polygonal shape of RPE cells. (I), TRb1 expression in NPE and PE of the ciliary body in the adult.
(J, K), Iris and ciliary body at P12 in overview (J) and iris at P3 at higher magnification (K). TRb1 is detected in the sphincter pupillae (SP) and dilator
pupillae (DP) and pigmented epithelium of the iris (iris-PE). CMZ, ciliary margin zone; GCL, ganglion cell layer; INBL, inner neuroblastic layer; NPE,
non-pigmented epithelium of ciliary body; ONBL, outer neuroblastic layer; ONL, outer nuclear layer; PE, pigmented epithelium of ciliary body; RPE,
retinal pigmented epithelium.
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plasticity of patterning might reflect latent function of the normal

developmental program and could involve TRb1, the predominant

TRb isoform at mature ages. TRb1 might also contribute to cone

loss caused by thyroid hormone excesses (15, 16). Deletion of the

Thrb gene diminishes cone loss in models of retinal degeneration

(19) and reduces loss of RPE and photoreceptors in a chemically-
Frontiers in Endocrinology 1143
induced model of macular degeneration (20), which might involve

TRb1 at mature ages.

The detection of TRb1 in the inner retina suggests possible roles

for thyroid hormone in amacrine cells, which process visual

information transmitted from the photoreceptors, and in the

ganglion cells that relay these signals through the optic nerve (51,
A

B

D

E F

C

FIGURE 6

Cone gene expression in TRb1-KO mice. (A, B), Opsin immunostaining (magenta, in outer segments) in retinal cryosections showing superior and
inferior views in control (wt) and TRb1-KO (Thrbb1/b1) adult mice (~2 months old). Fields of view represent 100 mm lengths of ONL (for locations see
B). For comparison, a representative TRb2-KO displays severe loss of M opsin and extended expression of S opsin in all areas. PNA, peanut
agglutinin, pan-cone marker. Rho, rod photopigment, rhodopsin. Dark blue, nuclear (DAPI) stain, shows tissue background. (C), Counts of opsin- and
PNA-positive cones. Mean ± S.D., adult mice; 10 views from the superior and 10 from the inferior retina in the vertical plane around the mid-retinal
region obtained from 6 retinas from 3 mice; *p < 0.05, unpaired t-test. (D), Cone and rod gene mRNA expression analyzed by qPCR. Control mice
display counter-gradients of M (Opn1mw) and S (Opn1sw) opsin mRNA over the superior - inferior plane. In TRb1-KO mice, Opn1mw and Arr3 are
marginally decreased in the inferior retina and Opn1sw modestly elevated in the superior. Most genes show little or no change. Groups, n = 4 mice,
with 2 retinas pooled per mouse per region; mean ± S.D., *p < 0.05; **p < 0.001, unpaired t-test on log transformed expression data. (E), TRb2
mRNA expression is unchanged in TRb1-KO mice shown at 2 ages (mean ± S.D., p = 0.58 (P19) and p = 0.16 (P30), unpaired t-test, log transformed
expression data); n = 4 retinas representing at least one retina from each of 3 mice. TRb1-KO lacks TRb1 mRNA as expected. (F), TRb1 mRNA
expression is unchanged in TRb2-KO mice, shown at P30 (mean ± S.D., p = 0.61, unpaired t-test on log transformed expression data); n = 5 retinas
representing at least one retina from each of 3 mice. ONL, outer nuclear layer; OS/IS, outer/inner segments.
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59). Consistent with our results, studies of a mouse reporter model

(FIND-T3) for thyroid hormone activity suggested amacrine and

ganglion cells as targets in the postnatal retina (60). This may

suggest a role for thyroid hormone in visual processing in the inner

retina but this remains to be explored. It has been reported that

hypothyroidism impairs visual-evoked potentials in central

pathways in rats (13, 61).
TRb1 in the ciliary body, iris and retinal
pigmented epithelium

TRb1 is undetected in most embryonic tissues but is detected in

the ciliary margin zone and anterior tissues that give rise to the

ciliary body and iris of the eye (53). The iris controls the aperture of

the pupil and entry of light whereas the ciliary body focuses the lens

and also produces aqueous humor. The ciliary margin zone can also

generate some neurons that contribute to the neural retina (54, 62).

There has been little study of thyroid hormone action in these

tissues but the TRb1 expression pattern suggests possible functions

in anterior structures of the eye.

We also detected TRb1 in the RPE, which provides crucial

support for the photoreceptors. Other studies have reported thyroid

hormone receptor gene expression in human RPE cells in culture
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(63) and in the RPE of zebrafish (64). The RPE mediates

transepithelial transport and is involved in the renewal of outer

segment discs, the opsin-packed structures of photoreceptors.

Material from disc shedding is phagocytosed by the RPE.

Hypothyroidism in adult rats has been reported to reduce the rate

of disc renewal (65). It is noteworthy that deletion of Thrb can

protect RPE cells and photoreceptors from damage in a chemically-

induced model of macular degeneration (20). Our findings suggest

that this susceptibility to damage might reflect TRb1 functions in

both RPE and cone cells. In amphibian and fish species, a function

of thyroid hormone is to induce cyp27c1 in the RPE, which

produces vitamin A2, a specialized chromophore for enhanced

sensitivity to red light (66).

Severe developmental hypothyroidism in rats retards

craniofacial features such as width of the eye-nose axis, eyeball

mass, opening of the eyelids and thickening of retinal layers (67–

69). Although this retardation has undefined cellular etiology, it is

possible that TRb1 underlies some of these functions in the eye. The

Thra gene is also expressed in the retina (24) and RPE (64)

suggesting that the TRa1 receptor mediates functions in the eye

that remain to be discovered. In summary, our finding of differential

expression of TRb1 and TRb2 reinforces the view that ocular

development is coordinated in part by thyroid hormone acting on

specific retinal and non-neural cell types in the eye.
A B

DC

FIGURE 7

Electroretinogram analysis of TRb1-KO mice. (A), Photopic, light-adapted responses to optimal wavelengths for stimulation of cone M opsin (516
nm) and S opsin (368 nm) in mice. Curve plots show b-wave magnitudes, mean ± S.D. Groups, 6 wild type and 8 TRb1 KO mice, ~2 months of age.
* p < 0.05, unpaired t-test for each stimulus intensity. (B), Example waveforms in response to varying stimulus intensities in single representative
mice; intensities of 1.26, 3.16, 10, 19.95 and 32 cd.s/m2 for 516 nm; 0.0001, 0.001, 0.0031, 0.01 and 0.0316 cd.s/m2 for 368 nm. (C), Scotopic, dark-
adapted responses indicating rod function, showing b wave magnitudes, mean ± S.D. Groups, 8 wt and 7 TRb1 KO mice, 6 - 8 weeks old.
(D), Example waveforms for varying stimulus intensities of 0.0001, 0.001, 0.01, 0.0316 and 0.1 cd.s/m2 for scotopic responses.
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In a zebrafish biomedical model
of human Allan-Herndon-Dudley
syndrome impaired MTH
signaling leads to decreased
neural cell diversity
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Background:Maternally derived thyroid hormone (T3) is a fundamental factor for

vertebrate neurodevelopment. In humans, mutations on the thyroid hormones

(TH) exclusive transporter monocarboxylic acid transporter 8 (MCT8) lead to the

Allan-Herndon-Dudley syndrome (AHDS). Patients with AHDS present severe

underdevelopment of the central nervous system, with profound cognitive and

locomotor consequences. Functional impairment of zebrafish T3 exclusive

membrane transporter Mct8 phenocopies many symptoms observed in

patients with AHDS, thus providing an outstanding animal model to study this

human condition. In addition, it was previously shown in the zebrafish mct8 KD

model that maternal T3 (MTH) acts as an integrator of different key

developmental pathways during zebrafish development.

Methods: Using a zebrafish Mct8 knockdown model, with consequent inhibition

of maternal thyroid hormones (MTH) uptake to the target cells, we analyzed

genes modulated by MTH by qPCR in a temporal series from the start of

segmentation through hatching. Survival (TUNEL) and proliferation (PH3) of

neural progenitor cells (dla, her2) were determined, and the cellular

distribution of neural MTH-target genes in the spinal cord during development

was characterized. In addition, in-vivo live imaging was performed to access

NOTCH overexpression action on cell division in this AHDS model. We

determined the developmental time window when MTH is required for

appropriate CNS development in the zebrafish; MTH is not involved in

neuroectoderm specification but is fundamental in the early stages of

neurogenesis by promoting the maintenance of specific neural progenitor

populations. MTH signaling is required for developing different neural cell

types and maintaining spinal cord cytoarchitecture, and modulation of NOTCH

signaling in a non-autonomous cell manner is involved in this process.
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Discussion: The findings show that MTH allows the enrichment of neural

progenitor pools, regulating the cell diversity output observed by the end of

embryogenesis and that Mct8 impairment restricts CNS development. This work

contributes to the understanding of the cellular mechanisms underlying human

AHDS.
KEYWORDS

maternal thyroid hormone, monocarboxylic acid transporter 8, neurodevelopment,
spinal cord, zebrafish, Allan-Herndon-Dudley syndrome (AHDS)
1 Introduction

During the early stages of vertebrate development, the

embryonic naïve system cannot endogenously produce thyroid

hormones (TH), thus depending on a precise supply of maternal-

derived TH, which is essential for proper central nervous system

(CNS) development. Maternally produced prohormone thyroxine

(T4) must be converted locally into the active form triiodothyronine

(T3) by deiodinase 2. T3 acts in target cells by binding to thyroid

hormone receptors (TRs), which regulates target gene expression

(1). TH importantly influences neurodevelopment during the fetal

period and regulates processes involved in the formation of the

cytoarchitecture of the brain, such as proliferation, migration and

myelination and neuronal and glial cell differentiation (2–6).

Maternal TH (MTH) deprivation outcomes in offspring are

various and mainly depend on the timing and severity of the

deficiency (3, 7).

The genetic responses to T3 in specific cellular contexts have

been identified (8, 9), and several phenotypic outcomes arising from

inappropriate levels of TH supply were found (7, 10). However, the

underlying cellular and developmental mechanisms of action are

less understood. Furthermore, a key feature of TH developmental

action is the strict windows of time when the hormone acts, which

determine the biological outcome (11, 12).

The importance of MTH transport by monocarboxylate

transporter 8 (MCT8, SLC16A2), in human neurodevelopment is

highlighted by the severe global neurological impairment observed

in subjects with the rare human disease Allan-Herndon-Dudley-

Syndrome (AHDS) (13, 14). This disease is characterized by

developmental delay, reduced myelination, intellectual disability,

poor language and walking skills, hypotonia, and a reduced life span

(15), and histopathological outcomes can be identified from fetal

stages (16). The severeness of the phenotypic outcome varies among

patients (17–20), and could be related to the residual functionality

of the mutant MCT8 protein and, consequently, the efficiency of TH

transport into the target cells (21).

In the fetal and adult human brains, MCT8 is expressed in the

blood-brain barrier (BBB) and blood-cerebrospinal fluid barrier

(BCSFB). In fetal stages, MCT8 localizes in ependymal cells,

tanycytes, neurons, and cells of the ventricular (VZ) and

subventricular (SVZ) zones, the proliferative areas of the brain

(22, 23).
0248
The consequences of AHDS highlight the fundamental role of

MTH on vertebrate neurodevelopment. Until recently, postnatal

treatment of these patients with TH supplementation, with the TH

analogs, TRIAC (24) or DITPA that do not require transport by

MCT8 results in better thyroid function tests, improving

hypermetabolism. However, no motor or cognitive skills

improvement was observed (25). Very recently, prenatal

treatment using levothyroxine (LT4) ameliorated the neuromotor

and neurocognitive function of an AHDS patient (26)

Zebrafish is an established model for AHDS study (27–30).

High concentrations of maternally deposited TH have been found

in fish eggs (31). Also present in unfertilized eggs are many

transcripts of components of the thyroid axis (32). Virtually all

known components of the thyroid axis have been characterized in

zebrafish, and these are structurally and functionally comparable

with higher vertebrates (33, 34). The high degree of conservation

between zebrafishmct8 and its mammalian orthologs (35), points to

a conservation of function, albeit zebrafish Mct8 specifically

transports T3 at physiological temperature (26°C) and T3 and T4

at human physiological temperature (37°C) (36). Expression of

mct8 in zebrafish is detected from 3hpf with expression increasing

through larval stages peaking at 48-96hpf (36, 37). Another

advantage of zebrafish to model AHDS is that until 60hpf, there

is no endogenous production of TH (38). In the zebrafish model, the

developmental action of MTH through Mct8 can be examined

without major compensatory mechanisms such as maternal TH

compensation, endogenous TH production, or increased uptake by

co-expressed TH transporters, as occurs in the mouse model (39),

where a similar model of AHDS was only achieved after double KO

ofMct8 and Oatp1c1 (40–42) orMct8 and D2 (43). More recently, it

has been reported the generation of a new mouse model with a

human AHDS patient-derived MCT8 mutation that presents brain

hypothyroidism alongside neuro-architectural changes (44). This

new mouse model presents similarities to already available zebrafish

AHDS models where suppressing Mct8 function (27–29) makes it

possible to reproduce many pre-natal neurological consequences

observed in human patients with AHDS (16). Previous evidence

from zebrafish Mct8 loss of function studies showed that several

neural progenitors and neurons depend on MTH for development

(27, 45). The spinal cord appears significantly reliant on MTH

action for its normal development since, in the absence of functional

Mct8, dorsal and medial neurons are mostly lost or show an
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abnormal morphology and positioning (27). In contrast, ventral

spinal cord neurons are favored and increase their number (27).

Transcriptomic analysis of zebrafish mct8 morphant embryos

revealed that MTH modulates several critical developmental

networks, like Notch, Wnt, and Hh signaling, thus working as an

integrative signal (45). Nonetheless, fundamental questions on the

action of MTH in zebrafish embryonic development and AHDS

remain unanswered. In the present work, we focused on zebrafish

spinal cord development and aimed to elucidate three fundamental

questions: 1) the developmental time window where MTH action

occurs, 2) the types of neural cell populations dependent on MTH

signaling, 3) the cellular mechanisms of MTH action.
2 Materials and methods

2.1 Zebrafish husbandry and spawning

Adult wild-type (AB strain) zebrafish were maintained in

standard conditions in the CCMAR fish facility at the University

of Algarve (Portugal). Adult fish were kept at a 14 h/10 h light/dark

cycle and 28°C. Breeding stock feeding twice daily with granulated

food (Tetra granules, Germany) and once with Artemia sp. nauplii.

One female and one male zebrafish were isolated in mating tanks

the night before egg collection. After the lights were turned on in the

morning, the separator was removed to allow fertilization.
2.2 Morpholino injection

Upon spawning, embryos were immediately collected and

microinjected within 45 min, at the 1-2-cell stage, with 1nL of

morpholino solution containing either 0.8pmol CTRLMO (control

morpholino) or MCT8MO (mct8 morpholino) as described (27).

The diffusion process of the morpholino compound is immediate

and ubiquitous throughout the embryo, and the blocking effect over

mct8 lasts robustly up to 72hpf.

Then, embryos were randomly distributed into plastic plates

containing E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl,

0.33 mM MgSO4) and incubated until sampling time at 28.5°C

(Sanyo, Germany) under 12h:12h light: dark cycles.
2.3 Analysis of gene expression

Embryos were manually dechorionated, snap-frozen in liquid

nitrogen, and stored at -80°C. Embryo staging was performed by

observing control embryos’ developmental landmarks (46). Eight

independent biological replicates (pools of 20 embryos) were

sampled at 10, 12, 18, 22, and 25 hpf (hours post fertilization),

and eight biological replicates (pool of 15 embryos) were sampled at

30, 36, and 48hpf. Total RNA was extracted from the embryos with

an OMEGA Total RNA extraction kit I (Omega Biotek, USA),

followed by treatment with Ambion Turbo DNA-free kit (Life

Sciences, USA), according to the manufacturer’s instructions.

RNA concentration was determined by spectrophotometry using
Frontiers in Endocrinology 0349
NanoDrop ND-1000 (NanoDrop Technologies Inc., USA), and

integrity was determined by visualization in an agarose gel

stained with SYBR Green (ThermoFisher Scientific). Only total

RNA samples with a 2:1 ratio of 28s:18s rRNA were used in

the analysis.

Synthesis of cDNA with 500ng of purified total RNA was

reverse transcribed using RevertAid First Strand cDNA Synthesis

and Random Hexamer Primers (Thermo Fisher Scientific, USA).

cDNA was diluted 1/5 in ultrapure water and stored at -20°C. The

quantification method used with the RT-QPCR method was the

absolute quantification method, which determines the number of

mRNA copies in the sample from a standard curve. Primers were

designed using Primer 3 Plus using RNA-seq data (45).

Supplementary Table 1 provides primer sequences amplicon size

and RefSeq for each gene included in the analysis. The gene’s target

sequence was amplified by PCR, purified (EZNA Gel Extraction Kit,

Omega Biotek), quantified (NanoDrop Technologies Inc., USA),

and sequenced by Dye-termination to confirm identity.

Quantitative real-time PCR (qPCR) was performed in a CFX-384

well (Biorad) with 6 µL of total volume. Final concentrations of PCR

mix consisted of 1X SensiFASTTM SYBR, No-ROX Kit (Bioline,

USA), 150nM forward primer, 150nM reverse primer, and 1 µL

cDNA (1/5). The PCR amplification protocol was 95°C for 3 min,

and 44 cycles of 95°C for 10 sec and 60°C for 15 sec, followed by a

denaturation step from 60 to 95°C, 5 sec in 0.5°C increment, to

obtain product specificity. Each cDNA sample was run as two

technical replicates and averaged for expression analysis. Samples

were discarded for quantification if the difference between replicates

was over 0.5 cycles. No commonly used reference gene (18S and

gapdh) presented invariable expression during the embryonic stages

analyzed. Therefore, total RNA input was used as a normalizer

according to the criteria for qPCR quantification in such cases (47).
2.4 Immunohistochemistry

One-cell stage embryos microinjected with either 0.8pmol of

either CTRLMO (GeneTools) or MCT8MO (27) were fixed at

selected stages in ice-cold 4%PFA/PBS overnight at 4°C. Samples

were washed, depigmented when needed with PBS/0.3%H2O2/0.5%

KOH, transferred into 100% methanol, and stored at -20°C until

use. Samples in 100% MeOH were brought to room temperature

and washed using aMeOH : PBS series (100%MeOH to 100% PBS).

Embryos were hydrated, washed in PBS with 0.1% Triton X-100

(PBTr), and blocked with the addition of 10% sheep serum (Sigma-

Aldrich Aldrich). Primary antibodies used were: 1:500 rabbit anti-

HuC/D (16A11 - Invitrogen), 1:100 CF594 mouse anti-Zrf1 (ZDB-

ATB-081002-46, ZIRC) and 1:50 mouse anti-Nkx6.1 (F55A10

DSHB). Samples were washed, and secondary antibody

fluorescent labelling was carried out using 1:400 of goat anti-

mouse IgG-CF594 (SAB4600321, Sigma-Aldrich), goat anti-rabbit

IgG- Alexa 488 (111-545-047, Jackson Labs) or anti-mouse IgG-

CF488 (SAB4600388, Sigma-Aldrich). Imaging was carried out in a

Zeiss Z.1 light-sheet microscope. Images were imported into Fiji,

and a region of interest was selected in a two-somite area (8800µm2)

between somites 8-12. For neuron number determination, the 3D
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object counter in Fiji was used. Glial cell abundance was

measured by determining the stained area after maximum

intensity projection.
2.5 Riboprobe preparation and colorimetric
whole-mount in situ hybridization (WISH)

Riboprobe synthesis, hybridization, and imaging of colorimetric

WISH were performed as described in detail (27). To prepare

neurog1, fabp7a, slc1a2b, and olig2 riboprobes for in-situ

hybridization, primers (Supplementary Table 2) were designed

using as a template the sequences from the zebrafish assembled

transcriptome (45). Analysis of cell distribution pattern (her2,

fabp7a, neurog1 and slc1a2b) on transverse sections of the spinal

cord, WISH embryos were re-fixed in PFA 4%, dehydrated in

MeOH/PBS and embedded in paraffin by isopropanol/paraffin

gradient. Paraffin blocks were sectioned at 8µm and mounted on

Poly-L-Lysine covered slides. Sections of interest were dewaxed, and

coverslips were mounted with glycerol-gelatine (Sigma-Aldrich).

Images of whole mounts and sections were acquired using a Leica

LM2000 microscope coupled to a digital color camera

DS480 (Leica).
2.6 Double fluorescent whole-mount in
situ hybridization WISH

Riboprobes were generated as described in the previous

section and labeled with either digoxigenin (Dig) (mct8, thraa,

and thrab) or fluorescein (Fluo) (her2, dla, and fabp7a). A double

hybridization procedure combining one Dig and one Fluo probe

was performed in zebrafish embryos (10, 12, 18, 25, 30, 36, 48hpf)

following (27). Antibody detection and development of the signal

were carried out sequentially using a combination of antibody/

Tyramide signal amplification (Perkin-Elmer, USA).WISH was

carried out identically to (27) except hybridization was performed

in the presence of 0.5 ng/mL of both Dig- and Fluo-labelled cRNA

probes in HybMix. Stringency washes were performed as

previously described (27). For the first probe detection, embryos

were incubated overnight at 4°C in blocking solution MABTr/10%

sheep serum (Sigma-Aldrich-Aldrich)/2% Blocking solution

(Roche, Switzerland) with anti-DIG-POD Fab fragments serum

(1:500, Roche, Switzerland). Embryos were washed in PBSTw and

incubated for fluorescent color development in Alexa Fluor-594

Tyramide Reagent (ThermoFisher, USA), 1:100 in amplification

reagent (Perkin Elmer), followed by several washes in PBSTw. To

detect the second probe, the peroxidase activity of POD

conjugated anti-serum was quenched by incubating samples for

1h in 3% H2O2 in PBS. Samples were washed in PBSTr and

incubated overnight at 4°C MABTr/10% sheep serum (Sigma-

Aldrich-Aldrich)/2% Blocking solution (Roche, Switzerland) with

anti-Fluorescein-POD Fab fragments serum (1:500, Roche,

Switzerland). Embryos were washed in PBSTw and then

incubated in FITC-Tyramide (Perkin-Elmer) 1:100 in

amplification reagent (Perkin Elmer), followed by several washes
Frontiers in Endocrinology 0450
in PBSTw. Samples were stored in PBS containing 0.1% Dabco

(CarlRoth, Germany).
2.7 Mitosis detection

Immediately after single fluorescent WISH, embryos were

subject to immunohistochemistry to detect mitotic cells. The

primary antibody used was rabbit anti-PH3 1:500 (06-570 Sigma-

Aldrich-Aldrich), and the secondary antibody was goat anti-rabbit

IgG-CF594 (SAB4600388, Sigma-Aldrich-Aldrich). Antibody

incubation and blocking steps were performed in 1xPBS:10%

Sheep serum.
2.8 Apoptosis detection (TUNEL assay)

Immediately after the single fluorescent WISH of dla and her2,

cell death detection in embryos was determined by TUNEL assay

using the in-situ cell death detection kit – TMR red (12156792910,

Roche). According to the manufacturer’s instructions, including

experimental controls. Briefly, samples were washed for 15 minutes

at RT with 1xPBS/0.1% TritonX 100 (Sigma-Aldrich)/0.1 M

Sodium Acetate pH6. Embryos were further treated for 15

minutes at RT with 1ug/mL Proteinase K (Sigma-Aldrich-

Aldrich) followed by four 5 minutes of washes in 1xPBT.
2.9 Image acquisition and analysis of
double WISH, WISH-mitosis and
WISH-apoptosis

Light-sheet Z.1 (ZEISS) microscope was used to acquire images

of double WISH, WISH-mitosis, and WISH apoptosis. Samples

were mounted in 1% low melting agarose (CarlRoth, Germany).

The total depth of the medial spinal cord was acquired using a 10x

lens with 2.5x or 1x optical zoom, according to the developmental

stage, using dual illumination and a z step of 1,69µm or 1,813 µm,

according to the optical zoom in use. In addition, dual illumination

image volumes from the Z.1 were merged by Dual Side Fusion (Zen

Black, Zeiss), and imaging and colocalization analysis were

performed in Fiji (48).

Colocalization Colormap plugin (49) was used to determine the

colocalization of Dig and Fluo cRNA probes. Briefly, ROI was

selected in a two-somite area (8800µm2) between somite 8-12. Next,

the threshold was adjusted and fixed for each gene pair for the

doubleWISH, and 3-8 individuals per condition were analyzed. The

resulting stack of the colocalization channel was then superimposed

into the original Z.1 image to create the final figures. When

necessary, stacks were resliced in y orientation to enable

lateral views.

For the WISH-mitosis and WISH apoptosis, the image

threshold was adjusted and fixed for each target pair, and a total

of 5-13 individuals per condition were analyzed. Colocalization

Colormap plugin (49) was used to determine the colocalization of

cRNA probes with mitotic marker PH3 and apoptotic marker
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TMR-red. Co-localized cells were counted manually with Fiji’s “3D

object counter” tool.
2.10 NICD overexpression

In this experiment, a variant of zebrafish notch1a, notch1a-

intracellular domain (NICD), was used, which encodes a Notch

receptor that is constitutively active in neurogenesis (50). A pCS2+

plasmid containing the cDNA coding for CAAX-GFP (membrane

label) and the Notch-intracellular domain (NICD) (50) were

linearized, and mRNAs synthesized using the mMessage Machine

SP6 transcription kit from Ambion, following the manufacturer’s

instructions. The mRNAs were phenol: chloroform purified, diluted

in RNAse-free water, and frozen at -80°C until use. The effects of

this NICD mRNA injection are attributed to high NOTCH activity

in general (50). The pCS2+ GFP-CaaX was generated after

subcloning the GFP-CaaX construct from a Tol2 kit plasmid (51).
2.11 Live imaging

Zebrafish Tg(elav3:LY-mCherry) (52) x WT AB previously

injected with CTRL or MCT8MO were used for mRNA injection.

This transgenic line allows for the visualization of mature neurons,

elav3, allowing us to distinguish them from neural progenitor cells.

For mosaic overexpression of NICD, 100 pg of nicd mRNA and

50pg of gfp-caax mRNA were injected into one blastomere dorsal

right 1 - DRA1 or dorsal right 2 -DRA2, between the 16- to 32-cell

stages, which will contribute to brain and spinal cord cell fates (53).

gfp-caax mRNA was used to allow the individual cell visualization

of the cell-autonomous response to NICD in CTRL and MCT8MO

injected embryos. Hence, four groups were prepared, GFP-CaaX

injection in MCT8MO and CTRLMO; NICD and GFP-CaaX

injection in MCT8MO and CTRLMO. Embryos were left to

develop at 28°C until 22hpf when sorting and mounting for

imaging were performed.

Imaging was carried out by light-sheet microscopy, Lightsheet

Z.1 (ZEISS, Germany), as described previously (54), with minor

alterations. Briefly, embryos were anesthetized with 0.08% tricaine

pH7.4 buffered, mounted alive in 0.3% (w/v) low-melting agarose

(LMA) in E3 medium containing tricaine (0.08%) into FEP tubes

closed with a 1% LMA. Three animals per group, CTRLMO and

MCT8MO, were imaged in the same tube. Two independent

experiments were carried out. Time lapses images were taken

from 23 until 26hpf. Z-stacks ranging from the full depth of the

medial spinal cord were acquired every 15 min for 3h. The spinal

cord was imaged with an x20 lens, 2x zoom with a z-step of 1.56 mm
with single angle and dual illumination. For image analysis, dual

illumination images from the Z.1 were merged using Dual side

Fusion (Zen Black, Zeiss). Next, images were imported into Fiji, and

a region of interest was selected in a two-somite area (8800µm2)

between somite 8-12. Analysis of cell divisions was performed

manually in FIJI. Only Huc(-) cells expressing GFP were tracked

for analysis. In brief, symmetric divisions of GFP+ cells in any

group were considered if the cell division plane was 0-<30° to the
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ventricular side of the spinal cord. Asymmetric divisions were

considered if the cell division plane was ≥30-90° to the

ventricular side of the spinal cord (55, 56).
2.12 Generation of Mct8 loss-of-
function mutant

CRISPRScan (57) was used to design two adjacent guide RNAs

(gRNAs) against the first exon of the zebrafish mct8 gene

(GGCTGGTGGGACGCCCGGCT and GGAGCGCAAG

CTGGCCCCGG). gRNAs were purified after phenol-chloroform

extraction and were precipitated overnight at -20°C in 10uL of 3.5M

sodium acetate pH3.5 and 250uL of 100% ethanol. After

centrifugation, gRNA was purified, dried, resuspended in DEPC-

treated water, and kept at -80°C until use. The oligos for each

gRNAs were acquired (STABvida) and used for direct in vitro

transcription as described (57). On the injection day, the two

gRNAs were diluted to 300ng/uL in a 600ng/uL Cas9 protein

(Champalimaud Foundation) solution.

Adult zebrafish were made to spawn in natural conditions, and

embryos were immediately collected. 1-cell stage embryos were used to

inject 1nL of gRNAs+Cas9 (300ng/uL+600ng/uL). At 24hpf, eight

embryos per injection clutch were collected for genotyping by PCR.

Genomic DNA extraction was carried out after overnight digestion at

50°C in genomic extraction buffer (10mM Tris pH8.2, 10mM EDTA,

20mM NaCl, 0.5% SDS, 200ng/mL Proteinase K), followed by

centrifugation and washing with 70% ethanol, air dried, and

resuspended in 20uL of TE pH8. PCR was carried out with

primers (0.2uM) flanking the gRNAs binding sites (Fw –

ATGCACTCGGAAAGCGATGA; Rv – AGCAGCGAACAC

CACGACCCA) using the DreamTaq polymerase kit (Thermo).

Thermocycling was carried out as follows: 95°C for 30 seconds, 35

cycles of 95°C for 30 seconds, 60°C for 15 seconds, and 72°C for 15

seconds, followed by a 5-minute extension at 72°C. PCR products were

resolved in a 3.5% agarose/1xTAE gel. Afterwards, bands were isolated

from the gel and extracted with a gel extraction band kit (OMEGA),

followed by Sanger sequencing using the Big-dye termination method.

The isolated band sequence was confirmed after BLAST analysis

and alignment to the zebrafish mct8 locus. That ensured that

injected clutches had embryos carrying the desired genetic lesions

on the mct8 locus. Injected embryos were reared until adulthood.

After isolation, adult-inject PCR genotyped fish after fin-clipping to

identify carriers of genetic lesions on the mct8 locus. After

sequencing, only carriers of mutations that induced an early

STOP codon or a frameshift in the mct8 ORF were allowed to

cross with wild-type siblings to give rise to non-mosaic F1 carrier

lines. Adult F1 carriers were genotyped by PCR after fin-clipping

and sequenced. In-crosses were carried out to generate F2

homozygous mutants for the mct8 locus. Identified lines with

embryos with expected phenotypes were collected, genomic DNA

extracted, genotyped by PCR, and sequenced. Identified lines were

crossed to wild-type siblings. Only F3 adult carriers were used to

generate homozygous mct8 mutant embryos. That was done to

mitigate any possible non-specific genomic lesions other than in the

mct8 locus.
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2.13 Statistical analysis

All statistical analyses were carried out in GraphPad Prism

v6.01 (San Diego, USA). Values are represented as means ± SD. The

datasets’ normality was previously accessed using D’Agostino &

Pearson omnibus normality test. The levels of statistical significance

were expressed as p-values, *p < 0.05; **p < 0.01; ***p < 0.001; ns:

non-significant.

Due to the role played by the genes analyzed in embryonic

development, the present work did not intend to determine their

temporal expression patterns, only the effect of MCT8 knockdown

on their expression at specific time points. To determine gene

expression differences between CTRLMO and MCT8MO embryos,

statistical significance was determined by unpaired Students t-test:

two-sample, assuming equal variances. For image analysis

quantification, One-way analysis of variance (ANOVA) followed

by Dunnett’s multiple comparison tests or an unpaired Student’s t-

test was used when data sets presented a normal distribution.

Otherwise, a Kruskal-Wallis test followed by Dunn’s multiple

comparison tests was used. Distribution differences in symmetric/

asymmetric divisions between experimental groups were

determined by c2 analysis. Statistical difference in symmetric or

asymmetric divisions between experimental groups was determined

by one-way ANOVA followed by Holm-Sidak’s multiple

comparison post hoc analysis.
3 Results

To further guarantee the validity of our MCT8 knockdown

approach using morpholinos, its specific effects, and the lack of

unspecific morpholino effects, we developed a CRISPR/Cas9 loss-

of-function mct8 mutant (-/-) (Supplementary Figure 1). The
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mutant mct8 (-/-) has an early STOP codon in the sixth codon,

missense mutations, and a 9-bp insertion (Supplementary Figures

S1A, B). After injection of the MCT8 morpholino at 0.8pmol in

mct8 (-/-) embryos, we did not observe any additional effects

different from control morpholino injected 24hpf mct8 (-/-)

embryos (Supplementary Figure 1C). Complying with the best

practices for using morpholinos (58, 59), our morpholino-based

approach has shown to be highly specific and fully recapitulates the

loss of function in the newly developed mct8 (-/-) embryos without

non-specific effects. Together with our previous validations (27, 45),

these two converging models fully recapitulate the loss of MTH-

impaired signaling during embryonic development.
3.1 Timing of MTH action in zebrafish
embryogenesis

To determine the developmental time window of MTH action

in zebrafish embryogenesis, we analyzed genes already known from

previous transcriptomic data to have altered expression in 25hpf

MCT8MO embryos (45) (Supplementary Figure 2A). Genes shown

to be regulated by MTH involved in the early neural specification,

NOTCH signaling pathway, and neurogenesis (Supplementary

Figure 2A) were analyzed.

Genes belonging to the SoxB1 family (sox3, sox19a, and sox19b)

are recognized for their role in the specification and development of

the embryonic ectoderm into the neuroectoderm lineage (60, 61).

These candidate genes were downregulated at 25hpf in the

MCT8MO RNA-seq data (Supplementary Figure 2A), indicating

a possible role for MTH in maintaining the neuroectodermal

progenitor pool. Analysis by qPCR (Figure 1 and Supplementary

Figure 2B-D) revealed that the expression of these genes did not

change in MCT8MO embryos during early neurodevelopment
FIGURE 1

Expression of MTH-responsive genes reveals 22-31hpf as the developmental time more sensitive to MTH. Zebrafish developmental stages analyzed
by qPCR are depicted by camera lucida drawings adapted from (46). Heatmap representation of gene expression levels of sox3, sox19a, sox19b,
notch1a, notch1b, her2, her4, dla, dld, jag2a, and neurog1, determined after RT-qPCR in MCT8MO and CTRLMO during embryonic development.
Data are represented as fold change of MCT8MO expression relative to the CTRLMO. Statistical differences were evaluated between MCT8MO and
CTRLMO for each time point using a t-test after normal distribution was confirmed (D’Agostino & Pearson test). N = 8 (*p<0.05; **p<0.01).
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(10hpf-18hpf). The results suggest that MTH does not play a role in

maintaining B1 Sox gene expression during neural plate

establishment and neural induction. However, expression of

sox19a and sox19b is significantly lower in MCT8MO embryos at

22hpf (t-test, p<0.05), while sox3 and sox19b show a decreased

expression also at 25hpf (Figure 1), in accordance with RNA-seq

data (45), although this change does not reach statistical

s ignificance in the qPCR assay (t-test , p=0.083, and

p=0.079, respectively).

Notch ligand-receptor combinations that coincide during

development in zebrafish are essential for adequate brain

development and cell diversity (62). Gene expression analysis by

qPCR revealed that only notch1a was significantly downregulated in

MCT8MO at 22hpf (Figure 1; Supplementary Figure 2E; t-test,

p<0.05) and continues to be lower than CTRLMO, in MCT8MO

embryos until 36hpf, although not statistically significant (Figure 1;

Supplementary Figure 2E). A similar trend occurs for the expression

of the notch1b receptor; however, this decrease between 22-36hpf is

not statistically significant (Figure 1; Supplementary Figure 2F, t-

test, p>0.05).

The expression of NOTCH direct targets her2 and her4, which

are involved in the maintenance and proliferation of

neuroprogenitor cells (63–65), was analyzed (Figure 1).

Expression of her2 is downregulated in MCT8MO embryos at 12,

22 and 25hpf (Figure 1; Supplementary Figure 2G, t-test, p<0.05).In

zebrafish, her4 is involved in primary neuron development under

Notch 1 signaling (65).Her4 downregulation at 22, 25, and 30hpf in

MCT8MO suggests the involvement of MTH in regulating the

development of some primary neurons (Figure 1; Supplementary

Figure 2H, t-test, p<0.05).

Notch ligands dla and dld, which are expressed in differentiating

neural cells and are involved in the specification of progenitor pool

size domains (66), showed a significant decrease in expression in

MCT8MO embryos at 25hpf (Figure 1; Supplementary Figures 2I, J,

respectively, t-test, p<0.05). The downregulation of dla is observable

by 12hpf (Figure 1; Supplementary Figure 2I, t-test, p<0.05) during

primary neurogenesis and occurs at 22 and 25hpf (Figure 1;

Supplementary Figure 2I, t-test, p<0.001 and p<0.05, respectively).

On the other hand, the decrease in dld expression (Figure 1;

Supplementary Figure 2J) only occurs later in neurogenesis at 22

(t-test, p<0.01), 25 (t-test, p<0.05), and 30hpf (t-test, p<0.05).

In contrast with dla and dld, the Notch ligand jag2a is upregulated

in MCT8MO embryos (Figure 1; Supplementary Figure 2K, t-test,

p<0.05). The temporal pattern of expression of jag2a was opposite to

the delta ligands, dla, and dld, since it was upregulated at 18hpf

(Figure 1 p<0.05) and again at 36hpf (t-test, p<0.05).

To further understand how MTH is involved in neuron

progenitor specification, we analyzed the expression of neurog1, a

pro-neural gene expressed by intermediate neuronal precursors and

neuron-committed cells. No differences in neurog1 expression

occur from 10-18hpf between CTRL and MCT8MO embryos

suggesting MTH is not involved in the differentiation of these

cells (Figure 1 and Figure 1 and Supplementary Figure 2L).

However, at 22 and 25hpf (Figure 1 and Supplementary

Figure 2L, t-test, p<0.05), neurog1 expression decreased,

suggesting a possible role for MTH in the maintenance/
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differentiation of neuron progenitor populations from these stages

of neurogenesis while no differences in expression were found at

later stages (Figure 1 and Supplementary Figure 2L, t-test, p>0.05).
3.2 Impaired MTH action has a time-
dependent effect on spinal cord
neural development

We interrogated if gene expression changes are paralleled with

neurogenesis and gliogenesis changes, focusing on the spinal cord

since it provides a simplified version of neural development.

Immunostaining for Elav3 (HuC/D) of CTRLMO and MCT8MO

zebrafish, which labels all post-mitotic neurons from 15-48hpf,

revealed a time-dependent topology and abundance of neurons

(Figure 2). Notably, in all developmental stages analyzed, the

distribution of neurons in the three regions of the spinal cord

(dorsal, medial, and ventral) present different HuC/D staining

profiles between CTRLMO and MCT8MO embryos (Figure 2A).

From as early as 15hpf, neurogenesis was impaired, as can be seen

by the decrease in post-mitotic neurons in MCT8MO (Figure 2B; t-

test, p<0.05). The most affected spinal cord neuron population in

MCT8MO embryos is medial, as can be observed in lateral and

transversal sections (Figure 2A). As development progresses, at

22hpf, there are fewer neurons, and the distribution is different in

MCT8MO embryos (Figures 2A, B; t-test, p<0.05). That is especially

evident in the lateral view, where medial and ventral neurons seem

to be particularly affected. By 25hpf, and although neuron numbers

have recovered (Figure 2B; t-test, p>0.05), MCT8MO neuron

distribution is more compact (Figure 2A transversal view) with an

apparent accumulation of dorsally located neurons, some of which

appear to be out of the spinal cord scaffold (Supplementary

Figure 3). The different distribution of the cells between

CTRLMO and MCT8MO embryos is exacerbated at 36hpf, where

dorsal neurons seem to increase with a simultaneous decrease in

medial and ventral neurons. Additionally, at 36hpf, neurons are

decreased in MCT8MO (Figure 2; t-test, p<0.0001). By 48hpf, the

distribution of neurons in any view of the spinal cord is different in

CTRLMO and MCT8MO embryos, especially evident dorso-

ventrally (Figure 2A lateral and transversal views), but there is no

difference in the neuron number (Figure 2B; t-test, p>0.05).

We also interrogated how spinal cord gliogenesis was affected by

impaired MTH signaling (Figure 3). To this end, embryos were

immunostained with an anti-GFAP serum, and the stained volume of

a 2 myotome section of the spinal cord was determined. We observed

a time-dependent effect of impaired MTH action on gliogenesis up to

25hpf in MCT8MO (Figure 3). At 15hpf, there is a noticeable

reduction of GFAP staining in MCT8MO embryos (Figure 3, t-test,

p<0.001) with a very restricted GFAP signal (Figure 3A). In contrast

to CTRLMO embryos, in MCT8MOmorphants, the ventral signal of

GFAP at 15hpf was spread along the left-right axis of the spinal cord.

In contrast, medial and dorsal staining was mostly lost (Figure 3A,

transversal). By 22hpf, the topology of GFAP staining was different

between groups (Figure 3A), and the overall stain by GFAP was lower

in MCT8MO (Figure 3B, t-test, p<0.01). By this time, the GFAP

signal in MCT8MO embryos increased in the lateral basal edge of the
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spinal cord, and little to no signal was found in the apical region. At

25hpf, the signal distribution in any axis differs between the two

experimental groups (Figure 3A). In contrast, in CTRLMO, GFAP

staining lined the basal edge of the spinal cord, while in MCT8MO

embryos, it was scattered throughout the basal-apical orientation
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(Figure 3, transversal). However, the stained volume of GFAP in the

spinal cord is similar in both groups (Figure 3B, t-test, p>0.05). The

observation argues that MTHmodulates gliogenesis, determining the

position of glial cells and likely the cell diversity generated in this

neural population.
A

B

FIGURE 2

Compromised number and distribution of HuC/D neurons in MCT8MO embryos at specific stages of development. (A) Representative maximum
projection images of the pan-neuronal marker HuC/D immunostaining (white) in the spinal cord between somite 8-12. Comparison of the pattern of
neuron distribution in the spinal cord between CTRLMO and MCT8MO embryos at different stages of development. Red highlight - dorsal views,
anterior spinal cord up. Blue highlight - lateral view, anterior spinal cord right. Green highlight -transversal view, dorsal spinal cord up. Scale bars
represent 25 µm. (B) Quantification of the number of HuC/D single positive cells in a 2-myotome length of the spinal cord. n=9-17. CTRL
(CTRLMO); MO (MCT8MO). Results are presented as mean ± SD; Statistical significance determined by t-test: two-sample, assuming equal variances:
*p<0.05; ***p<0.001.
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To further dissect which cell populations in the spinal cord are

affected by lack of MTH, we analyzed the expression of genes involved

in neural progenitor specification (her2, Figure 4A), neuron committed

progenitors (neurog1, Figure 4B), radial glial cells (fabp7a, Figure 4C),

astrocyte-like cells (slc1a2b, Figure 4D), oligodendrocytes (olig2,

Figure 4E) and motorneurons (Nkx6.1, Figure 4F).

her2+ neural progenitors are lost from as early as 18hpf in

MCT8MO, and dorsal populations are most affected (Figure 4A).

Cells expressing her2 become more spaced, suggesting that some
Frontiers in Endocrinology 0955
but not all her2+ progenitors are more susceptible to impaired

MTH signaling than others (Figure 4A).

A similar situation is observed for neurog1+ neuron committed

progenitors (Figure 4B). At 18hpf, there are significantly fewer neurog1

+ cells inMCT8MO (Figure 4B), leading to a primarily complete loss of

dorsal neurog1+ cells by 25hpf s (Figure 4B). This pattern continues at

32hpf. Additionally, gaps are observed in neurog1+ cell staining (green

asterisk in Figure 4B). That observation suggests that specific neurog1+

progenitors at specific spinal cord locations depend more on MTH
A

B

FIGURE 3

MCT8MO embryos have altered glial cell development during early neurogenesis. (A) Representative maximum intensity projection images of the
spinal cord between somite 8-12 after glial cell labelling with ZRF-1 immunostaining (white, labelling GFAP fibers). In control embryos, at 15hpf glial
cell fibers are organized in the developing ventral spinal cord; in MCT8MO embryos, the development of these cells is delayed, and only some
scattered GFAP fibers are detected in the ventral-most neural tube. At 22hpf, the neural tube is closed, and glial cells can be detected throughout
the spinal cord of CTRLMO and MCT8MO embryos; at 25hpf, the patterning of glial cells is altered in MCT8MO embryos. Red highlight - dorsal
views, anterior spinal cord up. Blue highlight - lateral view, anterior spinal cord right. Green highlight - transversal view dorsal spinal cord up. All
scale bars represent 25 µm. Dashed yellow lines denote spinal cord boundaries. (B) Quantification of the area of GFAP staining in a 2-myotome
length of the spinal cord. n=9-17. CTRL (CTRLMO); MO (MCT8MO). Results are presented as mean ± SD; Statistical significance determined by t-
test: two-sample, assuming equal variances: **p<0.01.
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A B

D

E F

C

FIGURE 4

MTH is necessary for developing and correctly positioning neural cells in the spinal cord. WISH expression pattern of (A) her2, (B) neurog1,
(C) fabp7a, (D) slc1a2b, (E) olig2, (F) IHC for Nkx6.1 in the spinal cord (SC) of zebrafish during embryonic development in MCT8MO and CTRLMO
embryos. (A) Green asterisk in 25hpf MCT8MO represents absence of her2 expression. (B) Green asterisk in 32hpf MCT8MO highlights absence of
neurog1 expression. (C) Green arrowheads at 32hpf CTRLMO, indicate the dorsal fabp7a+ cells which are lost in MCT8MO. Red arrowheads indicate
increased fabp7a staining in the ventral domain in MCT8MO. At 48hpf, green arrowheads indicate fabp7a+ cells in the CTRLMO SC dorsal domain,
which are less evident in MCT8MO. (D) At 25hpf, green arrowheads indicate misplaced slc1a2b+ cells in the ventral SC of MCT8MO. At 32hpf, the
expression of slc1a2b is less abundant in MCT8MO. At 48hpf MCT8MO display reduced slc1a2b signal in cells at the most ventral and dorsal regions
of the neurocoelom. The green arrowhead in the CTRLMO inset indicates an area where slc1a2b expression is less abundant in MCT8MO. (E) In
CTRLMO, olig2+ cells were present in the most ventral region of the SC. At 25hpf, the green arrowhead indicates the position of olig2+ cell clusters,
and the asterisk denotes the absence of cells in MCT8MO. (F) Nkx6.1 immunofluorescence detection at 20, 25, and 32hpf. A minimum of 10
individuals/conditions/gene or protein were analyzed. Images represent a lateral view of the SC (unless specified) between somites 8-12 with rostral
orientation located to the left; Green dashed line represents the ventral limit of the SC; Scale bars represent 50 µm. Insets in (B–D) at 48hpf are
transverse sections; Green dashed line represents the outermost boundary of the SC; Scale bars represent 20 µm.
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than others. By 48hpf, neurog1+ progenitors inMCT8MO embryos are

restricted to the more ventricular region of the spinal cord surrounding

the neurocoelom (inserts in Figure 4B).

At 25hpf fabp7a+ radial glial cells seem to be highly dependent on

MTH for their development, given their almost absence inMCT8MO

embryos (Figure 4C). By 32hpf, some fabp7a+ cells are found;

however, these are primarily ventral (red arrowheads in Figure 4C).

In contrast, dorsal fabp7a+ cells are lost (green arrowheads in

CTRLMO embryos in Figure 4C). This effect is accentuated at

48hpf where no dorsal fabp7a+ cells (green arrowheads in

CRTLMO embryos in Figure 4C) are found in MCT8MO embryos.

However, the ventral expression field of fabp7a+ in MCT8MO

embryos is more extensive and presents a different spatial

distribution than in CTRLMO embryos (inserts in Figure 4C).

Astrocyte-like cells expressing slc1a2b+ are also affected in

MCT8MO embryos (Figure 4D). Already by 25hpf, there is a decrease

in expression of slc1a2b in the dorsal spinal cord of MCT8MO embryos

(Figure 4D) with a less dense row of cells present, while concomitantly

with the development of ventral located slc1a2b+ cells (green arrowheads

in Figure 4D) which are absent in control embryos. By 32hpf and 48hpf,

there is a general decrease of slc1a2b+ cells inMCT8MO embryos’ spinal

cord (Figure 4D), which at 48hpf is accompanied by a restriction of the

expression field, which confines to the most dorsal and ventral regions of

the spinal cord canal (inserts in Figure 4D).

In MCT8MO embryos, olig2+ cells in the spinal cord

decrease from as early as 25hpf (Figure 4E). This reduction is

even more apparent at 32hpf but slightly recovers by 48hpf

(Figure 4E). Nonetheless, olig2+ staining is always lower in

MCT8MO than in control embryos (Figure 4E), suggesting the

loss of some cells.

The Nkx6.1+ motorneuron cells are strongly decreased in

MCT8MO embryos as early as 20hpf. That is still noticeable at

25hpf, but at 32hpf, there is an expansion of the Nkx6.1+ domain in

MCT8MO embryos that is broader than in control embryos

(Figure 4F). Moreover, a medial to a dorsal expansion of Nkx6.1

cells occurs in MCT8MO embryos, while in control embryos these

are primarily concentrated in a ventral position (Figure 4F),

suggesting that the identity of these Nkx6.1+ cells may not be

identical in CTRL and MCT8MO embryos.
3.3 MTH is essential for a subset of neural
progenitor cells to survive and proliferate

The previous results suggest that MTH is involved in specifying

distinct neural populations. The decrease in her2, neurog1, and

fabp7a expression in mct8 morphants suggest that the function of

MTH in the generation of cell diversity in the zebrafish spinal cord

arises already at the progenitor level, either by restricting the fate of

daughter cells or restricting the diversity within the progenitor

pool itself.

All components of T3 cellular signaling (i.e. mct8, thraa, and

thrab) are already present in the zebrafish neuro-epithelium from as

early as 12hpf and widely expressed in the spinal cord up until

48hpf (Supplementary Figure 4). At 25hpf, several MTH sensitive

(mct8+) her2+ neural progenitors are present in a scattered pattern
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more frequently in the ventral half of the spinal cord (Figure 5A). In

a receptor-specific pattern, thraa is mostly co-expressed with her2

dorsally (arrow) and continuously expressed anterior-posteriorly

(Figure 5A). thrab/her2 co-expression also appears anterior-

posteriorly; however, it is present in bands separated by regions

of no co-expression (Figure 5A). These thrab/her2 co-expression

bands spawn the dorsal-ventral axis but are more frequent in the

medial region of the spinal cord. In MCT8MO embryos, co-

expression of her2 with the receptors is not lost. However, it

decreases and presents different distributions (Figure 5A). In

MCT8MO embryos, thraa/her2 co-expression becomes more

ventral (arrowhead) and medial, even though some dorsal co-

expression is visible (Figure 5A). thrab/her2 co-expression loses

the anterior-posterior pattern of defined bands, becoming

continuous and more restricted to the medial region of the spinal

cord (Figure 5A).

These findings indicate the existence of at least six her2+ neural

populations dependent at some point on MTH signaling

components during spinal cord development: MTH+/thraa/

+thrab+, MTH+/thraa+/thrab-, MTH+/thraa-/thrab+, MTH-/

thraa+/thrab+, MTH-/thraa+/thrab- and MTH-/thraa-/thrab+.

At 25hpf, MTH sensitive cells (mct8+) dla+ cells are restricted

to the medial region of the spinal cord. No mct8/dla co-expressing

cells are detected in the spinal cord’s most dorsal and ventral

regions (Figure 5B). At this time, spinal cord thraa/dla co-

expression has a very defined anterior-posterior expression

pattern in bands that spawns dorso-ventrally but is more frequent

medially (Figure 5B). In contrast, thrab/dla co-expression has an

anterior-posterior decrease in frequency (asterisks) but is uniformly

distributed dorso-ventrally and in large clusters (Figure 5B). At

25hpf, mct8 morphant embryos’ co-expression of dla with thraa or

thrab is severely decreased, and its distribution changed compared

to control siblings (Figure 5B). In these embryos, thraa/dla

colocalization loses the pattern found in control siblings and is

scattered with some larger clusters found in discrete dorsal, medial

and ventral regions of the spinal cord (Figure 5B). In turn, thrab/dla

colocalization still presents a decreased anterior-posterior

expression (asterisk) but is almost lost dorsally and medially

(Figure 5B). Although decreased compared to CTRLMO embryos,

the co-expression of thrab/dla is more frequent at a ventral position

(arrowheads in Figure 5B). These observations indicate that only

a fraction of the dla+ cells depend on MTH, since most thraa+/dla+

co-expression is lost in MCT8MO. In the MTH-sensitive, mct8

+/dla+ population cells, thraa is likely the primary receptor

mediating the genomic action of the hormone. In MCT8MO a

similar situation occurs for thrab+/dla+ co-expression, although

not so widespread. Moreover, comparing the co-expression patterns

between groups indicates that: i) in most dorsal and ventral regions

of the spinal cord, thrab/dla+ cells are likely mostly irresponsive to

MTH and ii) most MTH sensitive thrab+/dla+ cells have a medial

localization (Figure 5B).

We further looked at fabp7a colocalization with mct8, thraa,

and thrab at 48hpf, a time of extreme sensitivity of radial glial cells

(RGC) to MTH (Figure 4C). In CTRLMO, colocalization of mct8

+/fabp7a+, is primarily located on the most dorsal (arrow) and

ventral (arrowhead) regions of the spinal cord (Figure 5C). Most
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fabp7a+ cells co-express thraa and or thrab (Figure 5C), indicating

that RGCs are highly dependent on MTH regulated transcription.

That becomes even more evident when we look at MCT8MO

embryos, where there is a drastic decrease in the frequency of

fabp7a co-expression with thraa and thrab (Figure 5C). In fact,

dorsal co-expression of fabp7a and thrab is almost entirely lost

(Figure 5C). Ventrally, in the MCT8MO, a different scenario is

found. Although most co-expression of fabp7a with thraa and thrab

is lost, fabp7a expression increases (Figure 5C). Notably, the

remaining co-expression fields of fabp7a with either thraa or

thrab are in clusters on the dorsal portion of the most ventral

third of the spinal cord (cyan arrows in Figure 5C). Nonetheless, the

superimposition of the two co-expression fields does not retire the
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possibility that in some fabp7a+ cells, MTH action occurs via both

receptors (Figure 5C). Together these observations indicate that: i)

dorsal developing fabp7a+ RGC rely more on MTH to differentiate

than ventral RGC; ii) ventrally MTH action might be more

important in RGC fate decisions and diversity (specialization)

generation than general RGC fabp7a+ development; iii) most

fabp7a+ RGC are dependent on MTH genomic action, but a

small portion of RGC depend on thyroid receptor aporeceptor

function to develop.

To further understand how MTH acts on spinal cord her2+ and

dla+ neural progenitors’ development, we carried out assays to

understand if these cells stop proliferating or undergo apoptosis

when MTH uptake by MCT8 is blocked (Figures 6, 7). We analyzed
A B C

FIGURE 5

MTH is directly involved in the development of discrete her2, dla, and fabp7a cells. Colocalization of zebrafish thraa, thrab, and mct8 with her2 and
dla expressing cells at after double WISH. thraa, thrab and mct8 (green); her2, dla and fabp7a (red) and colocalization (yellow). (A) At 25hpf, thraa/
her2 colocalization in CTRLMO embryos (arrow) is increased in the apical spinal cord, while in MCT8MO thraa/her2 colocalization has a more
medial distribution in the spinal cord (arrowhead). (B) At 25hpf, thrab/dla colocalization is less predominant in MCT8MO embryos, and asterisks
denote decreased colocalization along the anterior-posterior axis of the spinal cord. Arrowheads indicate the increased colocalization of thrab/dla+
in cells of the ventral spinal cord in MCT8MO embryos. (C) At 48hpf, mct8/fabp7a colocalization in CTRLMO occurs scattered through the spinal
cord with an arrow indicating colocalization in the dorsal spinal cord and arrowhead colocalization in the ventral spinal cord. Colocalization of
fabp7a with thraa and thrab in MCT8MO embryos is more restricted to the ventrally located fabp7a+ cells (blue arrowheads). All images depict a
spinal cord section between somite 8-12; rostral is left and dorsal up. White dashed lines show the boundary of the spinal cord. A minimum of 3
individuals/conditions was analyzed. The scale bar represents 20µm.
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FIGURE 6

Impaired MTH signaling decreases her2+ neural progenitor cells undergoing mitosis in the spinal cord. (A) Analysis of her2 expression by fluorescent
in situ hybridization (green) and mitotic cells (phosphohistone 3 antibody; red) in CTRLMO) and MCT8MO embryos. (B) Box-and-whiskers plot
depicting quantification of the number of her2+ mitotic cells (her2+/PH3+) in the spinal cord at 18, 22, and 25hpf. (C) Analysis of her2 expression by
fluorescent in situ hybridization (green) and colocalization with apoptotic cell detected using a TUNEL assay (red). (D) Box-and-whiskers plot
depicting the quantification of the number of her2+ apoptotic cells in the spinal cord. The images represent a lateral view of the spinal cord
between somite 8-12; rostral is to the left in all images; the scale bar represents 50 µm. Colocalization was quantified in the volume of 2 myotomes
within this spinal cord region. n=10-15. Statistical significance determined by t-test: two-sample, assuming equal variances. **p<0.01; *** p<0.001.
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FIGURE 7

Impaired MTH signaling affects proliferation and apoptosis of dla+ spinal cord cells in a time-restricted manner. (A) Analysis of dla expression by
fluorescent in situ hybridization (green) and colocalization with cell mitosis (phosphohistone 3 immunostaining, red) in CTRLMO) andMCT8MO
embryos. (B) – Box-and-whiskers plot of quantification of the number of dla+ mitotic cells in the spinal cord at 18, 22, and 25hpf in control and
MCT8MO injected embryos. (C) Analysis of dla expression by fluorescent in situ hybridization (green) and colocalization with apoptotic cell detected
using a TUNEL assay (red). (D) Box-and-whiskers plot quantifying the number of dla+ apoptotic cells in the spinal cord at 18, 22, and 25hpf in
control and MCT8MO injected embryos. The images present a lateral view of the spinal cord between somite 8-12, rostral is to the left, and dorsal
up in all images. The scale bar represents 50 µm. Colocalization was analyzed in 2 myotome volume sections within this spinal cord region (n=10-
15). Statistical significance determined by t-test: two-sample, assuming equal variances. **p<0.01.
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embryos between 18hpf and 25hpf when qPCR analysis showed

that her2 and dla expression was more responsive to MTH

(Figure 1). In general, cell proliferation (as measured from mitotic

index labeling PH3) is decreased by ~50% on average at 18 to 25hpf

in MCT8MO (Supplementary Figure 5A, p<0.0001). On the other

hand, in all developmental stages analyzed, apoptosis is increased 2-

fold in MCT8MO relative to CTRLMO embryos (Supplementary

Figure 5B, p<0.001). As previously reported (27), this increase in

apoptosis is specific to the lack of MTH and cannot be rescued by

p53 signaling abrogation, thus indicating a specific effect of

impaired MTH.

At 18 and 22hpf, her2+ mitotic cells decreased ~50% in

MCT8MO embryos (Figures 6A, B, p<0.01; Supplementary

Figures 6A-a”). At 25hpf, there are no differences between the

two groups. These results parallel the data obtained for general PH3

staining and suggest that about one-quarter of her2+ mitotic cells

depend on MTH to proliferate (Figure 6B; Supplementary

Figure 5A). Loss of her2+ mitotic cells in mct8 morphants occurs

more frequently in medium and ventral regions of the spinal cord at

18 and 22hpf (Figure 6A). By 25hpf, there is an evident increase in

her2+ mitotic cells in these regions of the spinal cord in mct8

morphants (Figure 6A; Supplementary Figures 6A-a”).

Apoptosis of her2+ cells in MCT8MO is only higher at 22hpf

(p<0.001) but not at 18 and 25hpf (Figures 6C, D; Supplementary

Figure 6B-b”). The divergence of her2+ apoptotic cells from general

spinal cord apoptosis indicates that only a small subset of her2+

arising at 22hpf are likely dependent on MTH to develop.

Irrespective of any experimental group, apoptotic her2+ cells are

more frequent dorsally, especially at 22 and 25hpf (Figure 6C).

Together, these observations indicate that from 18 until 22hpf,

about one-quarter of her2+ progenitors depend on MTH to survive.

The evidence argues that the major role of MTH on her2+

progenitors is likely involved in cell fate decisions and cellular

diversity generation.

The proliferation of dla+ cells depends on MTH only at 22hpf

(Figures 7A, B, p<0.01). At that time, only one-sixth of dla+ cells are

proliferating; of these, only half seem dependent on MTH

(Figure 7B; Supplementary Figure 7A-a”). Notably, dla+

proliferating cells do not follow the same frequency observed for

general proliferation in the spinal cord for CTRLMO and

MCT8MO embryos (Figures 7A, B; Supplementary Figure 5A).

At 22hpf, dla+ MTH-dependent proliferating cells in control

embryos are mostly ventrally localized and mostly lost in the

MCT8MO (Figure 7A).

In contrast to cell proliferation, dla+ apoptotic cells in the

MCT8MO are increased only at 25hpf (Figures 7C, D, p<0.01;

Supplementary Figure 7B-b”), accounting for twice as much as

those found in control embryos. Moreover, dla+ apoptotic cells in

control embryos only represent about 20% of all apoptotic cells in

the spinal cord at 25hpf, thus suggesting that in MCT8MO,

apoptotic dla+ cells might represent a different dla+ population

than the one found in control siblings (Figure 7D and

Supplementary Figure 5B). Notably, dla+ cell death does not

follow the same distribution for overall spinal cord apoptosis

(Figure 7D and Supplementary Figure 5B). In both control and

MCT8MO embryos, most dla+ cells are found in the most dorsal
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region of the spinal cord at 18 and 22hpf (Figure 7C). In contrast, to

control embryos, at 25hpf in mct8 morphants, dla+ apoptotic cells

locate mainly in the medial and ventral regions of the spinal cord.

The results indicate that only a small subset of dla+ cells depend on

MTH for proliferation and survival. Moreover, this dependence

seems restricted to dorsally located cells and well-defined

developmental times (Figure 7).

The previous evidence further supports that NOTCH signaling

mediates MTH action in zebrafish spinal cord neural progenitor

cells. Furthermore, our evidence supports that the dependence of

NOTCH signaling on MTH is highest between 18-30hpf. To further

understand if this action of MTH can be cell-autonomously rescued

by activated NOTCH signaling, each morpholino group was

injected with either GFP mRNA or NICD+GFP mRNA, live

imaging of the spinal cord was carried out between 23-26hpf

(Figure 8A) and quantified symmetric and asymmetric GFP+ cells

divisions in that period (Figures 8B–F). The NICD construct will

activate the Notch signaling (50). No differences in the overall cell

division of GFP-expressing cells between any of the experimental

groups were observed (Figure 8C). However, there were significant

differences in the proportion of symmetric/asymmetric divisions in

control embryos with other experimental groups (Figure 8D; c2, p ≤
0.05). Nonetheless, symmetric divisions occurred more frequently

in NICD+CTRLMO, MCT8MO, and NICD+MCT8MO

experimental groups, although these were not statistically

significant from the CTRLMO (Figure 8E, t-test p>0.05). In

contrast, asymmetric divisions in MCT8MO and NICD

+MCT8MO experimental groups were significantly less frequent

compared to the CTRLMO group (Figure 8F, One-way ANOVA

p<0.01, Sidak, p<0.05) but not the NICD+CTRLMO or between

themselves. These results argue that NOTCH overexpression

cannot rescue the lack of MTH signaling in these progenitor cells

in a cell-autonomous manner.
4 Discussion

In the present work, we use an established zebrafish AHDS,

MCT8 knockdown model and provide further evidence of a critical

developmental time of MTH action. We reveal that in zebrafish, the

period between 18-30hpf (~pharyngeal stage) is the most dependent

on MTH based on the T3-responsive gene expression. This

zebrafish developmental period corresponds to 8-24 weeks of

human gestation, where MTH action in human embryonic

development is essential for neurodevelopment (2, 3). Together,

this data establishes a parallel action of MTH on neurodevelopment

in humans and zebrafish.

Our analysis strongly supports that MTH action on target cells

depends on tissue/cellular context. In zebrafish, as in mammalian

systems, T3 is involved in the differentiation and proliferation of a

wide variety of cell types, and this action depends on the cell

identity, developmental state, and cellular context (27, 45, 67).

The data argue that MTH is not involved in neuroectoderm

induction via B1Sox genes. However, at 12hpf, there a decrease in

expression of Notch ligands dla and her2 in the mct8 morphants is

observed, pointing out that a subset of neural progenitor cells
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FIGURE 8

Effect of impaired MTH signaling and NICD overexpression on progenitor cell division. (A) At the start of imaging, representative images of the spinal cord of
experimental Tg(elav3:LY-mCherry) embryos at 23hpf. Neurons (mCherry) are shown in white. Embryos were injected at the one-cell stage with either
CTRLMO or MCT8MO followed by injection at the 16-cell stage in one blastomere with gfp mRNA only or nicd and gfp mRNA. Cells overexpressing NICD
(and GFP) are labelled in magenta. Dorsal views of single slices between somite 8-15 are shown, anterior spinal cord up. The scale bar represents 50 µm.
(B) Upper panel: Detail of symmetric division originating 2 morphologically similar GFP+ cells. A cell undergoing symmetric mitosis (yellow arrow), and the
originating daughter cells (yellow arrowheads); Lower panel: Representative images of asymmetric division. A dividing cell (yellow arrow) originates two
daughter cells (yellow arrowheads). Scale bar in B represent 20 µm. In all panels, the spinal cord basal limit is indicated by a dashed yellow line and the pial
limit by dotted yellow lines. (C–F) (C) Percentage of analyzed GFP+ cells that underwent division. (D) Distribution of GFP+ dividing cells relative to all GFP+
cells observed in the period from 23-26hpf. c2 analysis showed differences in the distribution of the number of cells undergoing symmetric or asymmetric
divisions amongst experimental groups and CTRLMO (p<0.05). (E) Percentage of a cell undergoing symmetric division. (F) Percentage of cells undergoing
asymmetric division. The results in C, D, and F are presented as the mean ± SD; results in D depict the ratio of cell division type in all GFP+ dividing cells
analyzed. N =5-6 individuals per group (number of cells evaluated by group: CTRLMO/GFP=56; MCT8MO/GFP=77; CTRLMO/NICD/GFP=93; MCT8MO/
NICD/GFP=46); Statistical significance in (C, E, F) was determined by a one-way ANOVA followed by a Holm-Sidak’s multiple comparison post hoc analysis,
*p<0.05, **p<0.01, ***p<0.001.
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already responds to MTH early in neurodevelopment. The identity

of these early MTH-responsive cells and their progeny remains to

be confirmed.

We demonstrate that MTH is essential for the proliferation and

survival of both neural stem cells, her 2+, and committed neuron

and glial progenitors, dla+. That argues that MTH regulation of

neural diversity is likely achieved by modulation of the output from

various progenitor cells. Inhibition of MTH uptake via mct8

transporter during zebrafish spinal cord neurodevelopment

mainly affects the expression of dorsal her2 + neural stem cells,

neurog1+ intermediate neuron progenitors, fabp7a+ and pax6a+

(45) radial glial progenitors, and olig2+ motoneuron and

oligodendrocyte progenitor cells. Cells arising from these

progenitors, such as slc1a2+ astrocyte-like cells, Nkx6.1+

motoneurons, and gad1b+ inhibitory interneurons (45), also show

restricted development in their dorsal domains. The action of T3 on

neuron development and survival has been described in chickens

where mct8 knockdown leads to impaired optic tectum

development, depletion of neuroprogenitors, and impaired

neurogenesis with reduced neuron numbers and diversity (68). In

in vitromammalian cells, T3 is directly involved in the development

of granule neurons by, on the one hand affecting the survival and

differentiation of these cells (69) but also by preventing their

apoptosis (70). Impaired maternal thyroid hormone signaling

during mammalian neurodevelopment caused by mutations in

thyroid hormone receptors giving resistance to T3 (71–74),

congenital hypothyroid athyroid pax8 mutants, or double-

knockdown Mct8/Oatp1c1 (40, 75, 76), present similar cellular

effects to the ones observed in zebrafish mct8 morphant embryos

( (27, 45), present study). In the developing cortex of Mct8/Octp1c1

double-KO embryonic mice (40, 41, 76), Hr and gad67

(respectively, homologs of zebrafish her2 and gad1b) expressing

cells are mostly lost in the dorsal region, suggesting that in

vertebrates MTH is an essential factor for dorsal specification of

neuronal cell identities. Most notably, inhibitory neuron

development seems particularly dependent on MTH action in

mice (41, 76) and zebrafish (27, 45). In rat embryos, T3

deficiency decreases the proliferation and delays the maturation

of the precursors of cerebellar GABAergic interneurons, with effects

on the number of mature GABAergic neurons and GABAergic

terminals (76, 77). A similar situation is found in a new mice AHDS

model. Here a human AHDS-related mutation was introduced in

theMct8 gene (P253L) and presented altered neuroarchitecture and

impaired GABAergic neuron development, but no TH-target genes

expression change is found at P90 (44). Notably, in zebrafish mct8

morphants, a decrease in dorsal spinal cord neurons was observed

simultaneously with an increase in ventral motoneurons (27). These

suggest that the increase in excitatory neurons and depletion of

GABAnergic interneurons contribute to the cellular basis of

impaired locomotion observed in mct8 morphants (27, 28) and

human AHDS patients (78–80). Above all, a key observation in

zebrafish mct8 morphants is the recovery of spinal cord neuron

numbers at 25 and 48hpf. However, these neurons’ identity,

topology, and morphology are not identical to control morphants.

That indicates that other neuron types assume their positions/

locations in the loss of MTH-dependent neuron development,
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thus anticipating a compensatory mechanism. A similar

compensatory mechanism was observed in Xenopus

neurodevelopment. Here impaired NOTCH signaling leads to

delayed neurogenesis, which is later compensated at the expense

of impaired cell diversity (81). In human AHDS patients,

microcephaly is rarely observed (79), strongly suggesting that

impaired development of some neuron types leads to overgrowth

from other types. The increased distribution domain of Nkx6.1+

neurons in MCT8MO suggests an alternate nature of Nkx6.1+

neurons. Indeed, in chicken embryonic retinal development, mct8

knockdown leads to a shift towards increased blue cones at the

expense of green/red cones (82), confirming that in vertebrates,

MTH is involved in generating neural cell diversity and the

adequate balance between neuron types, in order to develop a

fully functional central nervous system. In the adult mouse cortex

SVZ, a similar role for T3 was found and mediated by TRa1,where

the hormone balances the maintenance of the neurogenic

progenitor pool and neuron differentiation (83).

The cellular mechanisms of TH action during neurodevelopment

were also approached by determining the expression of TH machinery

in neural spinal cord cells. In CTRLMO zebrafish embryos, co-

expression of her2 with mct8 resembles mostly her2 co-expression

with thraa, suggesting that in her2+ progenitors, effectuation of MTH

signaling is thraa driven. Indeed, in mct8 morphants, thraa co-

expression with her2 is mainly lost in dorsal spinal cord cells,

whereas it is maintained chiefly ventrally. That argues that her2+

dorsal NSC populations depend on MTH action via thraa, whereas

ventral populations rely on thraa unliganded aporeceptor function to

differentiate. A similar but not predominant situation appears with

thrab since medial spinal cord co-expression with her2+ is mainly

maintained inmct8morphants but lost dorsally. From our analysis, the

loss of dorsal her2+ MTH-dependent progenitors is likely due to

apoptosis since TUNEL staining strongly co-localizes with her2+

cells in mct8 morphants. A similar situation is found in the

embryonic mouse cortex, where impaired MTH supply leads to

decreased cell cycle length and apoptosis of progenitor cells (9, 84,

85). Moreover, in cultured rat pituitary tumor granule cells, T3-induced

cell proliferation is mediated by changes in G1 cyclin/cyclin-dependent

kinase levels and activity (86).

Previous transcriptomic analysis in zebrafish mct8 morphants

shows a steep decrease in the expression of cell-cycle genes (45),

further strengthening this possibility. However, from our analysis,

one cannot discard that decreased her2+MTH-dependent cells

diminished their numbers after reduced proliferation due to

precocious differentiation and exit from the cell cycle. Therefore,

another possibility is that the lack of MTH leads these progenitors

into senescence. That was previously observed in the neural stem

cells of adult Mct8/Octp1c1 double-KO mice mutants (87).

Our data also suggest that different progenitor populations

respond to MTH differently. Although co-expression of her2 and

dla was previously observed by single-cell analysis in wild-type

zebrafish embryos (88), the effect of MTH absence on proliferation

and apoptosis of her2 and dla expressing cells is unequal. dla is

expressed in neural precursors and transiently in post-mitotic

neurons at 11.5hpf (89). The increased cell death of progenitor

cells, especially at an early stage of neurogenesis, can contribute to
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reducing progenitor pools leading to compromised neurogenesis.

That is the case for oligodendrocyte progenitor populations in the

zebrafish spinal cord development (90). In the case of dla+ cells,

regulation by MTH seems to depend on two different mechanisms

where thraa and thrab have different roles in different spinal cord

locations, suggesting the existence of at least three different dla+

populations: one dependent onMTH and relies on thraa, one dorsal

thrab+ population dependent on MTH, and a ventral population

that is positive to thrab but likely irresponsive to MTH.

Nonetheless, and a limitation of this study, it is not yet possible

to determine the identity and the progeny arising from these

different dla+ cell populations, and cell lineage studies are

required to elucidate this aspect fully.

Interestingly, our data suggest that in zebrafish development,

fabp7a+ radial glial cells are highly dependent on MTH and that

both trhaa and thrab are fundamental for the response of these cells

to MTH. A similar situation occurs in the developing mouse

hippocampus and cerebellum, wherein the hypothyroid embryo’s

GFAP expression was markedly reduced in a time-dependent

manner (91). Again, in MCT8MO, dorsal localized fabp7a+ RGC

are almost entirely lost while an expansion of fabp7a+ RGC cells in

the ventral domain occurs. In this ventral fabp7a+ domain,

colocalization with thraa or thrab is maintained in MCT8MO.

Interestingly, in mct8 morphants, pax6a+ is also lost dorsally but

less ventrally (45), further arguing for a differential dorsal-ventral

role of MTH in RGCs development. From these observations, MTH

is involved in the specification of different fabp7a+ RGCs in the

spinal cord, which is then reflected in the restricted development of

slc1a2b+ astrocyte-like cells in mct8 morphant embryos. Our data

indicate that MTH is essential to establish the correct combination

of glial cell types that allow the development of adequate

cytoarchitecture of the spinal cord. The observation further

supports the finding that in zebrafish mct8 morphants, neurons

develop outside of the dorsal spinal cord, a region where the most

significant loss of RGCs is observed.

The developmental genetic mechanisms underlying MTH

control of development are poorly understood. Notwithstanding,

our previous findings indicate that MTH regulates zebrafish

neurodevelopment by modulating critical genetic signaling

pathways, most notably WNT, SHH, and NOTCH (45). In

zebrafish neurodevelopment, the NOTCH pathway appears

especially responsive to MTH signaling, as major system

components respond time-dependently to the hormone (Figure 1,

present study). NOTCH plays a fundamental role in regulating

animal neurodevelopment (revised in (92)), most notably by lateral

inhibition, where it promotes cell fate specification of neural

progenitors and daughter cells. However, the only examples of T3

control of the NOTCH pathway come from studies in mice (93) and

Xenopus (94) postnatal intestinal development. In these models, T3

regulates several components of the NOTCH pathway, including

receptors and ligands, in intestinal progenitor cells in a time and cell-

context-dependent manner, hence functioning as a cell fate

determinant (93, 94). Our findings point to a similar mode of

action of MTH on the NOTCH pathway by regulating neural

progenitor proliferation, survival, and developmental output during

zebrafish neurodevelopment (discussed above). We use live imaging
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to show impaired MTH signaling decreases asymmetric divisions

during zebrafish spinal cord development while symmetric divisions

are unaffected. In the developing nervous system, symmetric

divisions are associated with progenitor pool amplification or

terminal differentiation of progenitors (55, 56). In contrast,

asymmetric divisions are related to the acquisition of new cell fates

by daughter cells or asymmetric terminal differentiation giving rise to

different daughter cells and, in this way, increasing cell diversity (55).

An excellent example is the lack of development of inhibitory pax8

neurons that are lost in the spinal cord of mct8 morphants (27).

Furthermore, cell-autonomous activation of the NOTCH pathway,

accomplished by mosaic overexpression of NICD, cannot rescue the

consequences of impaired MTH signaling in neural progenitor cells.

This observation reinforces the hypothesis that MTH likely functions

in neurodevelopment as an integrative signal that allows for balanced

NOTCH signaling that gives rise to the different neural cell types in a

time and cell-context-dependent manner and that cannot be rescued

in a cell-autonomous manner. The observation that impaired T3

signaling impacts delta and jagged ligands expression in opposing

manners ( (45), present study) suggests that the hormone functions as

a balance and integrator that enables the appropriate input from

NOTCH ligands and the developmental outcome that arises from

that. That is of extreme significance given that new studies indicate

that NOTCH ligand dynamics are fundamental for mice multipotent

pancreatic progenitor cell output and the fate of daughter cells arising

from the division of these progenitors (95). Such an integrative

function of MT3 in neurodevelopment supports the observations

that both excess and impaired hormone signaling have profound

effects on central nervous system development and function.

Nonetheless, new studies are necessary to further dissect MTH’s

role on NOTCH signaling modulation and neural progenitor

output in zebrafish and human neurodevelopment. Another

important aspect of this evidence is that MTH action is

modulated by tissue and cellular context. Engraftment of human

patient-derivedMCT8(-/-) iPSCs cells into euthyroid neonatal mice

corpus callosum and cerebellum can differentiate into

oligodendrocytes and myelinate adjacent fibers. In contrast, if

these patient-derived cells are injected into an Mct8(-/-);Oatp1c1

(-/-);Rag2(-/-) hypothyroid neonatal mice corpus callosum and

cerebellum human MCT8(-/-) iPSCs cells remain in an

undifferentiated progenitor state (96). That is reminiscent of our

present results with NOTCH and argues that MTH action in

neurodevelopment depends highly on cell and tissue context.

The implications of present findings for the comprehension

of ADHS, and the development of putative therapies, are

significant. It has been suggested that the pathogenesis

associated with MCT8 deficiency arises from impaired TH

transport across the blood-brain barrier (97, 98). Here we

show that the effect over neural cell progenitors occurs before

blood-brain-barrier development in zebrafish, suggesting that

MTH entering through Mct8 of CNS-residing cells regulates

their development.

In conclusion, our data support that the restricted temporal action

of MTH is critical for vertebrate neurodevelopment. MTH acting

through Mct8 is essential to sustain neural progenitor cells’ survival

and proliferation, allowing them to reach the full potential of cell
frontiersin.org

https://doi.org/10.3389/fendo.2023.1157685
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Silva and Campinho 10.3389/fendo.2023.1157685
diversity during neurogenesis and gliogenesis. That is likely achieved by

MTH regulation of particular neural progenitors’ developmental

output (i.e. fate decisions) reflecting neuronal and glial cell

populations. In zebrafish mct8 morphant embryos, the overall

neurodevelopmental effects of MTH impairment arise from the lack

of a direct action ofMTHon target gene transcription and relief of gene

expression repression by unliganded thyroid receptors. In both cases,

the likely cause behind this impaired development is decreased

differentiated neural cell diversity due to the loss of lineage-

committed progenitors. Given this evidence, two non-mutually

exclusive hypotheses arise to explain how MTH regulates vertebrate

neurodevelopment: 1) MTH acts in neural progenitors to allow

particular cellular states that enable the generation of the full

potential cell fates arising from these progenitors, and 2) MTH acts

by allowing final differentiation and survival of neural progenitors

committed to a given cell fate generation.
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Amphibian metamorphosis resembles mammalian postembryonic development,

a period around birth when many organs mature into their adult forms and when

plasma thyroid hormone (T3) concentration peaks. T3 plays a causative role for

amphibian metamorphosis. This and its independence from maternal influence

make metamorphosis of amphibians, particularly anurans such as pseudo-

tetraploid Xenopus laevis and its highly related diploid species Xenopus

tropicalis, an excellent model to investigate how T3 regulates adult organ

development. Studies on intestinal remodeling, a process that involves

degeneration of larval epithelium via apoptosis and de novo formation of adult

stem cells followed by their proliferation and differentiation to form the adult

epithelium, have revealed important molecular insights on T3 regulation of cell

fate during development. Here, we review some evidence suggesting that T3-

induced activation of cell cycle program is important for T3-induced larval

epithelial cell death and de novo formation of adult intestinal stem cells.

KEYWORDS

programmed cell death, metamorphosis, Xenopus laevis, Xenopus tropicalis,
postembryonic development, intestine, thyroid hormone receptor, stem cell
Introduction

The development of vertebrate intestine, like many other organs, takes place in two

phases, the initial formation of a neonatal/juvenile form and subsequent maturation into

the adult form. This second phase often occurs during postembryonic development, a

perinatal period when plasma thyroid hormone (T3) level peaks (1–3). This period

corresponds the first 2-3 weeks after birth in mouse and metamorphosis in amphibians

such as the highly related anurans pseudo-tetraploid Xenopus laevis and diploid Xenopus

tropicalis (Note that due to the conservations between the two species, we will simply refer

to both as Xenopus unless specified, although earlier studies on anuran metamorphosis

were mainly on Xenopus laevis while more recent ones, particularly gene knockout studies,
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have been on Xenopus tropicalis). Importantly, maturation of the

intestine during this second phase appears to be highly conserved

(4–10). For example, the mouse intestine has villi but no crypts,

where adult stem cells reside, at birth and develop crypts during the

first 3 weeks after birth when T3 levels are high. Similarly, the

intestine in a premetamorphic Xenopus tadpole, when there is little

or no T3, is also simple in structure, consisting of mostly a single

layer of epithelial cells, surrounded by thin layers of connective

tissue and muscles (Figure 1A) (12–17). As T3 levels rises after stage

54 (about 4 weeks of age) (18, 19), metamorphosis begins and larval

epithelial cells undergo programmed cell death (12, 13, 20). Some

larval epithelial cells undergo dedifferentiation during

metamorphosis to form clusters of cells that proliferate rapidly

and express well-known adult intestinal stem cell markers such as

Lgr5 by climax of metamorphosis, e.g., stage 61 (about 6-7 weeks of

age) (Figure 1A) (11, 21, 22). By the end of metamorphosis or stage

66 (about 2 months after fertilization), these proliferating stem cells

differentiate to form a multi-folded epithelium surrounded by

elaborate connective tissue and muscles (4, 16, 17, 23, 24). In the

adult frog, the intestinal stem cells are localized at the bottom of the

epithelial fold while cell death occurs mainly at the crest of the fold,

similar to those taking place in the crypt-villus unit in adult

mammalian intestine (16, 25).

T3 not only has peak levels during postembryonic development

but also plays critical roles during this period, with T3 deficiency

causing severely developmental problems in all vertebrates

including human (1, 2, 26, 27). T3 is both necessary and sufficient

for anuran metamorphosis. Thus, preventing the synthesis of

endogenous T3 allows Xenopus tadpoles to remain in tadpole

form for years while wild type animals typically finish

metamorphosis by around 2 months of age (1, 2, 15). Conversely,

treating premetamorphic Xenopus tadpoles with physiological levels

of T3 in the rearing water causes precociously metamorphosis.

Making use of the ability to easily manipulate anuran

metamorphosis by controlling the availability of T3 to tadpoles or

even organ or primary cell cultures and the advancement in genetic

technologies, especially gene-editing for knockout studies in the

diploid Xenopus tropicalis (28–35), we and others have been

studying the molecular mechanism by which T3 regulates cell fate

and tissue transformation during metamorphosis. Here, we review

some recent studies on intestinal remodeling, with an emphasis on

the potential role of cell cycle activation in larval epithelial cell death

and adult stem cell development.
T3 induces larval epithelial cell death
and adult stem cell development
in an organ autonomous manner via
T3 receptor

Intestinal remodeling, just like any other events during

metamorphosis, requires T3. Treatment of premetamorphic

Xenopus tadpoles with T3 leads to premature intestinal

metamorphosis (16). The most noticeable changes during

intestinal metamorphosis are the nearly 90% reduction in the
Frontiers in Endocrinology 0271
length of the small intestine, while the most dramatic tissue

transformation occurs in the epithelium with the larva epithelial

cells induced to undergo apoptosis by T3, followed by rapid

proliferation of newly formed cell clusters in the epithelium
A

B

FIGURE 1

(A). Schematic diagram of Xenopus intestinal metamorphosis. Both
tadpole and frog intestine are structurally simple, consisting of
mainly three tissue layers: inner epithelium, connective tissue, and
outer muscle layers. The tadpole intestine is much simpler, with only
a single epithelial fold, the typhlosole. In contrast, the frog intestine
has multiple epithelial folds with elaborate connective tissue and
muscle layers. The major events underlying the change from
tadpole to frog intestine during metamorphosis include the
apoptosis of essentially all larval epithelial cells, as indicated by
circles. Concurrently, the adult epithelial stem cells, with high level
expression of known stem cell markers such as Lgr5, are formed de
novo through dedifferentiation of some larval epithelial cells and
rapidly proliferate at the climax metamorphosis, as indicated by the
dots. The connective tissue and muscle cells also develop
extensively during metamorphosis. (B). Apoptotic and proliferating
cells are non-overlapping epithelial cells during T3-induced
intestinal metamorphosis. Premetamorphic Xenopus laevis tadpoles
at stage 54 were treated with 10 nM T3 for 0, 3, or 6 days and
sacrificed one hour after injection with EdU to label proliferating
cells. Intestinal cross-sections were double stained for EdU and by
TUNEL for apoptotic cells. A higher magnification of the boxed
areas labeled with a’-c’ is shown on the right. The dotted lines
depict the epithelium-mesenchyme boundary. Note that apoptosis
as shown by the TUNEL signal in the epithelium occurred prior to
the appearance of the clusters (islets) of EdU-labeled cells and in
distinct epithelial cells during T3 treatment (c’). Arrows point to
some apoptotic cells. See (11) for more details.
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(Figure 1B) (11). Importantly, these proliferating cells express high

levels of known markers of adult mammalian intestinal stem cells

such as Lgr5 (Figure 1B) (11), suggesting that T3 induces the

formation of adult stem cells during metamorphosis.

Importantly, T3-treatment of intestinal organ cultures from

premetamorphic tadpoles also leads to larval epithelial cell death

and de novo formation of adult stem cells, indicating that the adult

stem cells develop organ-autonomously in an T3-dependent

manner. More importantly, by using recombinant organ cultures

generated from isolated intestinal epithelium and non-epithelial

tissues (the rest of the intestine after separating the epithelium)

from premetamorphic wild type tadpoles and transgenic tadpoles

expressing GFP ubiquitously, we have shown that T3-induced stem

cells originate from larval epithelium, likely due to dedifferentiation

of some larval epithelial cells (23) since there has been no evidence

of pre-existing epithelial stem cells in the tadpole intestine and that

the differentiated larval epithelial cells are capable of proliferation

(16, 36). These findings also indicate that T3 is both necessary and

sufficient for larval intestinal cell death and adult stem cell

development during metamorphosis.

T3 functions mainly by binding to T3 receptors (TRs) to

regulate target gene transcription (37–40). There are two types of

TR genes, TRa and TRb, in all vertebrates. TRs can activate or

repress target gene transcription in the presence or absence of T3,

respectively, by binding, as heterodimers with 9-cis retinoic acid

receptors (RXRs), to specific DNA sequences called T3-response

elements (TREs) within target genes (41–45). Earlier studies on the

expression patterns and molecular properties of TRs in Xenopus

laevis have led to a dual function model for TRs during Xenopus

metamorphosis (46). According to the model, TRs are mainly

unliganded in premetamorphic tadpoles when there is little or no

T3 and thus repress target genes to prevent precocious

metamorphosis. During metamorphosis when T3 level is high, T3

binds to TR to activate target genes, thus leading to tadpole

metamorphosis. Extensive molecular and transgenic studies in

Xenopus laevis and gene knockout studies in Xenopus tropicalis

have provided strong support for this model (47–58).

A critical role of TR in intestinal metamorphosis was demonstrated

by studies with recombinant organ cultures made of intestinal

epithelium and non-epithelial tissues from premetamorphic wild

type tadpoles or transgenic ones containing a heat shock-inducible

dominant positive TR (dpTR) that cannot bind to T3 but functions like

a constitutively liganded TR (59, 60). In these recombinant organ

cultures, T3 signaling can be activated in either the epithelium or non-

epithelial tissues or both by heat shock treatment of the organ cultures

without the presence of T3. Such studies have revealed that dpTR

expression in both epithelium and non-epithelium can induce

intestinal metamorphosis, including larval epithelial apoptosis and

adult intestinal stem cell formation and their subsequent

proliferation and differentiation, in the absence of T3 (60). These

findings indicate that TR is sufficient for mediating all effects of T3 for

intestinal metamorphosis, including larval epithelial cell death and

adult stem cell development. Interestingly, activating T3-signaling by

expressing dpTR in either the epithelium or non-epithelial tissues alone

can induce larval epithelial degeneration, indicating that larval

epithelial apoptosis can be induced by T3-signaling both cell
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autonomously and via cell-cell interaction. However, dpTR

expression in either the epithelium or the non-epithelial tissues alone

fails to induce the formation of adult stem cells, although dpTR

expression in the epithelium alone results in dedifferentiation of

some larval epithelial cells (60). These findings suggest that epithelial

T3-signaling induces larval epithelial cell dedifferentiation while T3-

signaling in the non-epithelial tissues is required to help such

dedifferentiated cells to develop into stem cells, likely via the

formation of a proper stem cell niche through cell-cell and/or cell-

ECM (extracellular matrix) interactions (60–63).
TR is not needed for adult intestinal
morphogenesis but is essential for
larval epithelial cell death and adult
intestinal stem cell development
during metamorphosis

The role of endogenous TR in regulating intestinal

metamorphosis was first suggested by transgenic studies with

dominant negative mutant TRs that cannot bind to T3. The

expression of such dominant negative TRs was found to inhibits

Xenopus laevismetamorphosis, including intestinal remodeling (50,

61, 64, 65). Since the dominant negative TRs compete functionally

against endogenous wild type TR that can bind T3, the findings are

not surprising given the causative role of T3 in all aspects of

metamorphosis but demonstrate an essential role for TR to

mediate the metamorphic effects of T3, including larval intestinal

cell death and adult stem cell development.

With the advancement of gene editing technologies, it became

possible to knock out endogenous TR genes in Xenopus. Indeed,

individual TRa and TRb genes or both have been knocked out

recently in the diploid Xenopus tropicalis and found to have distinct

tissue-dependent effects during metamorphosis (52, 55–58, 66–70).

Consistent with the high but relatively constant expression of TRa
during intestinal metamorphosis (71), knocking out TRa delayed

intestinal remodeling (66, 69, 72). Surprisingly, knocking out TRb
had relatively subtle effect on intestinal remodeling during natural

metamorphosis (52, 55), although TRb expression, which is very

low in premetamorphic tadpole intestine, is dramatically

upregulated during intestinal metamorphosis (71). On the other

hand, when premetamorphic wild type and TRb knockout tadpoles

were induced to metamorphose with exogenous T3 treatment, both

larval epithelial cell death and adult intestinal stem cell formation,

which occurred within 2-3 days in wild type tadpoles after the

treatment, were delayed or inhibited in the TRb knockout tadpoles

(55). These findings suggest that TRa and TRb have distinct but

compensatory roles during intestinal metamorphosis. As T3-

induced metamorphosis occurs much faster than the 2-3 weeks

required for the premetamorphic tadpoles at stage 54 to develop to

the climax (stages 60-62, when larval cell death and adult epithelial

stem cell formation occur) during the natural metamorphosis, the

compensation by TRamay be too slow to prevent the effects of TRb
knockout on intestinal remodeling during T3-induced

metamorphosis but fast enough to prevent any major defect in
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intestinal remodeling during natural metamorphosis in TRb
knockout animals.

When both TRa and TRb genes were knocked out in Xenopus

tropicalis, the tadpoles could develop to the climax stage 61 and died

after about 2 weeks at stage 61, in contrast to wild type tadpoles that

develop from stage 61 to the end of metamorphosis in a week (56).

While the wild type intestine at stage 61 had extensive larval

epithelial cell death and proliferation of new formed adult

epithelial stem cells, TR double knockout tadpoles at stage 61 had

little larval cell death or adult stem cell proliferation (Figure 2A)

(73). In addition, as predicted, T3 treatment of premetamorphic TR

double knockout animals had no effect on the intestine (56, 73), in

contrast to the wild type animals (Figure 1B). Surprisingly, the

intestine of TR double knockout tadpoles developed adult

morphology (with numerous epithelial folds and thick layers of

connective tissue and muscles) precociously, by as early as stage 58,

mimicking the wild type intestine at the end of metamorphosis

(stage 66) (Figure 2A) (73). These findings indicate that TR is

required for T3-induced larval epithelial cell death and adult

epithelial stem cell development but not for adult intestinal

morphogenesis during metamorphosis.
Cell cycle activation by liganded TR is
involved in larval epithelial cell death
and adult stem cell development

As a transcription factor, TR regulates target gene transcription

in a T3-dependent manner. Toward understanding how T3

regulates intestinal remodeling, various approaches have been

used to isolate and characterize T3-response genes during

Xenopus intestinal metamorphosis (74–78). These studies have

revealed, perhaps expectedly, that many genes in signaling

pathways known to be important for stem cell proliferation and

function are induced by T3 during intestinal remodeling. These

pathways include hedgehog pathway (21, 79–82), Wnt signaling

(83–85), Notch pathway (86), and BMP signaling (87, 88), etc. In

addition, many other genes, such as the methyl-CpG binding

domain protein 3 (MBD3) (89) and tRNA methyltransferase-like

1 (Mettl1) (90), that were not previously known to associated with

cell death or stem cells, were found to be highly upregulated by T3

during intestinal metamorphosis, suggesting that they may be novel

regulators of cell death or stem cells during development.

When global gene expression analyses with RNA-seq were

carried out on wild type and TR knockout intestine during

metamorphosis, it was revealed that many more genes in gene

ontology (GO) terms related to stem cells, cell proliferation, and

apoptosis were upregulated in the wild type tadpole intestine at the

climax of metamorphosis (stage 61) compared to premetamorphic

stage 54 than in the TR double knockout intestine (73), consistent

with the massive larval epithelial cell death and formation/

proliferation of adult stem cells at the climax of metamorphosis

in the wild type but not TR double knockout intestine. In addition,

GO and KEGG pathway analyses of the genes that were regulated

between stage 54 and stage 61 in the intestine of wild type and TR
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double knockout animals showed that many GO terms and KEGG

pathways, particularly cell cycle/proliferation-related ones, were

enriched among the upregulated genes in the wild type but not

TR double knockout intestine. In fact, several cell cycle/

proliferation-related GO terms were even enriched among genes

downregulated at stage 61 compared to stage 54 in the TR double

knockout intestine. Furthermore, when GO and KEGG pathway

analyses were performed on the genes expressed at higher levels in

the intestine of wild type than TR double knockout tadpoles at stage

61, it was again found that many cell cycle-related GO terms/
A

B

FIGURE 2

(A) TR double knockout tadpoles have abnormal intestinal
morphology with premature adult type epithelial folding. Cross-
sections of the intestine of indicated genotypes stages were stained
with methyl green-pyronin Y. (a, c): Wild type TRa (+/+)TRb (+/+); and
(b, d): TR double knockout TRa (−/−)TRb (−/−). Dashed boxes in c and
d are shown in higher magnification in c’ and d’, respectively. White
arrowheads point to the clusters of proliferating adult epithelial stem
cells adjacent to/underneath the degenerating larval epithelium
(vacuole-like, poorly stained) at the climax of metamorphosis (stage
61) in wild type tadpoles. Note that the knockout tadpoles lacked
such clusters at stage 61 and the epithelium appeared to be uniform
without any obvious degeneration, but with numerous folds. Bars:
100 mm. See (73) for details. (B) TRa is required for the activation of
many cell cycle genes during early phase of T3-induced intestinal
remodeling. Genes regulated by at least 2.0-fold after 18 hours of
T3 treatment in stage 54 wild type but not TRa knockout tadpoles
were mapped onto the KEGG pathway for cell cycle. Pink boxes
indicate upregulation and blue boxes indicate downregulation. Note
that most of the regulated genes were upregulated by T3. See (72)
for more details.
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pathways were enriched among these genes (73). These findings

suggest that T3-bound TR activates cell cycle programs to facilitate

intestinal metamorphosis. Given the rapid proliferation of adult

stem cells at the climax of intestinal metamorphosis in the wild type

(Figure 1) but not TR double knockout tadpoles, it is not surprising

to find the upregulation of genes in the cell cycle program in the

wild type intestine compared to the TR double knockout ones at the

climax of metamorphosis.

A recent RNA-seq analysis of intestinal gene expression in

premetamorphic wild type and TRa knockout tadpoles at stage 54

after 18 hours of T3 treatment suggests that activation of cell cycle

program may also be important for T3-induced larval epithelial cell

death during metamorphosis (72). During T3-induced

metamorphosis, larval epithelial cell death is induced dramatically

after 2 days while epithelial cell proliferation is increased

significantly only after 3 days, due to the formation of adult

epithelial stem cells (Figure 1) (11, 91). Thus, it was expected that

T3 would not induce cell proliferation program, e.g., cell cycle

activation, in the first 2 days of treatment. Surprisingly, GO and

KEGG pathway analyses of the genes regulated by 18 hour T3

treatment of wild type tadpoles showed significant enrichment of

GO terms and KEGG pathways related to cell cycle (72). This raises

a possibility that the activation of the cell cycle program by T3 is an

important early step for T3 to induced larval epithelial cell death

(11, 72, 91). Furthermore, when the gene expression in the intestine

of wild type and TRa knockout tadpoles with or without 18 hour

T3-treatment were compared, it was found that the endogenous

TRa was important for the regulation of the cell cycle program (72),

including the KEGG cell cycle pathway, where many genes were

upregulated by T3 in the wild type but not TRa knockout tadpoles

(Figure 2B). This important role of TRa in gene regulation by T3

during the early phase of T3-induced metamorphosis is consistent

with the fact that there is little TRb expression in premetamorphic

tadpole intestine (71). Thus, T3 likely activates the cell cycle

program via TRa early during metamorphosis to facilitate

epithelial cell fate determination in the intestine: apoptosis vs.

dedifferentiation into adult stem cells.

Whether cell cycle activation leads to larval epithelial cell death

and adult stem cell development remains to be elucidated. As cell

cycle activation is typically associated with cell proliferation in

development, the discovery of a role of cell cycle activation in

developmental cell death was surprising. On the other hand, there

has been evidence for involvement of cell cycle regulators in

apoptosis. For example, c-Myc, a well-known oncogene that

activate target gene transcription and promote cell proliferation,

can induce cell death when overexpressed, at least in cell cultures

(92–102). It is possible that that over activation of cell cycle

pathways may lead to apoptosis in some cells. As the larval

intestinal epithelial cells are mitotically active, even though

differentiated sufficiently to function in the tadpole (16), T3-

induced further activation of the cell cycle/proliferation pathways

in such mitotically active yet differentiated cells may force to them

to change their fate, either death via apoptosis or dedifferentiation

to become adult stem cells to accommodate the faster proliferation

needed for intestinal metamorphosis. Such a mechanism may

explain why cell cycle/proliferation pathways are activated in the
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larval epithelium prior to and throughout the two major epithelial

transformations, apoptotic larval epithelial degeneration, and de

novo format ion of the adul t epi the l ium, dur ing T3

intestinal remodeling.
Conclusion

The ability of vertebrate intestinal epithelium for self-renewal

throughout adulthood has made the intestine a well-studied model

for analyses of the properties and regulation of adult organ-specific

stem cells (4–10). The formation of the adult intestinal stem cells

during vertebrate development is much less known but appears to

be conserved in vertebrates. In both mouse and Xenopus, the

formation of the adult intestinal stem cells occurs during

postembryonic development (the neonatal period in mouse and

metamorphosis in Xenopus) when plasma T3 level peaks, and T3-

signaling is important for the development and/or maintenance of

the adult intestine (6, 103–111). These suggest a conservation in T3-

regulation of adult intestinal development.

Studies on intestinal metamorphosis in Xenopus laevis and

Xenopus tropicalis have revealed important and novel insights on

how T3 regulates the development of the adult intestine. First, T3

induces de novo formation of adult intestinal epithelial stem cells via

larval epithelial cell dedifferentiation. Second, T3-signaling in both

the epithelium and non-epithelial tissues are required for adult stem

cell development, likely involving the formation of adult stem cell

niche. Third, TR is essential to mediate T3 signaling for both larval

epithelial cell death and the formation of adult stem cells while adult

intestinal morphogenesis does not require TR. Finally, and

importantly, global gene expression studies on intestinal

development in wild type and TR knockout tadpoles have not

only revealed the regulation of diverse GO terms and pathways by

T3 during intestinal metamorphosis but also implicate a surprising

and novel role of cell cycle activation by T3 in cell fate

determination. It would be interesting to test whether the

activation of cell cycle by T3 is indeed a prerequisite for larval

epithelial cells to choose between apoptosis or dedifferentiation into

stem cells during intestinal metamorphosis. Future studies on the

potentially conserved functions of the T3-induced GO terms and

pathways in the development of the adult intestine in other species

should improve our understanding of the development and

function of adult stem cells in human intestinal homeostasis

and diseases.
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Differential effects of 3,5-T2 and
T3 on the gill regeneration and
metamorphosis of the
Ambystoma mexicanum (axolotl)

I. Lazcano1*, A. Olvera1, S. M. Pech-Pool1, L. Sachs2,
N. Buisine2 and A. Orozco1,3*

1Instituto de Neurobiologı́a, Universidad Nacional Autónoma de México (UNAM), Querétaro, Mexico,
2UMR PhyMA CNRS, Muséum National d’Histoire Naturelle, Paris, France, 3Escuela Nacional de
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Thyroid hormones (THs) regulate tissue remodeling processes during early- and

post-embryonic stages in vertebrates. The Mexican axolotl (Ambystoma

mexicanum) is a neotenic species that has lost the ability to undergo

metamorphosis; however, it can be artificially induced by exogenous

administration of thyroxine (T4) and 3,3′,5-triiodo-L-thyronine (T3). Another

TH derivative with demonstrative biological effects in fish and mammals is 3,5-

diiodo-L-thyronine (3,5-T2). Because the effects of this bioactive TH remains

unexplored in other vertebrates, we hypothesized that it could be biologically

active in amphibians and, therefore, could induce metamorphosis in axolotl. We

performed a 3,5-T2 treatment by immersion and observed that the secondary

gills were retracted, similar to the onset stage phenotype; however, tissue

regeneration was observed after treatment withdrawal. In contrast, T4 and T3

immersion equimolar treatments as well as a four-fold increase in 3,5-T2

concentration triggered complete metamorphosis. To identify the possible

molecular mechanisms that could explain the contrasting reversible or

irreversible effects of 3,5-T2 and T3 upon gill retraction, we performed a

transcriptomic analysis of differential expression genes in the gills of control,

3,5-T2–treated, and T3-treated axolotls. We found that both THs modify gene

expression patterns. T3 regulates 10 times more genes than 3,5-T2, suggesting

that the latter has a lower affinity for TH receptors (TRs) or that these hormones

could act through different TR isoforms. However, both TH treatments regulated

different gene sets known to participate in tissue development and cell cycle

processes. In conclusion, 3,5-T2 is a bioactive iodothyronine that promoted

partial gill retraction but induced full metamorphosis in higher concentrations.

Differential effects on gill retraction after 3,5,-T2 or T3 treatment could be

explained by the activation of different clusters of genes related with

apoptosis, regeneration, and proliferation; in addition, these effects could be

initially mediated by TRs that are expressed in gills. This study showed, for the first

time, the 3,5,-T2 bioactivity in a neotenic amphibian.
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Ambystoma mexicanum, thyroid hormones, metamorphosis, transcriptomics, 3,5-
T2, gills
frontiersin.org0178

https://www.frontiersin.org/articles/10.3389/fendo.2023.1208182/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1208182/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1208182/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1208182/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2023.1208182&domain=pdf&date_stamp=2023-07-10
mailto:ivanlazcano@comunidad.unam.mx
mailto:aureao@unam.mx
https://doi.org/10.3389/fendo.2023.1208182
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2023.1208182
https://www.frontiersin.org/journals/endocrinology


Lazcano et al. 10.3389/fendo.2023.1208182
Introduction

Metamorphosis is a fascinating phenomenon that occurs in some

vertebrate and invertebrate animal species that involves spectacular

post-embryonic transition and changes in the morphology, physiology,

behavior, and ecology of the individual. Available data suggest that this

post-embryonic remodeling is governed by thyroid hormones (THs), at

least in chordates (1). A well-studied example is amphibian

metamorphosis, in which tadpoles experience a peak of TH plasma

levels prior to its onset that triggers tissue remodeling by hierarchically

controlling the expression of a complex cascade of target genes (1, 2).

The diversity of molecular and cellular processes that convey this life

transition involves cell-specific expression and regulation of TH

nuclear receptor (TR) genes, THRA and THRB, which act as TH-

dependent transcription factors (3–5).

In contrast to frogs, some salamanders like the Mexican axolotl

(Ambystoma mexicanum) have lost the ability to undergo

metamorphosis under natural conditions (6), retaining juvenile

characteristics in the mature breeding stage (paedomorphosis)

(7). In this neotenic species, plasma TH concentrations are much

lower than those found in other premetamorphic anurans, but their

tissues possess functional deiodinases and TRs, the molecular

components that are essential to decode the TH signal (7). In

fact, exogenous exposure to the prohormone T4 or the bioactive T3

experimentally triggers axolotl metamorphosis, confirming the TH

involvement in amphibian metamorphosis. However, a more

precise characterization of these TH actions is unclear given that

the protocols used, thus far, have been inconsistent, differing in the

method and frequency of hormone administration (immersion or

intra peritoneal (i.p.) injection), in the developmental stage of the

axolotl at the time of induction, among others (8–10).

Recently, 3,5-diiodo-L-thyronine (3,5-T2), an active metabolite of

T3, has been shown to act as an endogenous alternative TR ligand with

demonstrative biological actions that mimic those of the recognized

bioactive T3. For example, 3,5-T2 decreases body weight and serum

thyroid- stimulating hormone and regulates lipid metabolism in

mammals (11, 12). In fish, both, T3 and 3,5-T2 promote growth

(13), and each hormone regulates the expression of specific genes in the

tilapia brain and liver (14). Possible thyromimetic effects of 3,5-T2 in

other vertebrate species are still unknown. Thus, the aim of the present

study was to gain a deeper understanding of TH actions upon axolotl

metamorphosis induction, as well as prompted the hypothesis that, as

an alternative TR ligand, 3,5-T2 could also induce metamorphosis in

this species and/or differentially regulate some aspects of the tissue

remodeling involved in this life transition.
Material and methods

Animals

Juvenile axolotls were kindly donated by Marco Terrones

(Axolkali) and Dr. Jesus Chimal (Instituto de Investigaciones
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Biomédicas, UNAM). All axolotls were maintained and handled

in accordance with protocols approved by the Ethics for Research

Committee of the Instituto de Neurobiologı ́a, UNAM; the

guidelines for use of live amphibians and reptiles in field and

laboratory research of the American Society of Ichthyologists and

Herpetologists; and the ARRIVE guidelines. Animals of around 8 –

10 months after hatching and weighing between 9 and 12 g were

maintained at our local housing for at least 20 days prior to

experiments at 18°C in a 14-h/10-h light/dark cycle and fed with

small pieces of meat and live brine shrimp.
Metamorphosis induction with thyroid
hormone treatment

The immersion protocol allows adding hormones at a desired

concentration in the rearing water of aquatic species, eliminating

the manipulation stress factor. In the present study, nanomolar

concentrations of THs were added to the rearing water and replaced

every 3 days. With this TH administration protocol, the onset of

metamorphosis at around day 26 post-treatment with T4 was

reported (8, 10). Initial experiments to analyze whether 3,5-T2

could induce metamorphosis consisted in treating groups of

axolotls (female or male axolotls) with 50 nM of this TH

derivative. Control animals were immersed in vehicle (0.001 M

NaOH). In further experiments, axolotls were treated with 500 nM

of thyroxine (T4), 3,3′,5-L-triiodothyronine (T3) and 3,3′,5′-
triiodothyronine (rT3) (Sigma-Aldrich). These treatments were

extended for 12 days, a time point at which the rearing water was

changed every 3 days for at least 45 days post- withdrawal (dpw).

In a second protocol, we immersed axolotls with a higher dose (2

µM) of 3,5-T2 or rT3, and these solutions were replaced with

hormone-containing rearing water on Mondays, Wednesdays, and

Fridays. The onset of metamorphosis was determined when

reabsorption of the external gills and dorsal fin was observed.

Climax was established when gills and dorsal fin were completely

absorbed. Full metamorphosis was reached when the axolotls

became salamanders. Once reaching this state, we observed a 30%

increase in lethality, which was unrelated to the hormone used for

metamorphosis induction. Phenotype changes in T3-treated

axolotls can be observed in Supplementary Video 1.
Semi-quantification of secondary
gills length

Secondary gills were measured during the experiments. To this

end, we captured microphotographs (dorsal view) of the secondary

gills in free moving axolotls by using a stereomicroscope (SteREO

Discovery.V12, Zeiss). Subsequently, we measured (software ZEN)

at least 10 secondary gill filaments and averaged the length to get a

value for each animal. Cases when the first and secondary gills were

completely absorbed were reported as “not detected” (n.d.).
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Immunohistochemistry of thyroid hormone
receptors in axolotl gill

The complete gill was dissected from a young axolotl previously

anesthetized with 0.4% tricaine during 12–14 min. Immediately, the

gill was transferred into 4% paraformaldehyde for 24 h, and, then,

the tissue was cryoprotected in sucrose (30%) for 12 h and freeze

mounted onto aluminum sectioning blocks using Tissue-Tek®

O.C.T (Sakura Finetek, Torrance, CA, USA). Sections of ∼ 14 µm

were obtained using a cryostat (Leica CM3050, Buffalo Grove, IL,

USA) and mounted on Superfrost™microscope slides from Fisher

Scientific. Gill sections were hydrated in Phosphate Buffered Saline

(PBS) during 15 min and then permeated with 2 M HCl during

20 min, and, then, the slides were washed in Tris Buffered Saline

(TBS) (3 × 10 min) and treated with citrate buffer 100 mM, pH 6, at

80°C for 30 min, after which free binding sites were blocked with 5%

non-fat dry milk (Bio-Rad, Hercules, CA, USA) for 2 h. After

blocking, the slides were washed with Tween-Tris Buffered Saline

(TTBS) (0.1% Triton X-100 in TBS) three times, and the tissues

were incubated for 24 h with the primary anti-thyroid hormone

receptor (Abcam, ab42565) in a 1:500 dilution. All the slides were

washed (3 × 10 min) and incubated with goat anti-rabbit

Immunoglobulin G (IgG) H & L (Alexa Fluor® 488) from Abcam

(ab150077) in a 1:1,000 dilution during 12 h. DAPI (4′,6-
diamidino-2-phenylindole) was used to label cell nuclei. All the

slides were mounted with vectashield (Vector Laboratories Inc.,

Burlingame, CA, USA), and micrographs were captured with a

Zeiss LSM 780 DUO confocal microscope (Carl Zeiss AG,

Oberkochen, Germany) and image software ZEN. Image post-

processing was performed using ImageJ software (developed by

NIH, freeware).
Differential gene expression analysis

We performed high-throughput sequencing with a differential

transcriptomic analysis on the gills of control, 3,5-T2–treated, and

T3-treated juvenile axolotls. The animals were submitted to an

immersion protocol with vehicle, 500 nM of 3,5-T2 or T3 of by 6

days. At this time point, the gills were dissected in axolotls

anesthetized with 0.4% tricaine. Immediately, the gill was

transferred into RNA later (Invitrogen), manually homogenized,

and processed for total RNA extraction using TRIzol (Invitrogen).

Libraries were generated using the Illumina TruSeq RNA

Sample Preparation Kit according to the manufacturer’s

instructions. Transcriptome sequencing was conducted using

Genome Analyzer GAIIx (Illumina) at the genome sequencing

facility of our university located at “Instituto de Biotecnologıá,

UNAM”. A configuration for pair-end reads with a 72-bp read

length was used. Sequence Read Archive data are available as

BioProject ID: PRJNA957439.

Reads quality control were generated with FastQC

(www.bioinformatics.babraham.ac.uk/projects/fastqc/) and

mapped on axolotl genome (GCA_002915635.3_AmbMex60DD)
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with bowtie2 (15) ran with sensitive parameters (–sensitive).

Differential analysis and clustering followed the same procedure

as previously described (16).

Enrichment analysis of biological processes and pathways are

based on the GORILLA website (17) and Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathways databases (18). The

protein–protein interaction network was modeled from the

BIOGRID database (19).
RT-qPCR verification of
transcriptomic data

The mRNA was reversed -transcribed (RT) (RevertAid First

Strand, Thermo Fisher) from 0.5 µg of total RNA using an oligo(dT)

primer (final volume of 20 µl). Quantitative 2−DDCT qPCR was

carried out in duplicates in two independent assays with three

samples per group using the geometric mean of Gapdh and Eif5a as

an internal standard in reactions that contained 2 µl of the diluted

1:10 RT reaction, 3.3 µl of Maxima SYBR Green/ROX qPCRMaster

Mix (Fermentas, Waltham, MA, USA), and 250 nM forward and

reverse primers in a final volume of 8 µl. PCR protocol of 95°C for

10 s, 60°C for 10 s, and 72°C for 10 s were used. Oligonucleotides

used are enlisted in Supplementary Data 2.
Data analysis

Results of the length of secondary gills are presented as the

mean ± S.E.M. Data were analyzed using one-way ANOVA

followed by a Tukey post -hoc test. Values of p < 0.05 were

considered statistically significant.
Results

Effect of the different THs on
axolotl metamorphosis

As an initial approach to test whether 3,5-T2 could induce axolotl

metamorphosis, we used an immersion protocol previously

characterized for T4 (8, 10), but no induction was observed with

the 50 nM 3,5-T2 treatment (data not shown). After a 10-fold

increase in 3,5-T2 concentration (500 nM), secondary gill

retraction (~ 50%) was observed 6 days after the onset of the

treatment (Figures 1A, B). As time progressed, no further

morphological changes that indicated metamorphosis progression

were observed in the treated axolotl, but secondary gill retraction was

more evident, prompting withdrawal at day 25 post- treatment to

avoid the possible death of the individuals. Unexpectedly, progressive

secondary gill regeneration was observed, recovering their full-length

around 45 dpw (Figures 1C, D). The reversible gill phenotypic

transition promoted by the 3,5-T2 treatment withdrawal raised the

possibility that these effects were also elicited by the prohormone T4

and the bioactive T3. Therefore, we replicated experiments treating
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axolotls with equimolar concentrations of 500 nM of T4, T3, or 3,5-

T2 for 12 days, when visible changes in gill retraction were evident in

the 3,5-T2–treated group. At this time point, we withdrew all

hormone treatments and close monitored the axolotl for

phenotypic changes for 23 dpw (Figure 2A). For this experiment, a

more systematic characterization of the TH-specific effects upon

axolotl metamorphosis was achieved, identifying pre-metamorphic,

onset, climax, and post-metamorphic stages (Supplementary

Figure 1; Supplementary Video 1). As shown in Figures 2B, D, only

3,5-T2 treatment elicited secondary gill retraction by 6 days post-

treatment (dpt), whereas exposure to T3 elicited this retraction after

12 dpt and T4 effects were only observed after 3 dpw. Furthermore, as

previously observed, suspension of 3,5-T2 treatment elicited

secondary gill regeneration, whereas an irreversible metamorphic

progression resulted from T4 or T3 withdrawal (Figures 2B, D). The

T3-treated group exhibited a full post-metamorphic (salamander)

phenotype by 23 dpw, whereas that of T4 presented a climax stage

phenotype at this same time point (Figure 2C).
3,5-T2 can induce axolotl metamorphosis

Given that some of the TH-related effects observed in mammals

generally require higher concentrations of 3,5-T2 than those of T3

(11), we tested whether a higher 3,5-T2 concentration (2 µM) could
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induce axolotl metamorphosis using the same immersion protocol

(Figure 3A). In addition, we included a negative control group

treated with equimolar concentrations of the inactive reverse T3

(rT3) (20). Interestingly, 3,5-T2 was able to induce complete

metamorphosis, evidencing that, for the first time, this alternative

ligand is bioactive also in the axolotl, whereas rT3 lacked

metamorphic effects, further confirming its inactive nature in this

species, at least in this experimental paradigm (Figures 3B, C).

Unexpectedly, and although 3,5-T2 and T3 were able to induce full

metamorphosis, the resulting phenotypes of the salamanders were

different, particularly regarding the skin color pattern. 3,5-T2–

triggered metamorphosis produced salamanders with intense and

abundant yellow spots, whereas the skin of the T3-treated group

was darker and almost spotless (Supplementary Figure 2).
Axolotl gill expresses thyroid
hormone receptors

The observed reversible gill phenotypic transition elicited by

3,5-T2 treatment withdrawal raised the question of whether 3,5-T2

effects were indeed mediated by canonical TRs. To investigate this,

we first explored secondary gill cyto-architecture and observed the

presence of a large number of filaments along the tissue, a gill

mesenchyme, followed by a layer of undetermined cells and of gill
A B

DC

FIGURE 1

Effect of 50 nM 3,5-T2 exposure upon the length and morphology of axolotl secondary gills. Dorsal view photomicrographs of axolotl secondary gill
were taken to analyze the effect of the 3,5-T2 immersion treatments upon the length of the gill at 0 dpt. (A) Six days after the onset of 3,5-T2
treatment (6 dt). (B) Forty-five days post-withdrawal (dpw) of 3,5-T2 exposure. (C) The semi-quantification of secondary gill lengths from (A) to (C) is
shown in (D); data are represented as the mean ± S.E.M. (n = 4) and were analyzed using one-way ANOVA followed by a Tukey post -hoc test.
Asterisks indicate statistical difference when compared to 0 dpt. **** p < 0.01. Scale bar, 1 mm.
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muscle (Figure 4A). In addition, we employed a specific antibody,

which is predicted to bind to axolotl TRa and TRb isoforms

(Supplementary Figure 3). The immunohistochemistry revealed

the presence of TRs mainly in the secondary gills and in the

tissue opposite to these filaments (Figures 4B, C). While exploring

in more detail the subcellular TR distribution, we detected a strong

immunoreactivity signal co-localizing with the nuclei of these

receptors in both structure samples [Figures 4D–I (1), I (2) ],

suggesting that 3,5-T2 could be signaling through canonical TRs.
3,5-T2 and T3 regulate different gene
networks in the gill

With the aim of analyzing the possible molecular pathways

involved in secondary gill remodeling after 3,5-T2 or T3 exposure,

we treated axolotl with 500 nM of either hormone for 6 days, and

gill total RNA was extracted to perform a high-throughput

transcriptome sequencing followed by differential analysis. An
Frontiers in Endocrinology 0582
illustrative example of quality control as well as sequencing and

mapping statistics are shown in the Supplementary Data 1.

Independent RT-qPCR measures of gene expression changes on a

selected number of target genes were in very good agreement with

RNA- seq data (Supplementary Data 2), thus illustrating the

robustness of our analyses. We next conducted a cluster analysis

on normalized expression levels (Figure 5A) to derive groups of

synexpression and compared T3- or 3,5-T2–treated axolotl versus

controls. As discussed previously (16, 21), the direct comparison of

differential analysis results (e.g., with Venn diagrams) often fails

because it relies too much on p-values set in an unfavorable

statistical setting (low number of biological replicates and high

number of observables). On the basis of this analysis, we found a

total of 138 and 277 genes regulated by 3,5-T2 and T3, respectively.

Note that nine genes are regulated by 3,5-T2 alone and 148 genes by

T3, thereby readily identifying specific components of gene

regulatory responses (Figure 5B). The full list of gene clusters is

provided in Supplementary Data 3. It is interesting that the cluster

of T3 exclusively upregulated genes is the largest, comprising 120
D

A

B C

FIGURE 2

Effects of different iodothyronines on the length and morphology of axolotl secondary gills. (A) Graphical representation of the experimental
protocol, including TH treatment and withdrawal. (B) Dorsal view photomicrographs of axolotl secondary gill treated with vehicle (Ctrl) or 500 nM of
T4, T3, or 3,5-T2. Days of treatment (dt) or post- withdrawal (dpw) are indicated. (C) Phenotype of the treated axolotl. After 45 dpw, control and 3,5-
T2– treated animals showed the classical neotenic phenotype; T4 treatment only reached a climax phenotype, and T3- treated animals were post-
metamorphic. Arrows indicate the similarities and differences of the dorsal fin. (D) The semi-quantification of secondary gill lengths from (B). Pictures
show the morphology of the axolotls under different treatments at 23 dpw. Data are shown as mean ± S.E.M. (n = 3 per group). In (D), data were
analyzed using one-way ANOVA followed by a Tukey post- hoc test. Asterisks indicate statistical differences between treatment and control groups.
***p < 0.01; **** p < 0.001; n.d., not detected.
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genes, almost three times more than those upregulated by both

iodothyronines (45 genes).

We performed a gene ontology analysis to explore the

physiological implications of T3 and 3,5-T2 treatments upon gill

remodeling (Figure 6). The most enriched biological process found

for genes regulated by both hormones belonged to three principal

categories: metabolism, cell cycle, and stress. The lists of genes

regulated exclusively by 3,5-T2 or T3 did not show significant

enrichment of biological processes, as often found when the number

of genes is low (22). Nevertheless, some of the genes exclusively

regulated by T3 have been associated with developmental processes.

The analysis of KEGG revealed that metabolism, cell signaling, and

cell cycle are pathways activated by genes regulated by both

iodothyronines (Figure 6B). Interestingly, the p53 pathway was
Frontiers in Endocrinology 0683
identified in the pool of genes exclusively regulated by T3; this gene

network could be participating either in cell cycle arrest or in

apoptosis. This made us think that the differences observed in

metamorphosis induction, that is, reversible (+ 3,5-T2) or full

secondary gill absorption (+ T3), could be operated by an

interplay of tissue remodeling, proliferation, and apoptosis. This

idea was further supported by the manual identification of other

3,5-T2– and T3-differentially regulated genes, all of which are

known to participate in processes that are key for life transition

events, like metamorphosis (Table 1).

We also explored whether 3,5-T2 or T3 differentially regulated

genes engaged in particular known protein–protein interactions

within biological networks (BioGRID analysis). We found a major

component constituted of highly interconnected nodes (i.e., gene
A

B

C

FIGURE 3

3,5-T2 induces metamorphosis in axolotls. (A) Dorsal view photomicrographs of secondary gill from axolotls treated with 2 µM of 3,5-T2 or rT3. Days of
treatment (dt) are indicated. (B) Axolotl phenotypes at the end of the experiment (45 dpt), showing a 3,5-T2 but not by rT3 metamorphosis induction. (C)
Semi-quantification of the length of secondary gills from (A); data were analyzed using one-way ANOVA followed by a Tukey post- hoc test and are
shown as the mean ± S.E.M. (n = 3 per group). Asterisks indicate statistical differences between groups. ****p < 0.001. n.d., not detected.
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products) mostly involved in DNA replication, cell cycle control,

and chromatin dynamics, further illustrating TH functional input

in these cellular processes (Figure 7).
Discussion

In the present study, we describe that, for the first time, 3,5-T2

can induce axolotl metamorphosis and that this alternative TR

ligand elicits transient and reversible gill remodeling that involves

the regulation of specific gene clusters.

3,5-T2 has been well recognized as an alternate TR ligand

(Mendoza et al., 2013); it regulates TH canonical actions like growth

(13, 23) and lipid metabolism (12, 24), as well as elicits differential

effects upon the expression of TH-regulated genes in fish (23, 25) and

mammals (11, 12, 24). Other TH alternative ligands had been shown to

induce metamorphosis in several species that emerged in different

timepoints of evolution. For example, Triiodothyroacetic acid (TRIAC)

has been shown to promote amphioxus metamorphosis (26, 27).

However, whether 3,5-T2 had postembryonic remodeling effects in

any amphibian had never been explored. In this context, the

paedomorphic axolotl is a fascinating model because, in contrast to

anurans, they can undergo metamorphosis only after T4 or T3

exogenous treatment (8–10). When treating axolotl with equimolar

concentrations (500 nM) of T4, T3, and 3,5-T2, only T4 and T3 were
Frontiers in Endocrinology 0784
capable of inducing full metamorphosis. Interestingly, T4 induction

occurred around 20 days later than that with T3. This highlights the

prohormone nature of T4, which requires a biotransformation into the

bioactive form of the hormone, possibly catalyzed by deiodinase type II

(28). T4 could act as a partial TR agonist (29), resulting in a full but

time extended transformation. In contrast, exogenous administration

of T3 directly promotes cellular actions and induces a

faster metamorphosis.

Interestingly, immersion in 500 nM 3,5-T2 only affected the size of

the secondary gills without inducing a true metamorphosis, whereas

treatment withdrawal resulted in progressive secondary gill

regeneration. This suggests differential effects of 3,5-T2 at least in this

remodeling process. The lack of metamorphosis induction at this

concentration could be either a reflection of deficient intracellular

TH transport and/or a lower 3,5-T2 affinity for TRs as has been

described for mammals (11). Neither of these mechanisms have been

studied in amphibians for any TH or their derivatives, leaving these

hypotheses still unresolved. Full axolotl metamorphosis was attained

when the 3,5-T2 treatment was scaled four-fold. As compared with T3,

3,5-T2 has a higher affinity for L-TRb1 in fish and lower affinity for

TRb1 in humans, respectively (30), and thus preferentially binds to the

beta isoform. Al though we do not know whether 3,5-T2 is binding to

canonical axolotl TRs, our results show that the secondary gill expresses

these receptors abundantly, which could explain the early effects on gill

retraction with all tested iodothyronines. Gaining insight of 3,5-T2 and
FIGURE 4

Thyroid hormone receptor immunodetection in a full-length transversal axolotl gill (A) Hematoxylin/eosin staining. Numbers indicate gill filament (1);
gill mesenchyme (2); external portion of the gill (3), and gill muscle (4). (B) Co-localization of anti - TR/DAPI. (C) Negative control. (D–F):
amplification of the external gill, (G–I): amplification of the filament base. White arrows indicate anti - TR immunoreactive cells. Scale bar = 90 µm
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T3 binding affinity for axolotl TR isoforms would be necessary to

analyze these hypotheses.

A T3- or 3,5-T2–treated gill transcriptomic analysis was

performed to further decipher if the expression of different gene

clusters could explain the observed effects upon secondary gill

remodeling processes. Our results showed that both iodothyronines

induced a change in gene expression; these findings, together with the

notion that TRs are being expressed in the gill, allow the hypothesis

that 3,5-T2 and T3 are acting through canonic TR isoforms to

modulate tissue remodeling. 3,5-T2-exclusively regulated genes

were 10 times lower than those T3-exclusively regulated, suggesting

that these hormones could be acting through different TR isoforms

that have divergent outcomes. Furthermore, T3 seems to be

irreversibly involved in tissue remodeling, regulating genes such as

metalloproteinases like the matrix metalloproteinase 11 (MMP11)

and the ADAM metallopeptidase with thrombospondin type 1 motif

17 (ADAMT17). MMP11has been shown to be a T3 target in the

Xenopus laevis metamorphosis, essential for the degradation of the

extracellular matrix during tissue remodeling and ADAMT17

involved on tissue morphogenesis in Xenopus development (31,

32). Another possibility to explain the more pronounced effects

elicited by T3 is that this hormone is regulating the expression of

other transcription modulators that, in turn, regulate the expression

of different gene sets, as the HR lysine demethylase and nuclear
Frontiers in Endocrinology 0885
receptor corepressor as well as the Bcl6 corepressor (BCOR), found in

the T3 upregulated gene cluster.

The fact that 3,5-T2 withdrawal results in gill regeneration is

puzzling and suggests that this hormone does not fully engage with

the irreversible gill remodeling program triggered by equimolar

concentrations of T3. This is certainly enigmatic and, at the

moment, difficult to elucidate. Indeed, a smaller number of gene

clusters are regulated by this hormone; some of these genes are still

not fully annotated, leaving the possibility that they could

participate in proliferative or mitogenic processes.

Protein–protein interaction differences within biological

networks after 3,5-T2 or T3 treatments also reflect the

transcriptomic analysis outcomes. Indeed, TH functional input is

mostly involved in DNA replication, cell cycle control, and

chromatin dynamics. Interestingly, among the additional small

subnetworks, two transcription factors, Bcl6 and Zbtb16, display a

differential regulation after T3 or 3,5-T2 treatments, a thought-

provoking result, given that Zbtb16 is a repressor of Bcl6 (33, 34),

suggesting opposing TH-regulating cell fate mechanisms.

Understanding the molecular mechanisms that underlay the

pleiotropic effects exerted by THs is a current challenge in thyroid

physiology. The combination of tissue-specific expression TR

isoforms and the bioavailability of different TH derivatives are

some of the events that have explained, in part, this pleiotropy.
A

B

FIGURE 5

Differential gene expression and cluster analysis in the axolotl gill after 3,5-T2 or T3 treatment. (A) MA plot of differentially regulated genes by 3,5-T2
or T3. Data represent individual gene responses plotted as logarithmic fold-change vs. total counts of mRNA, False Discovery Rate (FDR) < 0.05. (B)
Cluster analysis of logarithmic fold change of gene expression normalized and scaled (y-axis), comparing TH treatments vs. controls (x-axis).
Number above represents the total number of genes in each cluster.
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A

B

FIGURE 6

Gene ontology analysis for transcriptomic data. (A) Gene ontology UniProt–Gene Ontology most enriched biological processes. (B) Analysis of KEGG
most enriched pathways. Sets (A, B) show all transcriptomic data; 3,5-T2 and T3 regulated transcripts, and 3,5-T2– or T3-exclusively regulated
transcripts. The size of the circle represents the transcript abundance as gene count and color represents the p- value.
TABLE 1 Genes implicated in tissue remodeling regulated specifically by 3,5-T2 or T3.

3,5-T2 regulated genes

FGF23 Fibroblast growth factor 23; this gene encodes a member of the fibroblast growth factor family of proteins, which possess broad
mitogenic and cell survival activities. (2)

Upregulated

KY Kyphoscoliosis peptidase; this protein is involved in the function, maturation, and stabilization of the neuromuscular junction and may
be required for normal muscle growth. (2)

Downregulated

T3 regulated genes

Gene
symbol

Function summary Regulation

NOXO1 NADPH oxidase (NOX) organizer; the knockout increases of the proliferative capacity in colon epithelial cells. (1) Upregulated

MMP11 Matrix metalloproteinase 11; this protein family is involved in the breakdown of extracellular matrix in normal physiological processes,
such as embryonic development, reproduction, and tissue remodeling. (2)

SORBS3 This gene encodes an SH3 domain–containing adaptor protein. The presence of SH3 domains play a role in this protein’s ability to
bind other cytoplasmic molecules and contribute to cystoskeletal organization, cell adhesion and migration, signaling, and gene
expression. (2)

ADAMTS17 A disintegrin-like and metalloprotease; this has diverse roles in tissue morphogenesis in xemopus development. (3)

CDKN1B This gene encodes a cyclin-dependent kinase inhibitor and controls the cell cycle progression at G1. (2)

(Continued)
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This is clearly illustrated by the very specific effects (i.e., reversible

gill absorption and different skin phenotype in post-metamorphic

axolotl) elicited by 3,5-T2 in a very complex developmental

phenomenon. From a translational viewpoint, our observations

add further support to the notion that alternative TR ligands

could be used to pharmacologically target specific actions in illness.
Frontiers in Endocrinology 1087
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TABLE 1 Continued

3,5-T2 regulated genes

NGFR Nerve growth factor receptor; this plays an important role in differentiation and survival of specific neuronal populations. (2)

BCOR BCL6-interacting corepressor; a POZ/zinc finger transcription repressor is required for germinal center formation and may influence
apoptosis. (2)

APCDD1L Adenomatosis polyposis coli down-regulated 1 protein-like; this predicted to be involved in negative regulation of Wnt signaling
pathway. (2)

MMP28 Matrix metalloproteinase 23B; this family is involved in the breakdown of extracellular matrix. (2) Downregulated

FAM107A Family with sequence similarity 107 member A; this is involved in several processes, including negative regulation of G1/S transition of
mitotic cell cycle; negative regulation of focal adhesion assembly; and regulation of cytoskeleton organization. (2)

PITX1 Paired-like homeodomain transcription factor 1; this transcriptional regulator is involved in organ development. (2)

CARD10 Caspase recruitment domain–containing protein 10; this participates in apoptosis signaling through highly specific protein-protein
homophilic interactions. (2)

MELK Maternal embryonic leucine zipper kinase; this is involved in apoptotic process, cell population proliferation, and protein
autophosphorylation. (2)
(1) Moll et al., 2018 (https://doi.org/10.3389/fimmu.2018.00973)
(2) GeneCards.
(3) Desanilis et al., 2018.
FIGURE 7

Network analysis of Differentially Expressed (DE) genes reveals hot spots of THs action. Protein–protein interaction network build from the BIOGRID
database. Nodes colored in cyan are DE only after T3 treatment and red only with 3,5-T2. Violet nodes are DE with both T3 and 3,5-T2. Node size is
proportional to its connectivity, i.e., the number of known protein partners it interacts with. Large nodes (hubs, connectivity > 20) are major sensors
and controllers of biological networks. For clarity, only DE genes connected to other DE genes are shown.
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functional and evolutionary perspective. J Endocrinol (2012) 215(2):207–19. doi:
10.1530/JOE-12-0258

29. Schroeder A, Jimenez R, Young B, Privalsky ML. The ability of thyroid hormone
receptors to sense T4 as an agonist depends on receptor isoform and on cellular
cofactors. Mol Endocrinol (2014) 28(5):745–57. doi: 10.1210/me.2013-1335
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Association of maternal thyroid
peroxidase antibody during
pregnancy with placental
morphology and inflammatory
and oxidative stress responses

Xue Ru1, Mengting Yang1, Yuzhu Teng1, Yan Han1, Yabin Hu1,
Jianqing Wang1, Fangbiao Tao1 and Kun Huang1,2*

1Department of Maternal, Child & Adolescent Health, School of Public Health, Key Laboratory of
Population Health Across Life Cycle, Anhui Medical University (AHMU), Ministry of Education of the
People's Republic of China, National Health Commission Key Laboratory of Study on Abnormal
Gametes and Reproductive Tract, Anhui Provincial Key Laboratory of Population Health and
Aristogenics, Hefei, China, 2Scientific Research Center in Preventive Medicine, School of Public
Health, Anhui Medical University (AHMU), Hefei, China
Background: Studies suggest that thyroid peroxidase antibody (TPOAb) positivity

exposure during pregnancy may contribute to changes in placental morphology

and pathophysiology. However, little is known about the association of maternal

TPOAb during pregnancy with placental morphology and cytokines. This study

focuses on the effect of repeated measurements of maternal TPOAb during

pregnancy on the placental morphology and cytokines.

Methods: Based on Ma’anshan Birth Cohort (MABC) in China, maternal TPOAb

levels were retrospectively detected in the first, second and third trimesters.

Placental tissues were collected 30 minutes after childbirth, placental

morphological indicators were obtained by immediate measurement and

formula calculation, and cytokine mRNA expression was detected by real-time

quantitative polymerase chain reaction (RT-qPCR) afterward. Generalized linear

models and linear mixed models were analyzed for the relationships of maternal

TPOAb in the first, second and third trimesters with placental indicators.

Results: Totally 2274 maternal-fetal pairs were included in the analysis of

maternal TPOAb levels and placental morphology, and 2122 pairs were

included in that of maternal TPOAb levels and placental cytokines. Maternal

TPOAb levels in early pregnancy were negatively associated with placental

length, thickness, volume, weight and disc eccentricity, while positively

correlated with placental IL-6, TNF-a, CRP, CD68, MCP-1, IL-10, HO-1, HIF-1a
and GRP78. In mid-pregnancy, maternal TPOAb levels were negatively

correlated with placental length, width and area. In late pregnancy, maternal

TPOAb levels were negatively correlated with placental length, area, volume and

weight. Repeated measures analysis showed that maternal TPOAb positivity

tended to increase placental TNF-a, CD68 and MCP-1 while decreasing

placental length, width and area than TPOAb negativity. Repeated measures

analysis showed that maternal TPOAb levels were positively correlated with
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placental IL-6, TNF-a, CD68, MCP-1, IL-10, HO-1, HIF-1a and GRP78, while

negatively correlated with placental length, area, volume, weight, and disc

eccentricity.

Conclusion: There may be trimester-specific associations between maternal

TPOAb levels and placental morphology and inflammatory and oxidative stress

responses. The effect of maternal TPOAb levels on placental morphology is

present throughout pregnancy. Early pregnancy may be the critical period for the

association between maternal TPOAb levels and placental inflammatory and

oxidative stress responses.
KEYWORDS

TPOAb, placental morphology, inflammation, oxidative stress, pregnancy,
cytokines, cohort
Introduction

Thyroid peroxidase (TPO) is the primary enzyme involved in

producing thyroid hormones (1). Thyroid peroxidase antibody

(TPOAb) acts as a competitive inhibitor of the action of TPO and is

responsible for thyroid inflammation (2, 3). TPOAb is the most

common anti-thyroid autoantibody. TPOAb is a marker of

autoimmune thyroid disease (AITD) and would cause thyroid cell

damage by activating complement-mediated cytotoxicity and

antibody-dependent cell-mediated cytotoxicity (ADCC) (4, 5).

TPOAb positivity is frequently present in women of reproductive

age. The prevalence of TPOAb positivity observed in pregnant women

ranges from 2% to 17%, with a higher prevalence in iodine-deficient

populations (6). TPOAb positivity enhances the risk of adverse

pregnancy outcomes, including developing thyroid disease during

pregnancy, miscarriage, preterm birth, placental abruption,

premature rupture of membranes and fetal neurodevelopmental

delay (7).

Successful pregnancy maintenance depends on immune

homeostasis, immune tolerance and relative cytokines levels (2).

Studies have demonstrated that the expression of the inflammatory

cytokines tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b),
IL-6, IL-8 and monocyte chemoattractant protein-1 (MCP-1) was

elevated in the fetal membranes, cervix, amniotic fluid and placenta
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(8). TPOAb positivity may lead to failure of immune tolerance at the

maternal-fetal interface, severely compromising placental-fetal

development (4, 9). Elevated TPOAb levels may modulate immune

activity at the cellular level, leading to preterm birth (10). Animal

studies indicated extremely preterm birth and fetal intrauterine

growth restriction (IUGR) were associated with placental injury

and inflammation, as evidenced by the upregulation of

inflammatory cytokine and chemokine genes in placenta, including

TNF-a, IL-1b, IL-6, MCP-1, macrophage inflammatory peptide-2

(MIP-2) and keratinocyte-derived chemokine (KC) (11). In addition,

TPOAb may diffuse through the placental barrier at all stages of

pregnancy, increasing immune responses and affecting placental

development and pregnancy progression (9, 12). Therefore, it is

speculated that maternal TPOAb levels may influence the immune

status at the maternal-fetal interface by altering the expression of

cytokines in the placenta.

The existence of thyroid autoimmune could indicate a decrease in

the ability of the thyroid gland to adapt to the necessary changes

related to pregnancy adequately. Hypothyroidism affects fetal-

placental development by impairing placental decidualization and

vascularization, increasing apoptosis and reducing trophoblast

proliferation (13). This may be linked to inflammatory mediators

in the placenta. At present, there is only evidence from animal studies

suggesting that hypothyroidism affects maternal immune function by

interfering with the development of an anti-inflammatory

environment, and that maternal hypothyroidism is associated with

hypoxia and activation of inflammatory and oxidative stress at the

maternal-fetal interface (14, 15). Hypothyroidism reduced the

expression of placental interferon-g (IFN-g), IL-10 and migration

inhibitory factor (MIF) in rats (14), which stimulates the expression

of a wide variety of pro-inflammatory cytokines (16). Furthermore,

even in the absence of thyroid dysfunction, many studies have linked

the presence of TPOAb to adverse maternal-fetal outcomes during

pregnancy (9). However, there are no population studies of the

association between maternal TPOAb levels and placental

cytokines, and it is unclear whether the effect on the placenta is

independent or mediated by thyroid hormones.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1182049
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Ru et al. 10.3389/fendo.2023.1182049
Placental morphology was significantly associated with placental

function, and abnormal placental morphological indicators were

related with the increased risk of pregnancy complications (17, 18).

In previous studies, limited studies have focused on the effect of

maternal TPOAb presence on placental morphology during

pregnancy and findings were controversial (19–21). A study from

Japan found that placental weight was significantly lower among

TPOAb-positive subjects compared with controls mothers (20).

However, a cohort study showed that significantly higher placental

weights were observed among TPOAb-positive mothers (21).

Moreover, evidence from population studies was absent regarding

the association of maternal TPOAb levels with placental inflammatory

and oxidative stress responses.

In the current study, based on a prospective birth cohort study,

we had repeatedly measured maternal TPOAb in the first, second

and third trimester of pregnancy. We aimed to examine the

relationship of maternal TPOAb levels with placental morphology

and inflammatory and oxidative stress responses and to identify the

potential critical period.
Materials and methods

Participants

This study was based on Ma’anshan Birth Cohort (MABC) in

China. Pregnant women who had their first antenatal checkup from

May 2013 to September 2014 were invited to join the study. The

inclusion criteria were as follows: 1) permanent residents in Ma’anshan

City; 2) within 14 weeks of gestation; 3) planning to have pregnancy

checkups and delivery at Ma’anshan Maternal and Child Health

Center; 4) able to understand and complete the questionnaires (22).

Further exclusion criteria were set in the current study as 1) twin

pregnancy and adverse pregnancy outcomes (spontaneous abortion,

therapeutic abortion, ectopic pregnancy, and stillbirth); 2) having a

family history of thyroid diseases and/or those who suffered from

thyroid conditions (including hypothyroidism, hyperthyroidism,

thyroiditis, thyroid tumor/cancer) before/during pregnancy and

received treatment; 3) missing data on maternal TPOAb

concentrations; 4) missing data on placental morphology or cytokines.

The current study was a retrospective cohort study from

prospectively collected data. Women had been prospectively

followed up during pregnancy. After delivery, their children were

continuously followed up in the cohort. Maternal thyroid function

was determined retrospectively during childhood follow up.

Women were not aware of their thyroid function from assays of

biological samples collected in this study.

All participants provided written informed consent. The study

protocol was approved by the Biomedical Ethics Committee of the

Anhui Medical University (No. 20131401).
Evaluation of maternal thyroid function

Fasting venous blood from women was collected in the first

(before 13 weeks), second (14-27 weeks) and third (28 weeks and
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beyond) trimester of pregnancy, respectively. After centrifugation,

the serum was stored at -80°C. During the children’s follow-up

period, thyroid-stimulating hormone (TSH), free thyroxine (FT4)

and TPOAb levels were determined retrospectively by

electrochemical immunoassay (Cobas E411 analyzer; Roche

Company, Germany). The detection limit of TPOAb was 5.0 IU/

mL, and the coefficient of variation between the reagent batches

was<10% (22). Women with TPOAb positivity were defined as

TPOAb >34.0 IU/mL, otherwise were defined as TPOAb

negative controls.
Measurement of placental indicators

Placenta tissues were collected 30 minutes after delivery, and the

placental length, width and thickness were measured immediately.

Placental area, volume, weight and disc eccentricity were calculated

using the following formulas (23–26).

Placental area  =  p=4 �  placental length �  placental width

Placental volume 

=  4p=3 �  (placental length �  placenta width 

�  placenta thickness)=23

Placental weight  =  p=4 �  placental length �  placental width

�  placenta thickness

Disc eccentricity  =  placental length=placental width

Then, the placental lobule without calcification was taken and cut

smaller into ≤0.5 cm pieces, and placed in RNAlater solution to allow

the solution to thoroughly penetrate the tissue. After removing the

supernatant, the tissues were stored at -80°C. Placental cytokines

mRNA expression was detected by real-time quantitative polymerase

chain reaction (RT-qPCR), including IL-1b, IL-6, TNF-a, IFN-g, C-
reactive protein (CRP), CD68, MCP-1, IL-4, IL-10, heme oxygenase 1

(HO-1), hypoxia-inducible factor 1a (HIF-1a), glucose regulated

protein 78 kda (GRP78). The detailed procedures could be found

elsewhere in our previous studies (27, 28).
Covariates

Based on the previous literature and directed acyclic graph

(Supplementary Figure 1), maternal age, education level, gestational

weight gain, monthly income, parity, fetal gender, smoking and

drinking during pregnancy were identified as potential

confounders. Data on maternal age, education level, monthly

income, parity, smoking and drinking during pregnancy were

collected questionnaires during recruitment. Information on fetal

gender and gestation weight gain was obtained from medical notes.

In addition, TSH and FT4 levels, gestational diabetes mellitus

(GDM), hypertensive disorder complicating pregnancy (HDCP),
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maternal infection or inflammation during pregnancy, and

gestational age at birth were included in the sensitivity analyses,

respectively. Maternal infection or inflammation during pregnancy

covered bronchitis, influenza, gastroenteritis, cholecystitis, vaginitis,

chorioamnionitis, and pelvic inflammatory disease.
Statistical analysis

SPSS 26.0 was adopted for statistical analyses and Graphpad

Prism 8.0.2 was used for figure drawing. Statistical significance was

declared at P<0.05.

Compared to the differences between the included and

excluded, T-test was used for continuous variables, and chi-

square test was performed for categorical variables. Since the

distributions of TSH, FT4, TPOAb concentrations and placental

indicators were right-skewed, they were all ln-transformed.

Generalized linear models were analyzed for the relationships of

maternal TPOAb exposure in three trimesters with placental

indicators, respectively. Linear mixed models, a powerful and

robust statistical methods for addressing mixed relationships with

the same exposure at different times, were fitted to determine the

effect of the repeated measurements of maternal TPOAb on

placental indicators.

Five sensitivity analyses were conducted. 1) TPOAb positivity

may be related to an increased risk of clinical or subclinical

hypothyroidism (29, 30), and maternal hypothyroidism further

affects placental growth and development (9, 31). Therefore,

thyroid hormone levels may be potential mediators. When

analyzing TPOAb in a single trimester, FT4 and TSH levels in

that trimester and TPOAb levels in the other trimesters were further

adjusted. FT4 and TSH data during pregnancy were further adjusted

when performing repeated measure analysis. 2) Maternal TPOAb

may be related to GDM (32). Maternal obesity could influence

placental inflammatory status and morphology in human term

placenta (33). Maternal GDM was further adjusted. 3) Maternal

TPOAb may be related to HDCP (34). HDCP may decrease

placental blood flow and oxidative stress (35). Maternal HDCP

was further adjusted. 4) Maternal infection or inflammation may

cause placental maladjustment (36, 37). Maternal infection or

inflammation was further adjusted. 5) The effect of thyroid

hormones on placental formation and development varies with

gestational age (4). Maternal gestational age was further adjusted.
Results

Basic characteristics of participants

A total of 3474 women were recruited as the initial study

population. Totally 2274 maternal-fetal pairs were included in the

analysis of maternal TPOAb levels and placental morphology, and

2122 pairs were included in that of maternal TPOAb levels and

placental cytokines (Figure 1). Baseline characteristics of 2639

included and 835 excluded participants were shown in Table 1.

Compared with the excluded participants, the included mothers
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had a higher level of education, a higher gestational age at birth, a

lower TSH concentration in the first trimester, a higher percentage

of primiparas, a higher prevalence of HDCP and GDM.
Distribution of maternal TPOAb levels and
placental indicators

Maternal TPOAb concentrations during three trimesters,

placental morphological indicators and inflammatory and

oxidative stress cytokines mRNA expression are presented in

Table 2. The geometric means of maternal TPOAb concentrations

were 19.35, 13.12 and 15.48 IU/mL in the first, second and third

trimester of pregnancy, respectively. The positive rates of TPOAb in

early, mid, and late pregnancy were 11.6%, 6.7%, and 7.2%,

respectively. The overall rate of maternal TPOAb positivity

during pregnancy was 12.6%.
Association between maternal TPOAb and
placental morphology

In early pregnancy, TPOAb levels were negatively correlated with

placental length (b -0.006, 95%CI -0.011 to -0.001), thickness (b -0.010,
95%CI -0.020 to -0.0004), volume (b -0.016, 95%CI -0.029 to -0.002),

weight (b -0.016, 95%CI -0.029 to -0.002) and disc eccentricity (b
-0.007, 95%CI -0.012 to -0.002). In the second trimester, TPOAb levels

were negatively correlated with placental length (b -0.007, 95%CI

-0.013 to -0.001), width (b -0.007, 95%CI -0.014 to -0.00001) and

area (b -0.014, 95%CI -0.025 to -0.002). In late pregnancy, TPOAb

levels were negatively correlated with placental length (b -0.011, 95%CI
-0.018 to -0.003), area (b -0.017, 95%CI -0.030 to -0.005), volume (b
-0.019, 95%CI -0.038 to -0.0002) and weight (b -0.019, 95%CI -0.038 to
-0.0002) (Table 3).

In the repeated measures analysis, maternal TPOAb positivity

during pregnancy tended to reduce placental length (b -0.012, 95%

CI -0.021 to -0.003), width (b -0.011, 95%CI -0.021 to -0.002), and

area (b -0.023, 95%CI -0.039 to -0.007) (Figure 2).

In the repeated measures analysis, maternal TPOAb levels

during pregnancy were negatively correlated with placental length

(b -0.007, 95%CI -0.010 to -0.004), area (b -0.010, 95%CI -0.016 to

-0.004), volume (b -0.012, 95%CI -0.021 to -0.003), weight (b
-0.012, 95%CI -0.021 to -0.003) and disc eccentricity (b -0.004,

95%CI -0.007 to -0.0004) (Figure 2).
Association between maternal TPOAb and
placental cytokines

In early pregnancy, TPOAb levels were positively correlated

with placental IL-6 (b 0.193, 95%CI 0.127-0.259), TNF-a (b 0.161,

95%CI 0.086-0.236), CRP (b 0.167, 95%CI 0.055-0.279), CD68 (b
0.370, 95%CI 0.276-0.464), MCP-1 (b 0.198, 95%CI 0.131-0.265),

IL-10 (b 0.143, 95%CI 0.065-0.221), HO-1 (b 0.169, 95%CI 0.098-

0.240), HIF-1a (b 0.176, 95%CI 0.105-0.246), GRP78 (b 0.286, 95%

CI 0.189-0.383) mRNA expression (Table 4).
frontiersin.org

https://doi.org/10.3389/fendo.2023.1182049
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Ru et al. 10.3389/fendo.2023.1182049
TABLE 1 Basic Characteristics of Included and Excluded Participants (n=3474).

Characteristics Included (n=2639) Excluded (n=835) Missing p-value

Maternal age, year 26.6 ± 3.6 26.9 ± 4.1 0(0) 0.088

Maternal education level,year 13.4 ± 3.1 13.1 ± 3.2 0(0) 0.007

Gestational weight gain, kg 17.9 ± 5.0 17.7 ± 5.3 255(7.3) 0.545

Gestational age at birth, week 39.1 ± 1.2 38.6 ± 1.9 200(5.8) 0.000

Maternal concentrations of TSH during pregnancy, mIU/mL

In 1st trimester 1.9 ± 2.2 2.4 ± 5.4 143(4.1) 0.047

In 2nd trimester 2.7 ± 1.5 2.8 ± 1.6 346(10.0) 0.298

In 3rd trimester 2.5 ± 1.4 2.5 ± 1.4 520(15.0) 0.652

Maternal concentrations of FT4 during pregnancy, pmol/L

In 1st trimester 17.1 ± 3.3 17.1 ± 5.0 143(4.1) 0.793

In 2nd trimester 12.0 ± 1.7 12.0 ± 1.9 346(10.0) 0.859

In 3rd trimester 13.4 ± 2.4 13.6 ± 2.7 520(15.0) 0.133

Monthly income, yuan 0(0) 0.826

(Continued)
F
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FIGURE 1

Flowchart of Participants recruitment.
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TABLE 1 Continued

Characteristics Included (n=2639) Excluded (n=835) Missing p-value

≤2500 703(26.6) 215(25.7)

2500~4000 1127(42.7) 366(43.8)

>4000 809(30.7) 254(30.4)

Parity 0(0) 0.000

Nulliparous 2356(89.3) 707(84.7)

Multiparous 283(10.7) 128(15.3)

Maternal smoking 0(0) 0.282

No 2531(95.9) 793(95.0)

Yes 108(4.1) 42(5.0)

Maternal drinking 0(0) 0.883

No 2428(92.0) 770(92.2)

Yes 211(8.0) 65(7.8)

GDM 153(4.4) 0.000

No 2318(87.8) 561(82.3)

YES 321(12.2) 121(17.7)

HDCP 208(6.0) 0.003

No 2489(94.5) 577(91.3)

YES 145(5.5) 55(8.7)

Maternal infection or inflammation during pregnancy 201(5.8) 0.628

No 2426(91.9) 579(91.3)

Yes 213(8.1) 55(8.7)

Fetal gender 206(5.9) 0.859

Boy 1345(51.0) 325(51.4)

Girl 1291(49.0) 307(48.6)
F
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Data are given as Mean ± standard deviations (SD) or n (%). TSH, thyroid stimulating hormone; FT4, free thyroxine; GDM, gestational diabetes mellitus; HDCP, hypertensive disorder
complicating pregnancy.
TABLE 2 Distribution of maternal TPOAb concentrations, placental morphological indicators, inflammatory and oxidative stress cytokines in the
participants.

GM P25 P50 P75

TPOAb concentration (IU/mL, n=2639)

First trimester 19.35 12.97 19.29 24.66

Second trimester 13.12 9.00 12.42 17.01

Third trimester 15.48 11.19 14.78 19.63

Placental size (n=2274)

Placental length (cm) 18.87 17.60 18.50 20.00

Placental width (cm) 16.52 15.50 16.50 17.80

Placental thickness (cm) 2.31 2.00 2.30 2.60

Placental area (cm2) 244.72 219.80 240.20 275.54

(Continued)
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In the repeated measures analysis, maternal TPOAb positivity

tended to increase placental TNF-a (b 0.137, 95%CI 0.002-0.272),

CD68 (b 0.270, 95%CI 0.098-0.442) and MCP-1 (b 0.144, 95%CI

0.022-0.266) mRNA expression (Figure 3).

In the repeated measures analysis, maternal TPOAb levels

during pregnancy were positively correlated with placental IL-6

(b 0.103, 95%CI 0.059-0.147), TNF-a (b 0.099, 95%CI 0.049-0.148),
CD68 (b 0.215, 95%CI 0.152-0.278), MCP-1 (b 0.093, 95%CI 0.048-

0.138), IL-10 (b 0.074, 95%CI 0.022-0.126), HO-1 (b 0.067, 95%CI

0.020-0.114), HIF-1a (b 0.054, 95%CI 0.007-0.101), GRP78 (b
0.101, 95%CI 0.036-0.166) mRNA expression (Figure 3).
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Sensitivity analyses did not fundamentally change the results of

the main analyses, and details of the repeated measures and

sensitivity analyses are provided in the Supplementary Tables 1–6.
Discussion

In this prospective cohort study, maternal TPOAb levels were

found to be negatively related to placental morphology in the first,

second and third trimester of pregnancy. Maternal TPOAb

positivity tended to decrease placental length, width and area. The
TABLE 2 Continued

GM P25 P50 P75

Placental volume (cm3) 376.21 315.62 377.26 456.44

Placental weight (g) 564.32 473.43 565.89 684.65

Disc eccentricity 1.14 1.06 1.11 1.19

Placental cytokines mRNA expression (n=2122)

IL-1b 2.46 0.93 2.45 6.74

IL-6 2.22 0.98 2.20 5.67

TNF-a 4.26 1.56 4.52 12.70

IFN-g 3.16 0.95 3.43 11.08

CRP 3.62 0.83 4.09 20.27

CD68 6.92 1.57 7.92 30.56

MCP-1 1.68 0.70 1.78 4.25

IL-4 2.43 0.93 2.18 6.61

IL-10 2.84 1.00 2.55 8.27

HO-1 2.75 1.16 2.82 6.54

HIF-1a 1.69 0.69 1.65 4.31

GRP78 3.57 0.90 3.80 18.07
frontie
GM, geometric mean.
TABLE 3 Association (b and 95% confidence intervals) of maternal TPOAb exposure (IU/mL) and placental morphological indicators (n=2274).

Placental Length
Placental
Width

Placental
Thickness

Placental
Area

Placental
Volume

Placental
Weight

Disc
Eccentricity

TPOAb_a
-0.006
(-0.011,-0.001)*

0.001
(-0.005,0.006)

-0.010
(-0.020,-0.0004)*

-0.005
(-0.015,0.004)

-0.016
(-0.029,-0.002)*

-0.016
(-0.029,-0.002)*

-0.007
(-0.012,-0.002)*

TPOAb_b
-0.007
(-0.013,-0.001)*

-0.007
(-0.014,-0.00001)*

0.010
(-0.002,0.022)

-0.014
(-0.025,-0.002)*

-0.004
(-0.021,0.013)

-0.004
(-0.021,0.013)

-0.00007
(-0.007,0.007)

TPOAb_c
-0.011
(-0.018,-0.003)**

-0.007
(-0.015,0.001)

-0.002
(-0.015,0.012)

-0.017
(-0.030,-0.005)**

-0.019
(-0.038,-0.0002)*

-0.019
(-0.038, -0.0002)*

-0.004
(-0.011,0.004)
Adjusted for maternal age, maternal education level, gestational weight gain, monthly income, parity, smoking, drinking and fetal gender.
a: First Trimester; b: Second Trimester; c: Third Trimester.
*: P< 0.05. **: P< 0.01.
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current study also provides longitudinal evidence that maternal

exposure to TPOAb during pregnancy may be an important risk

factor for maternal-placental immune activation. Significant

positive associations between maternal TPOAb levels and

placental mRNA expression of IL-6, TNF-a, CRP, CD68, MCP-1,

IL-10, HO-1, HIF-1a and GRP78 in early pregnancy were observed.

Maternal TPOAb positivity tended to increase TNF-a, CD68 and

MCP-1 mRNA expression.

Altered placental morphology may reflect its responses to

intrauterine stress during early placental development (38). Our

results are consistent with previous studies showing lower placental

morphological indicators in TPOAb-positive mothers than in

control women. Spinillo et al. found that TPOAb-positive women

with TSH ≥2.5 mU/L had lower placental volume and area than

euthyroid TPOAb-negative women (19). Tissues growing along the

length and width of the placenta have different functions and are

influenced by different factors. Tissues growing across the width

could be involved in maternal-fetal nutrient transport. However, the
Frontiers in Endocrinology 0897
tissues along the length have different functions but remain to be

studied (39, 40). Placental thickness is the main dimension of

placental growth in late pregnancy and may reflect the

vascularization of the chorionic villi. Placental surface area is

mainly established before late pregnancy and may indicate the

number of spiral arteries supplying the placenta (38, 41).

Placental weight can be used as a proxy for fetal metabolic rate.

In our study, maternal TPOAb levels were negatively correlated

with placental weight. Recently, there have been conflicting studies

on the association between TPOAb levels and placental weight. A

small retrospective study from Japan showed that placental weight

was lower in TPOAb-positive women (20). Männistö et al. found

that significantly higher placental weights were observed in

TPOAb-positive mothers as well as women with high TSH and

low FT4 levels in early pregnancy based on the Northern Finland

Birth Cohort (21). An animal study showed that hypothyroidism

reduced placental weight in rats (42). Placental weight and disc

eccentricity were reported to be directly related to placental stress
A

B

FIGURE 2

Repeated measure analysis: Association between maternal TPOAb exposure and placental morphology (n=2274). (A) Maternal TPOAb positive (vs
TPOAb negative) increased placental length, width and area. (B) Maternal TPOAb levels throughout pregnancy were negatively associated with
placental length, area, volume, weight and disc eccentricity. Adjusted for maternal age, maternal education years, gestational weight gain, monthly
income, parity, smoking, drinking and fetal gender.
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(43). This suggests maternal TPOAb levels may directly affect

placentation and impair placental growth and development.

The negative correlation between maternal TPOAb levels and

placental morphology in our study was present in all three

trimesters, suggesting that maternal TPOAb levels during

pregnancy may be an essential risk factor for placental

development. Variation in placental morphology is common, but

this variation must be limited to a specific range to ensure adequate

placental function. The greater the degree of variability in placental

morphology, the more severe the decline in function.

Abnormal expression of placental inflammatory and oxidative

stress cytokines may respond to high levels of maternal TPOAb. In

this study, rising maternal TPOAb levels correlated with an upward

trend in inflammatory cytokines. Early pregnancy is the critical

period for this association. Increased numbers of Th1 and decreased

frequencies of Th2 in the endometrial leukocyte of women with

autoimmune thyroid disease would lead to hypersecretion of IFN-g
and reduced production of IL-4 and IL-10 (44). Related studies have

also shown that the ratio of TNF-a/IL-10 produced by CD3+/CD4+
cells is significantly higher in women with AITD compared to

normal controls (45). This suggests that the maternal TPOAb levels

moderately aggravate placental inflammatory status and interfere

with placental immune tolerance.

There is a unique immunologic state during successful

pregnancy, the balance between the anti-inflammatory and pro-

inflammatory environments changes to facilitate the establishment

and maintenance of immune tolerance and promote placental

development, but excessive inflammation can affect placental

function (2, 46). Abnormal expression of placental cytokines may

lead to insufficiency and increase the risk of adverse pregnancy

outcomes, such as pre-eclampsia (PE) and preterm birth (47, 48).

Ma et al. found higher expression of placental pro-inflammatory

cytokines IL-1b, IL-6 and MCP-1 in pregnant women with PE (49).

Animal studies have shown that exacerbated levels of IL-6 and

TNF-a contribute to placental dysfunction (50). Excessive TNF-a
in the placenta may impair trophoblast fusion and hormone

production and promote apoptosis (51, 52). CD68, primarily

localized to lysosomes and endosomes, could be significantly

upregulated in macrophages in response to inflammatory stimuli

(53). Kim et al. found that maternal CRP was deposited in the
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human placenta, and its elevated level was related to

chorioamnionitis, PE and preterm birth (54).

The maintenance of immune tolerance during pregnancy

depends on the expression of anti-inflammatory cytokines, which

is critical to prevent fetal immune rejection (55). In our study,

TPOAb levels were found to be positively correlated with placental

IL-10 mRNA expression in early pregnancy. IL-10 suppresses the

production of many pro-inflammatory cytokines, such as IL-6 and

TNF-a. IL-10 promotes trophoblast differentiation, inhibits

trophoblast invasion and indirectly stimulates angiogenesis (46).

It is suggested that increased IL-10 expression may be involved in

regulating the adverse effects of inflammation and oxidative stress,

which may be a protective mechanism of the placenta against high

TPOAb levels.

This study firstly reported that high levels of TPOAb may be

associated with elevated placental oxidative stress cytokines. An

animal study had shown that hypothyroidism decreased the

expression of HO-1, GRP78 and C/EBP homologous protein

(CHOP) genes/proteins in the mid-gestation while increased the

expression of HIF-1a, CHOP and nuclear factor erythroid 2-related

factor 2 (NRF2) genes/proteins (15). HO-1 is a crucial cytokine for

immune tolerance and promotes the establishment of an anti-

inflammatory environment (56). HO-1 expression is induced

under hypoxic conditions and modulates IL-10 signaling (57).

HIF-1a is a key regulator of the cellular response to the hypoxic

environment and plays a critical role in regulating trophoblast

differentiation and invasion and in spiral artery remodeling (58).

CHOP and GRP78 are known endoplasmic reticulum stress

markers, and their elevation promotes trophoblast fusion,

syncytialization and invasion (59–61). Spinillo et al. found that in

women with positive TPOAb in early pregnancy, the presence of

multiple placental pathological features suggested placental

hypoxic/ischemic injury (38, 62). This suggests that high levels of

TPOAb may activate oxidative stress at the maternal-fetal interface.

This study has several strengths. To the best of our knowledge,

this is the first study to systematically investigate the potential effect

of maternal TPOAb levels in the first, second and third trimester of

pregnancy on placental morphology and inflammatory and

oxidative stress responses based on a prospective birth cohort

study. All information about exposures, outcomes and potential
TABLE 4 Association (b and 95% confidence intervals) of maternal TPOAb exposure (IU/mL) and placental inflammatory and oxidative stress cytokines
(n=2122).

IL-1b IL-6 TNF-a IFN-g CRP CD68 MCP-1 IL-4 IL-10 HO-1 HIF-1a GRP78

TPOAb_a
0.066
(-0.005,
0.138)

0.193
(0.127,
0.259)**

0.161
(0.086,
0.236)**

0.034
(-0.053,
0.121)

0.167
(0.055,
0.279)**

0.370
(0.276,
0.464)**

0.198
(0.131,
0.265)**

0.002
(-0.074,
0.077)

0.143
(0.065,
0.221)**

0.169
(0.098,
0.240)**

0.176
(0.105,
0.246)**

0.286
(0.189,
0.383)**

TPOAb_b
-0.051
(-0.139,
0.036)

0.049
(-0.033,
0.131)

0.058
(-0.034,
0.150)

0.080
(-0.027,
0.187)

-0.033
(-0.170,
0.105)

0.106
(-0.011,
0.223)

-0.002
(-0.085,
0.081)

0.047
(-0.045,
0.139)

-0.009
(-0.105,
0.087)

-0.032
(-0.119,
0.055)

-0.074
(-0.161,
0.013)

-0.078
(-0.198,
0.043)

TPOAb_c
-0.050
(-0.149,
0.048)

0.020
(-0.072,
0.112)

0.049
(-0.054,
0.153)

0.043
(-0.077,
0.163)

-0.004
(-0.159,
0.151)

0.096
(-0.035,
0.228)

0.030
(-0.063,
0.123)

0.052
(-0.051,
0.156)

0.062
(-0.047,
0.170)

0.011
(-0.087,
0.109)

-0.007
(-0.105,
0.090)

-0.007
(-0.142,
0.129)
fron
Adjusted for maternal age, maternal education level, gestational weight gain, monthly income, parity, smoking, drinking and fetal gender.
a: First Trimester; b: Second Trimester; c: Third Trimester.
**: P< 0.01.
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confounding factors was collected prospectively, effectively avoiding

recall and confounding bias. Second, thyroid indicators, including

TPOAb levels, were measured retrospectively during childhood

follow-up period. Women did not know their thyroid function

from our biological samples. Except for those who might have had

interventions during routine antenatal checkups (and those women

were actually excluded from the current study), women did not

have any interventions or medications relevant to thyroid function.

This would provide natural and real data on the thyroid function of

the participants during pregnancy. Actually, studies had revealed

that levothyroxine supplementation in TPO euthyroid women was

not associated with adverse perinatal outcomes in TPO-positive

women with normal thyroid function (63). Third, multidimensional
Frontiers in Endocrinology 1099
placental indicators were used to provide a comprehensive

measurement of placental morphology and inflammatory and

oxidative stress responses. This allowed a wide understanding on

the effect of maternal TPOAb levels on placental morphology and

function. Furthermore, multiple sensitivity analyses were

performed, fully considering maternal conditions, including

GDM, HDCP and systemic inflammation. After further adjusting

for these variables, the main findings remained unchanged. It highly

increases the robustness and precision of the findings, and indicates

that the potential effect of maternal TPOAb exposure on

placental morphology and inflammation and oxidative stress

may be independent of maternal systemic endocrinal or

inflammatory conditions.
A

B

FIGURE 3

Repeated measure analysis: Association between maternal TPOAb exposure and placental cytokines (n=2122). (A) Maternal TPOAb positive (vs
TPOAb negative) increased placental TNF-a, CD68 and MCP-1. (B) Maternal TPOAb levels throughout pregnancy were negatively associated with
placental IL-6, TNF-a, CD68, MCP-1, IL-10, HO-1, HIF-1a and GRP78. Adjusted for maternal age, maternal education years, gestational weight gain,
monthly income, parity, smoking, drinking and fetal gender.
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Some limitations must be recognized. Firstly, only data on the

expression of placental transcriptional biomarkers are available in

this study, which only indirectly reflects protein translation. But

mRNA assay is more feasible than protein levels in a large sample

studies measuring multiple cytokines. Secondly, human placenta

samples can usually be collected after childbirth. Dynamic placental

monitoring can better reflect placental temporal and spatial

characteristics, which could be observed by antenatal ultrasound

scan. However, in the current study, we did not have data on

maternal ultrasound scan. Thirdly, information on local basic

iodine levels needed to be in this study, as it would be an

important factor related to individual thyroid function. However,

Ma’anshan City has yet to be reported as an iodine area. Finally,

although many potential confounders were considered in the

current study, residual confounding factors could not be ruled

out, such as maternal exposure to selenium (64), heavy metals

(11, 65), and environmental endocrine disruptors (66).
Conclusions

In conclusion, there may be trimester-specific associations

between maternal TPOAb levels and placental morphology and

inflammatory and oxidative stress responses. The effect of maternal

TPOAb levels on placental morphology is present throughout

pregnancy. Early pregnancy may be the critical period for the

association between maternal TPOAb levels and placental

inflammatory and oxidative stress responses. This study provides

evidence for the potentially independent effect of maternal TPOAb

on placental morphology and function, which act as the pathway to

pregnancy outcomes. Close monitoring of women’s TPOAb levels

during pregnancy is believable to be important for placental

development and subsequent fetal health.
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Muséum National d’Histoire Naturelle,
France

REVIEWED BY

Heike Heuer,
Essen University Hospital, Germany
Mary E. Gilbert,
United States Environmental Protection
Agency (EPA), United States

*CORRESPONDENCE

Frédéric Flamant

Frederic.flamant@ens-lyon.fr

RECEIVED 11 July 2023

ACCEPTED 18 September 2023
PUBLISHED 03 October 2023

CITATION

Richard S, Ren J and Flamant F (2023)
Thyroid hormone action during
GABAergic neuron maturation:
The quest for mechanisms.
Front. Endocrinol. 14:1256877.
doi: 10.3389/fendo.2023.1256877

COPYRIGHT

© 2023 Richard, Ren and Flamant. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Review

PUBLISHED 03 October 2023

DOI 10.3389/fendo.2023.1256877
Thyroid hormone action during
GABAergic neuron maturation:
The quest for mechanisms

Sabine Richard, Juan Ren and Frédéric Flamant*

Institut de Génomique Fonctionnelle de Lyon, UMR5242, Ecole Normale Supérieure de Lyon, Centre
National de la Recherche Scientifique, Université Claude Bernard-Lyon 1, USC1370 Institut National
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Thyroid hormone (TH) signaling plays a major role in mammalian brain

development. Data obtained in the past years in animal models have

pinpointed GABAergic neurons as a major target of TH signaling during

development, which opens up new perspectives to further investigate the

mechanisms by which TH affects brain development. The aim of the present

review is to gather the available information about the involvement of TH in the

maturation of GABAergic neurons. After giving an overview of the kinds of

neurological disorders that may arise from disruption of TH signaling during

brain development in humans, we will take a historical perspective to show how

rodent models of hypothyroidism have gradually pointed to GABAergic neurons

as a main target of TH signaling during brain development. The third part of this

review underscores the challenges that are encountered when conducting gene

expression studies to investigate the molecular mechanisms that are at play

downstream of TH receptors during brain development. Unravelling the

mechanisms of action of TH in the developing brain should help make

progress in the prevention and treatment of several neurological disorders,

including autism and epilepsy.

KEYWORDS

brain development, parvalbumin interneurons, thyroid hormone receptors, animal
models, hypothyroidism, neurological disorders
1 Introduction

Thyroid hormone (TH) signaling plays a major role in mammalian brain development

(1). Any alteration in TH economy during brain development – be it TH synthesis, TH

transport or activity of TH receptors (TRs) – is likely to induce long-lasting and irreversible

defects, ranging from mild intellectual disability to profound physical and mental

impairments. This has been known for a long time, but the precise underlying

mechanisms are still unknown. Data obtained in the past years in animal models have

pinpointed the GABAergic system as a major target of TH signaling during development

(2, 3). GABAergic neurons, which use GABA (gamma-aminobutyric acid) as a

neurotransmitter, are the chief inhibitory neurons in the vertebrate central nervous
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system. Alteration in the development of the GABAergic system is

known to be associated with neurological disorders such as

intellectual disability, autism spectrum disorder (ASD), and

epilepsy (4). On the other hand, thyroid dysfunction is often

associated with some of these neurological disorders, such as

anxiety and seizure susceptibility (5, 6). Wiens and Trudeau (7)

have previously reviewed in vitro and in vivo evidence in rodents,

indicating that alterations in TH signaling may affect the

GABAergic system in several ways: GABA synthesis and

metabolism, GABA release and reuptake, GABA receptor

expression and function, etc. However, the molecular and cellular

mechanisms by which TH impacts GABAergic neurons are

unknown. The aim of the present review is to gather the available

information about the direct involvement of TH in GABAergic

neuron maturation.

TH (either its most active form T3: 3,3’,5-triiodo-L-thyronine,

or its less active precursor T4: thyroxine) binds to nuclear receptors,

which are transcription factors regulating gene expression. Two

genes (THRA and THRB in humans, Thra and Thrb in rodents)

encode the TRa1, TRb1 and TRb2 nuclear receptors. While TRa1
is present at all developmental stages in many cell types and in all

the rodent brain areas, TRb1 mRNA appears later and TRb2 is

restricted to few brain areas (8). However, alternate splicing of Thra

mRNA also generates the TRa2 mRNA, which encodes a non-

receptor protein. Notably, in the brain, TRa2 is more abundant

than TRa1 (9). Knowing that direct measurement of TR protein

concentrations is difficult, due to poor antibody specificity and very

low abundance of TR proteins, the respective abundance of the

different TR isotypes in the different cell types remains unclear. In

humans, old studies of TH binding suggest that TRb1 is the

predominant receptor in the human fetal brain (10).

More convincingly than TR expression patterns, both human

and mouse genetics clearly demonstrate that TRa1 mediates

crucial, significant actions of TH on early brain development,

while TRb1 and TRb2 appear to be necessary for more specific

and discreet steps of brain development (11–14). Patients who bear

mutations in THRA are very likely to present significant

neurological disorders such as epilepsy, motor incoordination or

impaired cognitive function (15, 16). THRB mutations alter the

regulation of the hypothalamo-pituitary-thyroid axis, increasing the

circulating level of TH, which may in turn alter neurodevelopment.

Neurocognitive impairment has been frequently associated with

mutations in THRB, but the consequences on brain function appear

to be less dramatic than those induced by THRAmutations (17, 18).

In the present paper, we will retrace how rodent models have

helped uncover the critical role of TH/TR signaling in the

differentiation of GABAergic neurons. Deciphering the network

of TH/TR target genes in GABAergic neurons during brain

development appears as a promising way of generating novel

approaches to alleviate various neurodevelopmental disorders

associated with GABAergic dysfunction, including epilepsy and

ASD. Moreover, identifying TH target genes in GABAergic neurons

during brain development is likely to contribute to a more general

understanding of TH action in the brain.
Frontiers in Endocrinology 02104
2 Disruption of TH signaling during
development induces a wide array of
neurological disorders, including
GABAergic dysfunction

Disruption of TH signaling may arise from very different causes

affecting various aspects of TH molecular landscape (19). In

mammals, TH is synthesized in the thyroid gland from tyrosine

and iodine. In the blood and cerebrospinal fluid, TH is partly bound

to distributor proteins, such as transthyretin, thyroxine-binding

globulin, albumin and lipoproteins (20). The main source of TH for

the fetus is from the mother throughout gestation, since even when

the fetal thyroid starts to synthesize TH, the maternal TH remains

the main source of circulating fetal TH (21). Transfer of maternal

TH to the fetal brain involves crossing the placental and blood-

brain barriers. TH entry into the brain is facilitated by specific

transmembrane transporters, with monocarboxylate transporter 8

(Mct8) and organic anion transporter polypeptide 1c1 (Oatp1c1)

playing a prominent role in TH brain transport in rodents (1).

Around 80% of the T3 that is present in the brain derives from local

deiodination of T4, mediated by type 2 iodothyronine deiodinase

(Dio2), while the rest originates from the circulation (22).

Deiodinase 3 (Dio3) degrades T4 and T3 into inactive metabolites

and is thus the major physiological TH inactivator (23). As a

consequence of the multiplicity of molecular actors involved from

maternal TH synthesis to regulation of the expression of TH target

genes, a wide variety of causes may affect thyroid hormone

economy in the fetal brain (24): iodine deficiency, insufficient TH

synthesis by the thyroid gland, problems in blood and cerebrospinal

fluid transport of TH, abnormalities in the placental barrier, defects

in membrane transport proteins, altered enzymatic activity of

deiodinases, defects in cytosolic TH binding proteins, and last but

not least, defects in TH receptor activity. The consequences of such

defects have been previously described in the specialized literature.

From this array of causes, TH deficiency during fetal and postnatal

development may cause diverse kinds of neurological impairment

(1). As a matter of example, we have chosen to mention here three

emblematic diseases linked to poor TH signaling during

development, one linked to a lack of hormone, the second to a

deficit in TH membrane transporters and the third to a deficit in

TH receptors.
• Congenital hypothyroidism, defined in humans as partial or

complete TH deficiency at birth, can start early during

development and represents the major cause of preventable

intellectual disability in the world. If not detected and

treated early, congenital hypothyroidism can have

devastating effects on neurocognitive function. The

clinical spectrum goes from mere developmental delay to

persistent intellectual disability, hearing and speech

impairment, psychomotor impairment, with the most

severe condition being historically known as cretinism

(25, 26). A major factor influencing the degree of severity
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of the symptoms is the time at which TH deficiency occurs,

relative to brain developmental steps. In children with

normal thyroid function born to hypothyroid mothers,

TH starts to be synthesized shortly before birth, which

allows partial recuperation after the initial developmental

delay. In hypothyroid children born to euthyroid mothers,

the maternal TH contribution during the latter part of

gestation also provides partial compensation for the

inadequate fetal TH supply. By contrast, hypothyroidism

that stems in utero and that extends throughout childhood

has more severe consequences (27). Newborn screening,

accompanied by T4 replacement therapy, has been

efficiently implemented for decades in several countries,

but most newborns worldwide remain away from such

protocols of screening and treatment (28). Moreover, even

under T4 treatment, significant impairment in clinical and

cognitive scores may persist in children with congenital

hypothyroidism (29).

• Allan-Herndon-Dudley syndrome is a rare X-linked disease

that affects humanmales with mutations in the Slc16a2 gene

encoding Mct8, which is critically needed for TH to enter

the human brain. Allan-Herndon-Dudley patients have a

shortened life expectancy and present with physical and

intellectual disability, speech deficits and severe

neurological abnormalities, including, in some cases,

epilepsy (30–33). Histopathological analyses have revealed

that hypomyelination is the most salient feature of the

brains of Allan-Herndon-Dudley patients. Notably, at the

level of the cerebral cortex, López-Espıńdola et al. (34) have

shown that this syndrome is associated with a reduction in

the numbers of parvalbumin (PV)-expressing neurons, a

category of GABAergic interneurons which play pivotal

roles in cortical development and function. In addition,

Allan-Herndon-Dudley patients’ cerebellum displays

abnormal differentiation of Purkinje cells, which are

GABAergic projection neurons (34).

• Resistance to thyroid hormone receptor alpha (RTHa) is
another rare disease due to mutations in THRA, the gene

coding for TRa1. The clinical features of patients with

RTHa are quite heterogeneous. Delayed milestones in the

development of motor and speech abilities are the most

common neurological symptoms (15). Notably, among the

40 reported cases to date, three had epilepsy (35–37), which

significantly outweighs the incidence of epilepsy in the

general population [4-10 per 1,000 people (38)].

Moreover, it has been suggested that the proportion of

THRA mutations was higher in ASD patients than in the

general population. Testing this possibility, Kalikiri and

colleagues (39) made the astonishing discovery of seven

novel THRA mutations, all likely to be pathological, in a

small cohort of 30 patients with ASD in India. This adds to

another case of ASD with a THRA mutation, which was

previously discovered in Canada (40).
The variety of neurological symptoms associated with TH

signaling defects is explained by the fact that TH influences a
tiers in Endocrinology 03105
wide panel of cellular processes in the developing brain, such as

neurogenesis, neuronal migration, neuronal and glial cell

differentiation, myelination and synaptogenesis (1). Accordingly,

many genes have been found to be under direct or indirect

regulation by TH (41), and deciphering the precise mechanisms

underlying TH action will necessarily involve isolating direct from

indirect effects.
3 Rodent models point to the
GABAergic system as a major target of
TH/TR signaling during development

The timing of neurodevelopmental stages differs significantly

between humans and rodents, rodent early post-natal stages

roughly corresponding to the end of the second trimester of

human pregnancy (24). However, as major steps in brain

development are conserved between humans and rodents, our

understanding of the role of TH in the developing brain has greatly

benefited from rodent studies. Seminal work undertaken to decipher

the actions of TH in the developing brain involved rat models of

congenital hypothyroidism. In the past decades, genetic tools have

allowed to develop mouse models precisely designed to dissect the

effects of TH in specific cells of the brain. The following sections will

focus on these models and their contribution to our understanding of

the role of TH in GABAergic neuron development.
3.2 Rat models of congenital
hypothyroidism show defects in
GABAergic neuron maturation

The morphological consequences of congenital hypothyroidism

have been extensively studied and include alterations in cortical

lamination, high density of hippocampal neurons, poor differentiation

of the gray-white matter boundary and delayed cerebellar development

(1). The following paragraphs will focus on the effects of developmental

hypothyroidism on GABAergic neurons.

3.1.1 Cerebellum
The relative simplicity of the microanatomy of the cerebellar

cortex, as well as its strong TH signaling dependency, make it an

excellent model to study the neurodevelopmental function of TH.

The proliferation and migration of granule cells, which represent

the vast majority of the neuronal population in the cerebellum, are

stimulated by contacts with a monolayer of GABAergic projection

neurons, called Purkinje cells. Congenital hypothyroidism

dramatically affects the morphological maturation of Purkinje

cells. The growth, dendrite arborization and dendrite spine

number of Purkinje cells are markedly decreased in hypothyroid

rats (42–44). The cerebellum also contains GABAergic

interneurons, called basket, stellate and Golgi cells. Early studies

of rat cerebellum have shown that congenital hypothyroidism

delayed the postnatal increase in GABA receptor density (45),

and lowered the final number of basket cells (42). More recently,
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Manzano et al. (46) have reported that hypothyroid rats at

postnatal day (PND) 16 exhibited a decreased number of Golgi

cells, as well as a delayed disappearance of the precursors of

cerebellar GABAergic interneurons. Moreover, they found that

on PND8, the proliferation of GABAergic interneuron precursors

in cerebellar white matter was reduced in hypothyroid rats. Thus,

several components of the GABAergic system are impaired in the

hypothyroid rat cerebellum.

3.1.2 Cortex and hippocampus
In 1996, Berbel et al. (47) were the first to describe the impact of

severe congenital hypothyroidism on a subset of cortical GABAergic

inhibitory neurons expressing the calcium-binding protein

parvalbumin (PV). They described a striking reduction in PV-

positive terminals in the neocortex of adult hypothyroid rats (47).

Ten years later, Gilbert et al. (48) further showed that moderate degrees

of TH insufficiency during development were sufficient to induce a

significant reduction of PV fiber staining and PV cell body count in rat

cortex and hippocampus at PND23. By contrast, hypothyroid rats have

been shown to exhibit an increased density of calretinin neurons,

another GABAergic interneuron subtype, in the dentate gyrus of the

hippocampus (48). These effects were in part irreversible, since

returning to a euthyroid state in adulthood only allowed partial

recovery (48, 49). By means of cross-fostering and hormonal

replacement studies, Gilbert et al. (48) also emphasized that the

developmental window over which TH insufficiency occurred was

determinant, the first postnatal weeks appearing as the most critical

stages for TH influence on PV expression in the cortex and

hippocampus. However, TH insufficiency that spanned the prenatal

and postnatal period produced more profound deficits in PV staining

than postnatal insufficiency alone. Of note, adult-onset hypothyroidism

did not appear to impact the expression of PV in the cortex and

hippocampus (48). Last but not least, the number of GABAergic

neurons in the cortex and hippocampus was not altered by

congenital hypothyroidism, indicating that the decrease in PV

staining resulted from an alteration in phenotypic expression of PV,

rather than neuronal loss (48). This was later confirmed by showing

that hypothyroid rats did not differ from controls in the number of cells

that expressed a GABA-synthesizing enzyme, GAD67 [glutamic acid

decarboxylase 67 aka GAD1; (50)]. Intriguingly though, the expression

of another GAD isotype, GAD65 (aka GAD2), was significantly

reduced in both neuronal somata and processes in the hippocampus

of the same hypothyroid rats (50). In a separate study, it was also found

that the protein levels of GAD67 were lower in the medial prefrontal

cortex of hypothyroid, compared to control, rats (51). In rats, but not in

mice (52), a defect in neuronal migration causes heterotopia, i.e. the

accumulation of gray matter in the corpus callosum (53). Of note, a few

GABAergic neurons have been identified within the heterotopia, even

though they constitute a minority of the heterotopic cells.

Electrophysiology studies of the dentate gyrus of the

hippocampus in adult rats that were hypothyroid during

development, have revealed that alterations in GABAergic

interneuron populations were associated with functional deficits

in inhibitory synaptic transmission (48, 54). Accordingly, in the

hippocampus of hypothyroid rats at PND15, there was a near 80%
Frontiers in Endocrinology 04106
reduction in KCC2 protein, a neuron-specific K+/Cl- cotransporter

that is a key player in determining the response of excitatory

neurons to GABAergic neurotransmission (50).
3.2 Genetically-modified mouse models
shed light on the molecular mechanisms
underlying TH action on developing
GABAergic neurons

Mutations of proteins of the TH signaling pathway, notably TRs

and TH transporters, often cause defects in GABAergic neuron

differentiation in the cerebellum, cortex, hippocampus and other

brain regions (Table 1).

In several instances, it was found that mutant mice expressing a

Thra or Thrb knock-in mutation exhibited stronger phenotypes

than mice in which Thra or Thrb had been knocked out. This results

from a number of reasons, notably that (12)some of the knock-in

mutated alleles encoding for TRs exert dominant-negative activity:

they prevent the normal function of intact TRs that are still present

in cells. Therefore, some germline Thra knock-in mutations have

particularly drastic effects on brain development, even in

heterozygous mice (55). Indeed, dominant-negative receptors

constitutively interact with corepressor proteins, and thus

permanently repress the expression of TR target genes, whether

TH is present or not. Moreover, it has been observed that Thra

knock-in mutations, encoding for dominant-negative forms of

TRa1, do not only affect the transcription of TRa1 target genes,

but also induce a repression of known TRb1 target genes, thus

strengthening the impact on the resulting phenotype (56). However,

the main explanation for the mild neurological consequences of

KOs is that getting rid of TRs does not only eliminate TH-induced

activation of gene expression, but also eliminates the transcriptional

repression mediated by unliganded or mutant receptors (12, 57).

3.2.1 Cerebellum
Mice with a dominant-negative Thrb allele exhibit severe

neurological deficiencies, notably a marked impairment in

balance and coordination, and profound defects in cerebellar

development, notably in the number and arborization of

cerebellar Purkinje cells (58, 59). By contrast, no reduction in

Purkinje cell number was found in Thrb KO mice, which

appeared to exhibit normal neurological development, with the

exception of a loss of auditory function (60, 61).

In the cerebellum of TRa1 KO mice, there was no apparent

defect in granule cell migration, nor in Purkinje cell morphology

(12), but further analyses revealed a reduced number of GABAergic

interneuron precursors between PND4 and PND10, a reduced rate

of proliferation of GABAergic interneuron precursors in the white

matter at PND6 as well as a reduced expression of a GABAergic

transporter (GAT-1) at PND11 (46).

The development of the cerebellum was also found to be

significantly impaired in Dio3-/- mice, in which the intracellular

TH content is increased (62). Notably, Dio3-/- mice exhibited

accelerated expansion of the molecular layer, which contains the
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TABLE 1 Mouse models with gene mutations that are cited in the present paper.

Protein Protein function
Type of
mutation

Floxed
Mouse Genome Informatics refer-

ence*
Alias

GABAergic
phenotype

Type 2
deiodinase

Conversion of T4 into T3
KO Dio2tm1Acb Dio2 KO Weak

Type 3
deiodinase

Conversion of T4 and T3 into
inactive metabolites

KO Dio3tm1Stg Dio3 KO Weak

Oatp1c1

TH transporters

KO Yes Slco1c1tm1Arte Oatp1c1fl No

Mct8

KO Slc16a2tm1a(KOMP)Wtsi Mct8 KO No

KO Slc16a2tm1Dgen Mct8 KO No

KO
No MGI reference. See Wirth et al. J. Neurosci.,
July 29, 2009, 29(30):9439 –9449 Mct8- No

KO Slc16a2tm1.1Sref Mct8 KO Yes

KO Yes Slc16a2tm1c(KOMP)Wtsi Mct8fl Yes

Missense KI
(P253L) Slc16a2em2Agfz P253L Yes

TRa1 Nuclear receptor of T3

Frameshift KI Thraem1Ffla to Thraem4Ffla
ThraS1,S2,
L1,L2 Yes

Frameshift KI Yes Thraem6Ffla ThraSlox Yes

KO Thratm1Ven TRa1KO No

KO Thratm2Jas TRa0 No

KO Thratm1Jas TRa- No

Missense KI
(L400R) Yes Thratm1Ffla ThraAMI Yes

Missense KI
(R384C) Thratm3Ven TRa1m Yes

TRb1
TRb2

Nuclear receptors of T3
KO Thrbtm1Df

Thrb
KO- No

* https://www.informatics.jax.org/
All these models were used to analyze the function of thyroid hormone in mouse brain development, sometimes in combination with one another.
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dendritic tree of Purkinje cells. However, the number of Purkinje

cells did not differ between Dio3-/- and control mice. Notably, the

expansion of the molecular layer follows a normal timing in Dio3-/-

TRa1-/- double KO (DKO) mice, indicating a role for TRa1 in

mediating the action of TH on Purkinje cell maturation.

In knock-in mice expressing TRa1R384C, which are characterized
by a 10-fold reduction in the affinity of TRa1 to TH, there was an

overall delay in the development of the cerebellum. Cerebellar

Purkinje cells showed a delayed, but otherwise normal,

arborization (2). At PND9, the expression of PV, calbindin and

calretinin was lower in mice expressing TRa1R384C than in control

mice, but these differences were normalized a few days later (63).

By PND21, the structure of the cerebellum was similar in mice

expressing TRa1R384C and in control littermates. Notwithstanding,

adult mice expressing TRa1R384C showed reduced motor

performance on the Rotarod. T3 treatment during PND10-

PND35 resulted in complete normalization of their locomotor

behavior as adults. By contrast, T3 treatment in adults did

not improve performance (2), indicating the existence of a

specific time window for the action of TH/TRa1 signaling on

brain development.
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A series of mouse models mimicking human THRA mutations

resulted in various degrees of alteration of the molecular functions

of TRa1 (64). However, these mice exhibited little defects in

cerebellar histology, the most notable defect being a slight

reduction in the density of PV-expressing GABAergic

interneurons in the molecular layer. The mild phenotype of these

mice with frameshifts produced by genome editing contrasts with

the severity of the phenotype of previously used Thra knock-in

mice. Further investigations have revealed that the elimination of

alternate splicing in these knock-in mice increased the expression

level of the mutated TRa1 receptor and the severity of the

phenotype (64).

In mice lacking both TH transporters, Mct8 and Oatp1c1

(Mct8/Oatp1c1 DKO mice), TH signaling in the brain is

significantly reduced and the arborization of the dendritic tree of

Purkinje cells is significantly delayed, due a defect in intraneuronal

transport of TH (65).

Finally, Amano et al. (66) have reported transient postnatal

cerebellar defects, including alterations in granule cell migration

and in Purkinje cell electrophysiological properties, in a mouse

model of hypothyroidism, Duoxa-/- KO mice, which lack a dual
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oxidase that is essential for thyroid hormone synthesis. In

particular, despite the fact that cerebellar histology returned to

normal on postnatal day 25, motor coordination was still impaired

at that age in Duoxa-/- mice, suggesting irreversible behavioral

defects in these mice.

3.2.2 Cerebral cortex
In 2008, Wallis et al. (63) provided a detailed histological study

of different subtypes of cortical GABAergic interneurons in knock-

in mice expressing TRa1R384C. Consistent with what had previously
been described in hypothyroid rats, they found a developmental

delay in the appearance of PV immunoreactive neurons in these

mutant mice. An electrophysiological investigation of the PND19-

PND21 cortex of mouse pups expressing TRa1R384C revealed a 10-

fold reduction in fast spiking neurons compared to controls. This

was in line with the results of the immunohistochemical study, since

many cortical PV immunoreactive cells are fast spiking neurons. At

adult stages though, the density in PV neurons did not significantly

differ between mutant and control mice (63, 67).

PV-expressing neurons were not the only GAABAergic neuron

subtype found to be impacted by impaired TH signaling. Indeed, in

mice expressing TRa1R384C, the density of calretinin-positive

neurons in the cortex was significantly increased in adult mutant

mice, compared to control mice. Regarding calbindin

immunoreactivity, the authors described different results

depending on the cortical layers under study: while mutant mice

exhibited a lower density of calbindin-positive cells in layers II-III,

there were no significant differences between mutant and control

mice in layers IV-VI. The population of cortical somatostatin-

positive neurons did not differ between mutant and control mice.

Moreover, the total number of GABAergic cells in the cortex, as

assessed by GAD67 immunoreactivity, did not differ significantly

between mutant and control mice, indicating that the proliferation

and migration of cortical GABAergic neuron precursors was

unaffected by the mutation. As a whole, these results indicated

that impaired TH/TRa1 signaling impacted the maturation of

several populations of cortical GABAergic neurons, but the effects

differed depending on the subtype of GABAergic neuron under

study (63).

In an attempt to rescue the expression of PV in young mice

expressing TRa1R384C, Wallis et al. (63) treated mutant mouse pups

with TH between PND11 and PND13, but this failed to induce the

expression of PV in the short term. By contrast, PV expression was

restored in PND14 mice expressing TRa1R384C that were exposed to
high levels of TH from around birth. This suggests that TH/TRa1
signaling does not directly regulate PV expression, but rather

influences the cell maturation process in a broader way.

Blocking TH entry into the brain also severely compromises the

differentiation of cortical GABAergic interneurons. Indeed, Mayerl

et al. (65) have recorded significantly reduced PV and Gad67

immunoreactivity (Gad67 being used as a marker of all

GABAergic interneurons) in the somatosensory cortex of 12-day

old and adult Mct8/Oatp1c1 DKO mice, indicating that these

defects were not transient, but permanent. In addition, they

observed in the somatosensory cortex of adult, but not 12-day
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old, mice, a significant increase in the density of calretinin neurons.

These results are congruent with those obtained in mice expressing

TRa1R384C, in which the affinity of TRa1 for TH is significantly

reduced (63). In agreement with the previous results, in Mct8/Dio2

DKO mice, PV expression in cortical neurons was also found to be

significantly reduced until adulthood (67). Moreover, several classes

of GABAergic interneurons were found to be affected in mice

expressing a mutated Mct8 transporter (P253L) mimicking a

mutation found in human patients: in the cortex of these mice at

adult stage, a decreased density of PV-, calbindin- and GAD65/67-

positive neurons, as well as an increased density of calretinin-

positive neurons, were reported (68).

3.2.3 Hippocampus
TRa1-/- mice showed reduced PV perisomatic terminals on

hippocampal CA1 pyramidal neurons, compared to controls (69).

These structural defects were associated with poor performance in

hippocampal-dependent behavioral tasks.

Likewise, in adult mice expressing TRa1R384C dominant

negative receptor, the number of PV-positive cell somata and the

density of PV-positive terminals in the CA1 region of the

hippocampus were found to be significantly reduced, compared to

control mice (2). Fast-spiking PV-expressing interneurons are

involved in the generation of rhythmic network oscillations in the

gamma frequency range, which play an important role in higher

processes in the brain, such as learning, memory, cognition and

perception (70, 71). Extracellular field recordings from the stratum

pyramidale in hippocampal slices (63) showed that the gamma

oscillation frequency (20–80 Hz) was significantly lower in mutant

mice expressing TRa1R384C, compared to controls, which was

congruent with the reduced number of PV-expressing neurons

(63). Moreover, hippocampal pyramidal neurons from mice

expressing TRa1R384C showed hypoexcitablility, compared to

those of control mice (72). The notable impairments in the

maturation of GABAergic neurons in knock-in mice expressing

TRa1R384C led the authors to suspect that these mice might be

more susceptible to epilepsy than control mice. Unexpectedly, they

were found to present a marked resistance to pentylenetetrazole-

induced seizures, compared to control mice (72). Accordingly,

pentylenetetrazole induced a significant increase in neuronal

activity in the hippocampus of control mice, but not of mice

expressing TRa1R384C. This phenotype was likely due to altered

chloride homeostasis in principal neurons of mutant mice. In

normal mouse neurodevelopment, GABAergic transmission is

excitatory at early postnatal stages. During the second and third

weeks of life, changes in the expression of chloride channels in

principal neurons lead GABAergic transmission to switch from

excitatory to inhibitory (73). Since Hadjab-Lallemend and

colleagues (72) have found that mice expressing TRa1R384C

exhibited an imbalance in chloride channel subtypes in principal

neurons, it is suspected that in these mice GABAergic transmission

is maintained in an immature state, i.e. excitatory, until adulthood.

Exposure to high levels of TH during both embryonic and postnatal

developmental periods combined but not in adulthood, allowed to

normalize the seizure behavior observed in these mutant mice (72).
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The brain defects observed in mice expressing TRa1R384C were

also accompanied by significant changes in hippocampal-

dependent behavior, indicative of increased anxiety and impaired

memory (2). Interestingly, most of these behavioral defects, together

with the structural defects in the hippocampus, could be reversed by

exogenous administration of a high dose of TH for 12 days in

adulthood. By contrast, the anxiety and memory defects observed in

adulthood could not be prevented by an early TH treatment

(between PND10 and PND35) (2). The latter results on mice

expressing TRa1R384C are at odds with the clinical observation

that many of the defects induced by altered TH signaling on brain

development are irreversible unless they are treated early in life.

They underscore the complexity of TH action in the brain, and the

necessity to get a better knowledge of the timely action of TH in

different brain regions.

Intriguingly, a short-term treatment of knock-in mice

expressing TRa1R384C with a GABA receptor antagonist

(pentylenetetrazol) rescued their memory performance, and this

was accompanied by histological and electrophysiological changes

reflecting an increase in the local excitatory drive in the CA1 region

of the hippocampus (74).

In mice expressing a mutated Mct8 transporter (P253L),

histological analysis of the hippocampus revealed defects in

GABAergic interneuron populations that were similar to those

previously described in the cortex: decreased density of PV-,

calbindin- and GAD65/67-positive neurons, as well as increased

density of calretinin-positive neurons (68).

3.2.4 Hypothalamus
Mittag et al. (75, 76) have described a population of PV-expressing

neurons in the mouse anterior hypothalamus, which requires prenatal

signaling via both TRa1 and TRb isoforms for proper development.

These neurons are involved in the central autonomic control of blood

pressure and heart rate, and are also temperature-sensitive. As

hypothyroidism in humans is associated with bradycardia (77), it is

conceivable that these effects are mediated by PV-expressing

hypothalamic neurons. However, to our knowledge, there is no

evidence that this population of PV-expressing neurons is

GABAergic, as Laing et al. (78) have recently reported that anterior

hypothalamic PV-expressing neurons in mice are glutamatergic.
3.3 Conditional mutant mouse models
targeting specific cell types point to a
direct effect of TH/TR signaling in
developing GABAergic neurons

Rodent models of hypothyroidism as well as classical knock-in

and KO mouse lines, as reviewed in the preceding paragraphs, have

shed light on the complex influence of thyroid hormone on brain

development, with GABAergic neurons appearing as particularly

sensitive to impaired TH signaling. The advent of conditional

mutagenesis, allowing to alter TH signaling in specific cell types,

has allowed to get more insight into the brain cell types in which TH

has a direct action.
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ThraAMI allele encodes for a dominant-negative version of

TRa1 (TRa1L400R), which is expressed only in cells where Cre

recombinase is present (55). Ubiquitous expression of TRa1L400R

was shown to induce a severe phenotype, leading to death around

the 3rd or 4th week of life (55). The same level of severity was

observed when TRa1L400R was expressed exclusively in brain cells

(79). A detailed histological analysis of the cerebellum in these mice

has revealed profound alterations in neuronal and glial

differentiation, which were reminiscent of congenital

hypothyroidism, including a strong reduction in the size and

density of Purkinje cell arborization, a delay in GABAergic

interneuron maturation, a delay in the migration of granule cell

progenitors and abnormal Bergmann glia maturation (80). Crossing

ThraAMI mice with mice expressing Cre in specific cerebellar cell

types allowed to carry out a genetic dissection of the effects of TH in

the developing cerebellum (81). The principal targets of TH in the

cerebellum proved to be Purkinje cells, GABAergic interneurons,

oligodendrocyte precursor cells and Bergmann glia (79, 82).

Strikingly, the migration of granule cell precursors was altered

when TH signaling was blocked specifically in Bergmann glia, or

in Purkinje cells and GABAergic interneurons, but not in the least

when TH signaling was blocked in granule cells themselves. Similar

observations have been made in mice expressing a dominant-

negative TRb receptor in cerebellar Purkinje cells. Indeed, these

mutant mice exhibited delayed Purkinje cell dendrite arborization,

as well as delayed granule cell migration (83). Collectively, these

results indicate that the defect in radial migration of granule cell

precursors, which is a typical hallmark of the hypothyroid

cerebellum, is not a cell-autonomous consequence of the lack of

TH signaling, but rather results from an alteration of granule cell

precursor environment (79).

Mice expressing a mutated dominant negative TRa1 receptor in
all GABAergic neurons (either TRa1L400R or TRa1E395fs401X) were
found to present epileptic seizures as early as 11 days of age (3). At

two weeks of age, the maturation of GABAergic neurons of different

types (PV-, somatostatin-, NPY- or calretinin-expressing cells)

appeared to be severely impaired, in the cerebellum as well as in

the cortex, hippocampus and striatum. In particular, the density of

PV-expressing neurons was drastically reduced in all these brain

areas. Most of these mice died before the end of the 4th week of life.

The mice that survived until adulthood exhibited signs of

hyperactivity and the defects in GABAergic neurons were still

present. Notably, there was no normalization of PV expression

over time (3). This was the first demonstration that TH signaling

has a cell-autonomous effect influencing the maturation of

GABAergic neurons, and that this developmental effect has

lifelong consequences.

Mice expressing a dominant-negative TRb receptor in cerebellar

Purkinje cells were found to exhibit significant impairment in altered

long-term synaptic plasticity at parallel fiber–Purkinje cell synapses in

adulthood, even though there was no abnormality in the morphology

or basal properties of these synapses at this age (84). These results stress

the importance of TH action during neural development in establishing

proper cerebellar function in adulthood, even if cerebellar morphology

appears to be normal.
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Conditional mutagenesis was also used to abolish TH

transporter expression specifically in progenitors of PV

interneurons [Mct8 fl/fl; Oatp1c1 fl/fl; Nkx2.1Cre mice (85)]. This

induced a reduction in the density of PV+ interneurons, as well as

an increase in the density of calretinin-positive neurons in the

somatosensory cortex of 12-day old pups. These results clearly point

to PV-expressing neurons as direct targets of TH signaling during

development. However, cell numbers normalized in the adult

conditional KO mice, whereas these changes were sustained at

later time points when the same transporters were knocked out

ubiquitously (Mct8/Oatp1c1 DKO mice), indicating that the

influence of TH on PV neuron maturation relies not only on cell-

autonomous effects, but also on TH signaling in other cell types

(85). As Sonic hedgehog (Shh) signaling pathway in the medial

ganglionic eminence is known to play a key role in determining the

fate of PV neuron progenitors (86), the level of activation of this

pathway was assessed in ubiquitous Mct8/Oatp1c1 DKO mice and

in conditional Mct8 fl/fl; Oatp1c1 fl/fl; Nkx2.1Cre mice. At early

stages of brain development, i.e. E12.5, it was found that Shh

signaling was significantly reduced in the medial ganglionic

eminence of Mct8/Oatp1c1 DKO mice, but not in conditional

Mct8 fl/fl; Oatp1c1 fl/fl; Nkx2.1Cre mice. In other words, Shh

pathway in PV neuron progenitors was impacted when TH

transporters were knocked out ubiquitously, but not when they

were knocked out specifically in PV neuron progenitors. This

indicates that non-cell autonomous mechanisms must relay the

influence of TH on Shh signaling pathway in PV neuron

progenitors of the medial ganglionic eminence (85).

As a conclusion, the current understanding is that what was

initially found in the cerebellum also holds true in the rest of the

brain: TH acts directly on a limited number of cell types, notably

GABAergic neurons, but its influence propagates to other cell types

through intercellular communication, notably via neurotrophins

(79, 82).
4 Challenges in identifying TR
target genes in developing
GABAergic neurons

4.1 Identification of TR target genes in
developing GABAergic neurons in rodents

Since RNA-seq has advantageously replaced microarray

analysis, a growing number of datasets of gene expression linked

to TH signaling has accumulated [reviews in (87) and (41)]. These

results are theoretically suitable for identifying genes which are

putative TR target genes in GABAergic neurons and identifying the

molecular mechanisms that lead from TH stimulation to neuronal

maturation. However, this remains a difficult task. To start with,

although early studies have shown that a few genes, notably Hr and

Klf9, are T3-responsive in many cell types (88, 89), more recent

studies have mainly demonstrated that the repertoire of TH-

responsive genes widely varies across cell types and brain areas

(41). Thus, it finally appears that the overlap between sets of TR
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target genes in different types of cells might be limited. As regards

developing GABAergic neurons, this implies that TH might not

play the same role in cortical fast-spiking parvalbumin neurons,

striatal medium spiny neurons or cerebellar Purkinje cells, to

mention a few.

In spite of continuous advances in gene expression analysis

techniques, identifying true TR target genes in developing

GABAergic neurons remains challenging, for a number of

reasons. One major issue is to handle the extreme cellular

heterogeneity of the brain. As GABAergic neurons represent a

minority of the cell population in most brain areas, the response

to TH in GABAergic neurons is often masked by the response to

TH in other cell types. The striatum is a favorable exception, as it is

mainly populated by GABAergic medium spiny neurons (3, 90). For

brain areas where GABAergic neurons are less abundant, RNA

sequencing can be advantageously coupled to cell sorting in order to

analyze gene expression levels in a specific cell type.

Several criteria should be fulfilled for a gene to be considered as

a direct TR target gene. First, if one considers that TRs are

essentially transcription activators, their target genes are expected

to be down-regulated in the brain of hypothyroid mice or in the

brain of mice carrying mutations that impair TH signaling (74, 91–

93). Gene expression analyses in a variety of mouse models with

impaired thyroid hormone signaling have confirmed that TR KO

mice have an attenuated phenotype compared to hypothyroid mice,

which is in agreement with a potent role of unliganded TRs in the

repression of gene expression (13).

Second, when comparing gene expression levels between

different conditions in a given brain region, one must take into

account that cell composition may differ between conditions. In the

analyses of mixed cell populations, like the whole cortex, whole

striatum (3) or primary neuronal cell cultures prepared from fetal

cortex (94) or from post-natal cerebellum (95), a decrease in the

abundance of a GABAergic neuron-specific mRNA caused by

hypothyroidism or by a genetic mutation is not sufficient to

conclude that TH directly regulates the transcription of this gene

within GABAergic neurons. An alternative explanation is that the

long-term alteration of TH signaling has modified the composition

of the cell population in hypothyroid/mutant mice, and that

GABAergic neurons are under-represented in the brain area

under study, when compared to control mice. A way to

circumvent this problem is to analyze gene expression levels a few

hours after treating mice with TH, and combine these results with

those obtained in hypothyroid and mutant mouse groups.

Considering genes that are upregulated shortly after TH

treatment and downregulated in mice with impaired TH signaling

tightens the analysis around potential TR target genes, while

avoiding secondary effects due to tissue reorganization.

A third difficulty in determining the direct influence of TH/TR

signaling on the transcription of a given gene in GABAergic

neurons is to rule out effects that are downstream of TH

signaling. Indeed, in many genetically modified animals as well as

in models of pharmacologically-induced hypothyroidism, general

growth and development are significantly affected, so that it is likely

that there are additional factors, secondary to TH signaling

disruption, that contribute to the neurological status and
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neuroanatomical integrity. Thus, changes in gene expression that

are recorded in GABAergic neurons may be secondary to an

extracellular event, such as induction of neurotrophin secretion

by T3 by neighboring cells (96). Primary cell cultures constitute a

way to reduce interactions between neighboring cell types (94, 95).

One of the most powerful methods to investigate what is going on in

a specific cell type in vivo relies on Cre/loxP recombination, which

allows the mutation of specific genes in specific cell types. This

approach was used to study gene expression in the striatum of

ThraAMI/gn mice, in which the expression of the dominant-negative

TRa1L400R mutant receptor selectively abrogates response to TH in

GABAergic neurons. As a whole, the putative direct TR target genes

identified in that study did not highlight a specific pathway, but

rather illustrated that TH signaling in GABAergic neurons is likely

to affect a wide variety of functions such as cellular interactions,

axon pathfinding or electrical and synaptic activity of the cell (3).

Finally, the cell-autonomous response of gene expression, as

identified by RNA sequencing data from cell type-specific mutant

mouse models, is not a full demonstration for a TR-mediated

transactivation. Indeed, the effect of TH on a given gene can also

be secondary to an intracellular event. For example, it can result from

the TH-induced upregulation of a transcription activator. Although a

time-course analysis following short-term TH treatment helps to

recognize genuine TR target genes, one of the best current indications

for a direct transcriptional activation relies on chromatin analysis. In

the striatum, the expression of a tagged TRa1 expressed only in

GABAergic neurons has allowed to address the occupancy of

chromatin at a genome-wide scale. This has led to the conclusion

that, although thousands of genomic sites are occupied by TRa1, the
number of genes that are transcriptionally activated by the ligand-

activated receptor is surprisingly small (3). Atac-seq analysis may be

used to identify TH-induced changes in chromatin compaction,

which indirectly inform of TR occupancy. One of the main

advantages of this technique is that it can be efficiently

implemented even when starting with small cell numbers (97).

Up to now, the analysis of TR target genes has failed to provide

a unified picture of the influence of TH in GABAergic neurons.

However, it is clear that many genes identified as TH-responsive in

primary cultures of cortical neurons are related to the radial

migration and terminal differentiation of cortical GABAergic

interneurons (94). Gene expression analyses have also provided

interesting working hypotheses, some of which have been tested in

in vitro systems. Thus, it has been shown that a crosstalk between

the signaling pathways mediated by TH on the one hand, and by

avb3 integrin on the other hand, seems to play an important role in

postnatal dendritic arborization of Purkinje cells (98). Another

notable example is the demonstration that an up-regulation of

Klf9 by TH is a key event in the postnatal loss of the regenerative

capacity that Purkinje cells display after axotomy (99).

When analyzing genome-wide datasets, a special attention has

often been paid to the Pvalb gene, which encodes PV. Indeed,

histological analyses have consistently shown a reduction in PV

expression in rodent models with altered TH signaling (see section 3

in the present review). In a microarray analysis conducted in the

cortex and striatum of 21-day-old hypothyroid mouse pups, Pvalb
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came out as one of the most strongly downregulated genes (13).

Even subclinical hypothyroidism was shown to induce a large fold

decrease in Pvalb mRNA expression in 14-day-old rats (100).

Moreover, Pvalb mRNA levels in the cortex and striatum were

significantly lower in TRa1-/- and TRa1-/- TRb1-/- mouse pups than

in control mice. By contrast, PvalbmRNA levels were not affected in

TRb1-/- mice, suggesting a predominant implication of TRa1 in

mediating the effects of TH on PV expression (13). Finally, in

ThraE403X/E403X mice, which express the first Thra mutation that

was discovered in a patient, RNA-sequencing analysis has shown

that genes such as Flywch2, Pvalb, and Syt2, which are preferentially

expressed in PV-expressing neurons, were downregulated

compared to control mice (93). As a conclusion, Pvalb expression

is significantly reduced in mouse models with altered TH signaling,

but up to now there is no convincing evidence that Pvalb is a direct

target gene of TRs.
4.2 Insights from gene expression studies
in the human brain

Even if the rodent brain is widely used as a model to decipher

what is going on in the human brain, the brains of rodents and

primates differ in several ways and studies in the human brain,

when available, are extremely valuable to help translating the rodent

data to the clinic. Notably, in the primate cortex, GABAergic

neurons account for about 20% of the total neuron population,

whereas in rodents, this percentage is about 15%. This difference is

mainly due to an increase in the calretinin-expressing interneuron

population. It is thought that the increased interneuron population

is related to the increased associative functions and connectivity of

the primate cortex, compared to the rodent cortex (101). Another

major difference between the mouse and human brains relates to

TH transporters in the blood-brain-barrier: in mice, both Mct8 and

Oatp1c1 play a role in TH entry into the brain, whereas Oatp1c1 is

not present in the human blood-brain-barrier. This explains why

disruption of the Mct8 gene in mice does not result in neurological

impairment, while it has severe consequences in humans (101, 102).

Datamining in single cell RNA-seq studies was performed for

the human fetal cortex at gestational weeks 16–18, equivalent to

mid gestation in rodents (103). Although a similar analysis has not

been performed in mice, it seems that the expression pattern of the

main components of TH signaling is not the same in human and

rodents. In particular, some cells of the human GABAergic lineage

express THRB at this early stage, whereas it appears that Thrb

expression is induced at later stages in the mouse brain (8). More

precisely in humans, THRB expression is predominant in the

subpopulation of GABAergic neuron progenitors migrating from

the caudal ganglionic eminence and in calretinin-expressing

interneurons that derive from these progenitors. This raises the

interesting possibility that THRB mutations selectively alter

calretinin-expressing GABAergic interneurons in the human

cortex. Moreover, SLC16A2 (encoding Mct8 transporter) and

THRA show widespread expression in most human cortical

cell types.
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5 Concluding considerations

GABAergic neurons, and notably PV-expressing neurons, are a

main target of TH signaling during brain development. Although the

precise instrumental role of TH in these neurons remains elusive, a

widely accepted working hypothesis considers that TH promotes the

transition from the embryonic to adult pattern of gene expression in

the brain (94, 104). For example, TH is involved in triggering the loss of

axon regenerative capacity in Purkinje cells (99), such loss of axon

regenerative capacity being a hallmark of brain maturation in rodents

(105). At a wider scale, it is tempting to speculate that TH is involved in

the regulation of critical periods of heightened plasticity in the brain

(106). In agreement with such hypothesis, blocking TR signaling

specifically in GABAergic neurons was found to significantly impair

the development of perineuronal nets, which constitute a specialized

extracellular matrix enwrapping mature PV-expressing neurons (3).

Thus, TH signaling might trigger the setting-up of perineuronal nets,

which stabilizes neuronal networks after taking into account the input

from environmental stimuli (107). Such mechanisms are critical for

proper brain development.

GABAergic neurons are fundamental for maintaining the

balance between excitation and inhibition throughout the brain

(108). In particular, PV-expressing neurons play key roles in the

coordination of neuronal networks and associated oscillations (70).

Thus, as impaired TH signaling during brain development

significantly affects GABAergic neurons in general, and PV-

expressing neurons in particular, this may account for many of

the neurological disorders seen in patients with impaired TH

signaling. Indeed, as was previously mentioned, studies that were

carried out in in the last ten years have revealed that patients with

THRAmutations display a high risk of epilepsy and ASD (Section 2

of the present review).

Besides being highly sensitive to altered TH signaling, PV-

expressing neurons appear as an important node in many

neurodevelopmental disorders, including ASD and epilepsy. ASD is a

multifactorial neurodevelopmental disorder that encompasses a

complex and heterogeneous set of traits. One unifying explanation

for the complexity of ASD may lie in the disruption of the balance

between excitatory and inhibitory circuits during critical periods of

development (109), which echoes our current understanding of TH

action in GABAergic circuits. Moreover, post-mortem studies of the

cerebral cortex of ASD patients have revealed that the number of PV-

expressing interneurons was decreased, and that Pvalb was the most

strongly downregulated gene, compared to control patients (110, 111).

Finally, Berbel and collaborators (112) have highlighted that brain

morphological changes observed in mouse models of developmental

hypothyroidism, such as alterations in cortical lamination, high

neuronal density in several hippocampal layers, poor differentiation

of the gray-white matter boundary or neuronal heterotopias, resembled

the brain lesions of children with autism. The same authors noted that

a large number of genes that have been found to be TH-regulated at the

transcriptional level in rodent cerebral cortex have also been found to

be mutated in ASD patients (112, 113).

As for ASD, epilepsy encompasses a group of multifactorial

diseases, suggesting that diverse genetic or environmental insults

may impair common pathways, leading in the end to symptoms of
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epilepsy. Again, PV-expressing neurons might be at the crossroads

of these common pathways. Indeed, impaired development or

function of PV-expressing interneurons has been associated with

some genetic forms of epilepsy in humans (114). As a consequence,

PV-expressing neurons have been identified as a critical target of

therapeutic approaches in epilepsy (115).

Collectively, the convergence of symptoms between hypothyroid,

epileptic and ASD patients suggests that common pathways

involving PV-expressing neurons might underlie these

pathologies of brain development. Such convergence might partly

be linked to comorbidities that contribute independently to the

overt pathology, but in any case, improving our understanding of

the role of TH in the development of the GABAergic system,

notably in PV-expressing neurons, should help make progress in

the prevention and treatment of several neurological disorders. In

addition, deciphering the network of TH target genes in the brain

may help detect pharmacological or chemical agents that are likely

to disrupt TH signaling, and give an insight on subtle neurological

insults that may result from exposure to such TH system-disrupting

chemicals (116). However, there is still a long way to go before we

understand the precise molecular mechanisms underlying TH

action in the brain. Notably, the huge diversity of GABAergic

neurons (117) makes it difficult to depict a unified view of the

mechanisms of action of TH in these neurons. It is hoped that the

advent of single-cell RNA sequencing (118) and of spatio-temporal

transcriptomics (119) will help untangling the role of TH signaling

in each GABAergic neuron subtype, in each brain region, at all

developmental stages.
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Introduction: Bone density regulation is considered one of the systems affected by

thyroid hormones, leading to low bone density that can result in pathologic

fractures, including hip fractures. This review aimed to update clinicians and

researchers about the current data regarding the relationship between hip

fractures and thyroid disorders.

Methods: English paperswere thoroughly searched in fourmain online databases of

Scopus, Web of Science, PubMed, and Embase. Data extraction was done following

two steps of screening/selection using distinct inclusion/exclusion criteria. This study

used the Preferred Reporting Items for Systematic Reviews and Meta-Analysis

(PRISMA) checklist and the Newcastle-Ottawa Scale (NOS) as bias assessment.

Results: In total, 19 articles were included in the research. The risk of hip fractures

in women with differentiated thyroid cancer (DTC) is higher than hip fractures

caused by osteoporosis. Men with hyperthyroidism and subclinical

hyperthyroidism are at higher risk for hip fracture. Also, a decrease in serum

thyroid stimulating hormone (TSH) may be associated with an increased risk of

hip fracture.

Conclusion: Reaching a consensus conclusion regarding the association

between subclinical thyroid dysfunction and hip fracture is not feasible due to

the heterogenicity of evidence; however, there may be a higher risk of fracture in

individuals with subclinical hyperthyroidism.
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Introduction

Regulating metabolism and cell adjustment are just examples of

what thyroid hormones do in the human body. Changes in these

hormone levels occur in hypothyroidism, hyperthyroidism,

subclinical hypothyroidism, and subclinical hyperthyroidism (1).

Hypothyroidism is a common endocrine disorder caused by

autoimmune thyroiditis (Hashimoto thyroiditis), iodine

deficiency, or following surgery or radioiodine therapy (2).

Hyperthyroidism is defined by elevated circulating free thyroid

hormones, and overt hyperthyroidism is recognized as a low bone

density or osteoporosis risk factor in older women. However, the

relationship between biochemically defined subclinical

hypothyroidism or hyperthyroidism and fracture risk is unknown.

Still, in patients with subclinical hyperthyroidism, studies have

shown that minor changes in thyroid hormone and/or thyroid

stimulating hormone (TSH) levels can worsen bone mineral density

(BMD) (3).

The bone remodeling cycle is what we call a continuous

process of bone formation and bone resorption throughout the

lifetime, and apart from local factors from osteoblasts and

osteoclasts, the bone remodeling process is regulated by

systemic factors such as calcitonin, parathyroid hormone (PTH),

vitamin D3, estrogen, thyroid hormones, glucocorticoids, and

growth hormones (4). T3 hormone increases bone formation

through TRa receptors on osteoblasts and osteoclasts, but it can

also increase osteoclast formation and the resorption process (5).

Additionally, TSH action on the TSHR found in both osteoblasts

and osteoclasts can also affect the bone remodeling cycle like

T3 (6).

Changes in these hormone levels greatly affect bone metabolism

and density and can lead to a decreased bone mineral density

(BMD) that presents as osteoporosis. About 30–40% of osteoporosis

patients are at great risk of osteoporotic bone fractures with a high

mortality risk. The most frequent osteoporotic fractures are

vertebral, distal radius, and hip fractures. Vertebral and hip

fractures are considered life-threatening pathologies in the elderly

(3). Hip fractures are a significant and incapacitating condition that

disproportionately affects older women (7–15). While the

epidemiology of hip fractures varies across countries, it is

estimated that approximately 18% of women and 6% of men

globally will be affected by this condition. Although the age-

standardized incidence rate has decreased in many nations, the

aging population generates a much greater impact (7–15).

Therefore, the number of hip fractures globally is expected to

swell from 1.26 million in 1990 to 4.5 million by the year 2050.

The financial burden associated with this ailment is colossal since it

requires long hospital stays and subsequent rehabilitation.

Additionally, hip fracture is correlated with other adverse effects

such as disability, depression, and cardiovascular diseases, which

further exacerbates societal costs (7–15).

This review aimed to update clinicians and researchers about

the current evidence regarding the relationship between hip

fractures and thyroid disorders.
Frontiers in Endocrinology 02117
Methods

According to the Preferred Reporting Items for Systematic

Reviews and Meta-Analysis (PRISMA), this systematic review was

carried out (16). The Newcastle-Ottawa Scale (NOS) quality

assessment tool was used to evaluate methodological quality.
Data sources

Systematic searches were conducted in Embase, PubMed,

Scopus, and Web of Science databases without time limitation.

Manual checks were made for any additional studies bibliography of

relevant studies.

The following keywords were used in combination:
A: “Hip fracture” OR “Trochanteric fracture” OR

“Intertrochanteric fracture” OR “Sub trochanteric

fracture” OR “Femoral fracture” [Title/Abstract]

B: “Thyroid disease” OR “Thyroid disorder” OR “Thyroid

dysfunction” [Title/Abstract]

C: [A] AND [B]
Study selection

In two stages of screening and selection, publications of interest

were included. First, titles and abstracts were evaluated, and

relevant publications were chosen for the second stage. This step

involved reading through the complete text of these papers. Studies

were selected for analysis using the following inclusion and

exclusion criteria:
1. Studies that addressed hip fractures and thyroid disorders.

2. Original articles.

3. English studies.
Exclusion criteria:
1. A systematic review, meta-analysis, qualitative studies, case

report, and letter to the editor.

2. Articles that do not have full text, or in a language other

than English.
Data extraction

For data extraction, the records were divided among four

impartial assessors to retrieve the following details: study type,

nation, first author, publication year, target population,

comparison, and data on bone metabolism, including biochemical

parameters, parameters of bone damage, and fracture data.
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Quality assessment and risk evaluation

The study’s methodological quality was assessed using the NOS.

It focused on three areas, including participant selection (0-4

points), comparability of study groups (0-2 points), and

ascertainment of exposure (0-3 points), containing eight

questions with a total score of nine. Finally, based on the total

number of stars received, each study was assigned one of three

grades: excellent, fair, or poor. When a study received 3 or 4 stars in

the selection domain, 1 or 2 stars in the comparability domain, and

2 or 3 stars in the outcome/exposure domain, it was considered to

have “excellent” quality. In the selection domain, “fair” was used for

2 stars, in the comparability domain for 1 or 2 stars, and in the

outcome/exposure domain for 2 or 3 stars. “Poor” was used when

the selection domain, comparability domain, or outcome/exposure

domain received 0 stars, 1 star, or no stars, respectively (Table 1).

Also, this review study complies with the PRISMA checklist to

increase soundness and reliability (35).
Results

Among 839 records identified by the search, nineteen studies

were included in this review (Figure 1). Table 2 provides an

overview of the included studies and the extracted data. A total of
Frontiers in Endocrinology 03118
15 cohorts and 4 cross-sectional studies reported the data of 229,294

males and 2,838,789 females.
Thyroid cancer

Women with differentiated thyroid cancer (DTC) showed

significant changes in Fracture Risk Assessment Tool (FRAX),

with a higher increase in the probability of hip fracture than of

major osteoporotic fracture (TSH [n.v. 0.3~4.2 mIU/L]: 0.66 ± 1.22

(0.16)) (18). Also, women with a history of hyperthyroidism and

thyroid cancer had their first fracture earlier (P<0.01) than women

without thyroid disease (28), but there were no significant

differences between women with thyroid disease and women

without thyroid disease in the number or type of fractures (28).
Hyperthyroidism

Low serum TSH levels (0.1 mU/L) as an indicator of

hyperthyroidism in women older than 65 were correlated with

higher new hip fractures (20). Males with hyperthyroidism (TSH

<0.10 mIU/L) (3, 21) and subclinical hyperthyroidism (17) are at

increased risk for hip fracture. Interestingly, thyrotoxicosis, without

the aid of other risk factors such as hypogonadism, particularly in
TABLE 1 Newcastle-Ottawa Scale (NOS) bias risk assessment of the study.

The first author
(reference)

Selection (out of 4) Comparability (out of 2) Exposure/Outcome (out of 3)
Total

(Out of 9)

Polovina et al. (17) 2 2 2 6

Vera et al. (18) 2 2 2 6

Lee et al. (19) 2 2 2 6

Bauer et al. (20) 3 2 2 7

Cauley et al. (21) 3 2 3 8

Gallagher et al. (22) 2 1 2 5

Polovina et al. (23) 2 2 2 6

Abrahamsen et al. (24) 3 2 2 7

Nguyen et al. (25) 3 1 2 6

Ahmad et al. (26) 2 2 2 6

Siru et al. (27) 3 2 3 8

Solomon et al. (28) 2 2 2 6

Svare et al. (29) 4 2 3 9

Waring et al. (30) 4 2 2 8

G. P. Leese (31) 4 1 2 7

Jennifer S. Lee (3) 4 2 2 8

Bo Abrahamsen (32) 4 2 2 8

L.J Melton III (33) 3 1 3 7

Margaret C. Garin (34) 4 2 3 9
frontiersin.org

https://doi.org/10.3389/fendo.2023.1230932
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


SeyedAlinaghi et al. 10.3389/fendo.2023.1230932
men receiving gonadotropin-releasing hormone (GnRH) agonist

therapy for prostate cancer, were responsible for the 5-fold

increased hip fracture risk in males and 2.1-fold in females (22).

Whether treatment of the subclinical syndrome reduces this risk

remains unknown (3).
Euthyroid

In euthyroid older men, TSH and FT4 were not associated with

Bone Turnover Markers (BTMs) or hip fracture incidence (27).

Lower TSH levels in the euthyroid range were related to lower BMD

and weaker femoral structure in elderly women but not men (19).

Another study on older men reported that although neither TSH

nor FT4 was associated with bone loss, lower serum TSH may be

associated with an increased risk of hip fractures (relative hazard

[RH] 1.31 per SD decrease in TSH, 95% CI 1.01 – 1.71) (30).
Thyroid hormone therapy

Women taking thyroid hormone for various thyroid disorders

do not appear to have an enhanced prevalence of hip, vertebral, or

forearm fractures (28). In another study, excessive thyroxine dosing
Frontiers in Endocrinology 04119
was significantly but slightly associated with an increased risk of hip

fracture (HR= 1.09; 95% CI: 1.04 to 1.15) (32).
Hypothyroidism

In hypothyroid people, low-energy trauma more likely occurred

(71%) compared to 32% of euthyroid subjects (P<0.001) (26).

Patients with hypothyroidism presenting with fractures are more

likely females with low-energy trauma (26). TSH was a predictive

factor for fractures in women with subclinical hypothyroidism (23,

24). No statistically significant relation was found between baseline

TSH and subsequent fracture risk, but the data suggest a weak

positive association with hip fracture risk among women with both

low and high TSH (29–32).
Other outcomes

Lower BMD and FRAX scores for hip and osteoporotic

fractures were associated with TPO-Ab in euthyroid

postmenopausal women (23). The relative risk of any fractures

for patients with thyroidectomy versus their controls was increased

1.5-fold (95% CI, 0.7–3.2) (25). There is a little but statistically
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significant rise in the risk of hip fractures among thyroidectomized

patients (33).

Since some studies focused on women, results may be

influenced by involutional osteoporosis (25). Osteoporosis was

identified in 90% of hypothyroid subjects who underwent a

DEXA scan (26).
Other risk factors for hip fracture

Risk factors for hip fracture reported to be age (3, 32), sex (3),

previous fractures (21, 23, 24, 32), smoking status (3, 17–19, 21, 23,

28–31), alcohol consumption (3, 17, 19, 21, 25, 30), parental

fractures (17, 23), body mass index (BMI) (3, 17–19, 21, 23, 28–

30), fat mass and weight (17, 20, 23, 25), menopausal status (3, 17–

19, 23), disease-free for DTC recurrence, diseases involving bone

anti-resorptive therapy (18), vitamin D level (23), calcium/vitamin

D supplementation (3, 18), hormone replacement and use of oral

estrogen (3, 19, 20), history of hyperthyroidism (3, 20, 22, 25), use of

thyroid hormones (3, 20, 25, 32) were among factors related to

hip fracture.

Medical history (21, 24, 30, 32), cognitive, visual, and

neuromuscular function (21), diabetes mellitus (3, 17, 22, 23),

rheumatoid arthritis, hemiplegia, malabsorption syndrome, and

gastric surgery, radiotherapy to the pelvis (22), and using

medication such as Prednisolone or Osteoporosis medications (3,

22, 24, 30, 32) were among factors correlated with hip fracture. Also,

thiazide use, frailty status (3), age at thyroidectomy, extent of

surgery (3, 25), menstrual/obstetrical status (28), and physical

activity status (3, 29, 30) were related to hip fracture.
Discussion

We have conducted a systematic literature review to investigate

the potential association between thyroid dysfunction and hip

fracture outcome. Results indicate that the association of

subclinical hypo- and hyperthyroidism with increased risk of hip

fracture is still unclear since there is inevitable heterogenicity in the

methodology of the studies. Studies were different regarding sample

size, follow-up duration, comorbidities, history of previous fracture,

history of medication (background therapies), thyroid pathogenesis

(thyroid cancer, Goiter, thyroid nodule, autoimmune thyroid

disease, etc.), severity of disease, number of events or traumas

that occurred, and menopause status in women.

The systematic review and meta-analysis of seven population-

based cohorts reported that participants with subclinical hypo- and

hyperthyroidism, particularly among those with TSH levels of less

than 0.10 mIU/L, compared with euthyroid participants had higher

hazard ratios for hip and non-spine fracture but without statistical

differences (P>0.05) (36). In like manner, all articles mentioned

TSH levels of lower than 0.10 mIU/L as a cut off value, however,

various articles have reached diffrenet results regarding the

association between subclinical thyroid disorders and fractures. A

similar meta-analysis study by Zhu et al. investigated 17 prospective

cohorts, including 313,557 individuals, and found that subclinical
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hyperthyroidism contributes to a significantly increased risk of hip,

spine, and non-spine fractures by calculating relative risks; however,

subclinical hypothyroidism was not associated with risk of any

fracture (37). Additionally, in line with our findings, they concluded

that age, cutoff value, and follow-up duration might play an

important role in BMD, leading to higher fracture risk. Fang et al.

evaluated sex-related differences between subclinical thyroid

dysfunction and fractures. They demonstrated no significant sex-

related differences. Unlike previous studies, they have argued that

there is a greater risk of any fracture in men than in women with

follow-ups of fewer than ten years; however, the risk of hip fracture

was higher in women than men without a significant difference (38).

Mortenson et al., while focusing on the association of different

medications with the risk of hip fracture, investigated the impact of

thyroid hormone as one of the medications on hip fragility. They

reported that patients who were overtreated or undertreated with

exogenous thyroid hormone had a significantly higher risk of hip

fracture (39). On the contrary, some studies hold up the view that

endogenous subclinical hyperthyroidism has more effect on BMD

than exogenous (40, 41). Also, Wirth et al. found that excluding all

exogenous thyroid hormone recipients and limiting the analysis to

individuals with endogenous subclinical hyperthyroidism showed

an increased risk from 1.38 to 2.16 for hip fracture (36). A similar

work by Ku et al. has demonstrated that TSH suppression therapy

after thyroidectomy in postmenopausal women significantly

decreased hip, lumbar spine, and femoral neck BMD; conversely,

in premenopausal women, significantly increased lumbar spine and

femoral neck BMD. Additionally, the case and control groups had

no significant difference in men.

Different hypothetical mechanisms have been proposed to

illustrate the relationship between thyroid hormone and BMD.

First, osteoclasts have receptors for thyroid hormones which can

directly influence its function, and since high thyroid hormone

results in lower TSH hormone; therefore, besides the direct effect of

thyroid hormone, it has an indirect impact on bone turnover and

bone loss by regulating TSH (42, 43). Secondly, individuals with

subclinical hyperthyroidism seem to have lower thigh muscle

strength, possibly leading to increased fall-related fractures (44,

45). Thirdly, unlike osteoclasts, osteoblasts have receptors for both

thyroid and estrogen hormones, indicating that these hormones

play a crucial role in bone formation. As a result, subclinical

hyperthyroidism and low estrogen levels, especially in

postmenopausal women, are associated with osteoporosis and an

increased risk of fractures (46, 47). Likewise, hypothyrodism has

negative impacts on bone health, including reducing bone

remodeling, provoking falls, reducing the osteoblast activity and

decelerating secondary bone mineralization (5, 48). Notably, there

is a possibility that hypothyroid patients who are already on

treatment with thyroxine supplements were in fact iatrogenic

hyperthyroid (26). Consequently, thyroid hormones profoundly

impact BMD (39); however, individuals’ age might have a more

important role due to the severity of osteoporosis, the number of

traumas or fallings, and the previous history of fractures

considerably increasing in elderlies (44). Moreover, many studies

do not distinguish between underlying pathogenesis, such as
Frontiers in Endocrinology 10125
thyroid cancers, thyroid tumors, goiter, thyroid nodules,

autoimmune thyroid disease, etc. These conditions affect bone

turnover in various ways, possibly responsible for confounding

results of included studies and previous reviews.
Limitation

Different approaches and methodologies were applied in the

included studies, resulting in significant heterogenicity. For

instance, different follow-up duration, a wide variety of statistical

analysis reports (hazard ratio, relative risk ratio, odds ratio, etc.),

and the absence of clear control cases limited our interpretation.

Additionally, there is an increase in the upper physiological TSH

reference range with age (e.g. 97.5 percentile from 4.32 mUI/l at the

age of 20-30 to 5.23 mUI/l around the age 80 and 5.71 mUI/l around

age of 90). Thus, some older individuals (i.e. with an increased risk

of fracture) may be misclassified as having subclinical

hypothyroidism, while their TSH may be indeed within their age-

specific reference range. Plus, considering the conditions in which

the thyroid hormones are evaluated is very important. For instance,

assessing hormone levels right after the fracture is not

recommended since fractures can be one of the triggers of acute

stress and a contributing factor to the change in TSH levels.

Furthermore, selection bias may be present despite our efforts not

to set a strict and narrow inclusion criterion. Nevertheless, it is

essential to study the available literature to reach a consistent

conclusion and recognize the gaps that still need to be addressed.

The main strength of this study is that, in contrast to recent

studies to find a positive trend for the impacts of subclinical thyroid

dysfunction on hip fracture, our study tried to avoid biases and

report reliable evidence in this matter. In this regard, we did not

exclude studies due to heterogeneity or contradicted results. For

future studies, we recommend that studies share their data in valid

and authorized data banks to help big data scientists perform more

detailed stratified analysis.
Conclusion

Reaching a consensus conclusion is not feasible regarding the

association between subclinical thyroid dysfunction and hip fracture

due to the heterogenicity of evidence, but we believe that confirming

thyroid dsyfunction as a validated risk factor for hip fracture is yet to

come. More studies with clear control selection are required to shed

light on this matter which adjusts all possible potential confounders

such as sex, age, endogenous or exogenous thyroid hormone, follow-

up duration, age-adjusted cutoff values, body weight, cigarette

smoking, previous fracture, and the epidemic of falls.
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Victor Valcárcel-Hernández1†, Steffen Mayerl2†,
Ana Guadaño-Ferraz3 and Sylvie Remaud1*

1Laboratory Molecular Physiology and Adaptation, CNRS UMR 7221, Department Adaptations of Life,
Muséum National d’Histoire Naturelle, Paris, France, 2Department of Endocrinology, Diabetes and
Metabolism, University Hospital Essen, University Duisburg-Essen, Essen, Germany, 3Department of
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Over the last decades, thyroid hormones (THs) signaling has been established as

a key signaling cue for the proper maintenance of brain functions in adult

mammals, including humans. One of the most fascinating roles of THs in the

mature mammalian brain is their ability to regulate adult neurogliogenic

processes. In this respect, THs control the generation of new neuronal and

glial progenitors from neural stem cells (NSCs) as well as their final differentiation

and maturation programs. In this review, we summarize current knowledge on

the cellular organization of adult rodent neurogliogenic niches encompassing

well-established niches in the subventricular zone (SVZ) lining the lateral

ventricles, the hippocampal subgranular zone (SGZ), and the hypothalamus,

but also less characterized niches in the striatum and the cerebral cortex. We

then discuss critical questions regarding how THs availability is regulated in the

respective niches in rodents and larger mammals as well as how modulating THs

availability in those niches interferes with lineage decision and progression at the

molecular, cellular, and functional levels. Based on those alterations, we explore

the novel therapeutic avenues aiming at harnessing THs regulatory influences on

neurogliogenic output to stimulate repair processes by influencing the

generation of either new neurons (i.e. Alzheimer’s, Parkinson’s diseases),

oligodendrocytes (multiple sclerosis) or both (stroke). Finally, we point out

future challenges, which will shape research in this exciting field in the

upcoming years.
KEYWORDS

thyroid hormones, adult, adult neurogenesis, adult oligodendrogenesis, SVZ:
subventricular zone, SGZ: subgranular zone of the hippocampus
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Introduction

Adult neurogliogenesis is a process strictly regulated in all

mammals, including humans. In particular, neurogenesis occurs

throughout the lifespan in specific and restricted areas of the brain.

The subventricular zone (SVZ) lining the lateral ventricles (1, 2) and

the subgranular zone (SGZ) in the hippocampus (3, 4) are the two

main niches in which adult generation of new neural cells has been

extensively described in physiological and pathological conditions.

However, several other brain areas have also been identified as

emerging sites of newly generated neurons and glial cells in adult

mammals, although the origin of progenitors underlying this

process remains controversial. Such niches include the

hypothalamus (5, 6), striatum (2, 7–9), and cerebral cortex (10,

11), among others, such as the amygdala (12, 13). However, even

though neurogliogenesis has already been extensively studied,

mechanisms underlying the generation of new neural cells in the

adult are not completely disentangled up to date.

Among the potential players controlling these processes,

thyroid hormones (THs), T3 (3,5,3’-triiodothyronine) and T4

(thyroxine) arise as top candidates. The role of THs on adult

neurogliogenesis has been well established in mammals, and

especially in rodents, for some time now (14–16), with various

aspects ranging from the control of cell proliferation (17–21),

determination and differentiation (18–22), to cell death (18, 23).

However, mechanisms underlying TH-dependent neurogliogenic

processes are only emerging in the two main neurogenic niches (SVZ

and SGZ), but further research is needed to assess TH action in other

emerging adult neurogliogenic niches. We hypothesize that a

dynamic interaction between TH signaling regulators tightly

modulates intracellular TH action, thus regulating neural stem cell

(NSC) behavior (i.e., proliferation and neuron/glia determination)

and progenitor differentiation. Cell-specific THs availability in the

brain is finely tuned by (i) THs supply to cerebral tissues carried out

by TH-distributor proteins such as transthyretin (TTR) (24) and ii)

transmembrane TH-transporters (THTs) (25). Moreover, TH action

in the brain is regulated by iii) a balance between TH-activating

deiodinases (mainly type 2 deiodinase, or DIO2, in the brain, that

locally converts T4 to T3) and inactivating deiodinases (mainly type 3

deiodinase or DIO3) (26). Finally, to translate the THs signal into

changes in gene expression, iv) the presence of ligand (T3)-dependent

nuclear receptors (TR) (27) such as TRa1, TRb1 or TRb2, is the main

way for THs action.

Besides the obvious interest in understanding the molecular and

cellular aspects of adult neurogliogenic processes and their

interactions with THs, it is also important to note that the

generation of new neural cells in the adult brain has major

functional impacts on health and disease, and a better knowledge

of these TH-dependent mechanisms could lead to new therapeutic

avenues. Hence, in this review, we describe the features of the known,

and lesser-known neurogliogenic niches in the adult rodent brain, as

well as the multiple roles of THs in regulating neurogliogenic

processes in both health and disease. Finally, given the lack of

knowledge on several aspects addressed in this review, we point out

several future challenges, trying to pinpoint the most significant

knowledge gaps, that will most likely drive further research.
Frontiers in Endocrinology 02129
Thyroid hormone action in the SVZ

SVZ-NSCs, also known as B1 cells, are astrocytic-type cells (28,

29) generated during embryonic development. After this embryonic

period, “pre-B” cells enter quiescence until adulthood, where they

can be reactivated (30, 31), especially following a brain injury (1, 32,

33). A fine regulation between quiescent and proliferative NSCs is

required to preserve the NSC pool within the SVZ niche (30, 31, 34,

35). Elegant real-time imaging experiments demonstrated that B1

cells generate actively proliferating Transient Amplifying

Progenitors (C cells or TAP) by asymmetric division (36, 37).

TAPs can divide symmetrically up to three times before

generating neuroblasts (A cells), characterized by their limited

proliferative capacity and the expression of the specific marker

doublecortin (DCX+) (37). DCX+ neuroblasts migrate towards the

olfactory bulbs (OB) along a tangential migration pathway, the

Rostral Migratory Stream (RMS) (38). In the OB, neuroblasts

migrate radially and differentiate into distinct populations of

GABAergic (expressing calbindin and calretinin) and

dopaminergic (expressing tyrosine hydroxylase) interneurons

(39–41) that integrate into pre-existing interneuron networks

(41–43). These newly generated olfactory neurons play a role in

the olfactory function of rodents, particularly in the discrimination

and memorization of odors, which are crucial for the animal’s

adaptation to its environment (for mating and offspring care)

(43–46).

Glial cells, including astrocytes and oligodendrocyte precursors

(OPCs, identifiable by the oligodendroglia lineage marker OLIG2),

are also derived from a subpopulation of SVZ B1 cells (2, 47–49).

OPCs derived from SVZ-NSCs migrate towards white matter tracts

in proximity to the lateral ventricles (i.e., corpus callosum, striatum)

where they differentiate into mature myelinating oligodendrocytes

(2, 21, 50–52). Interestingly, SVZ-OPCs never produce glial cells

located in OBs (53, 54). Functional studies of oligodendrocytes

derived from SVZ-NSCs are limited. SVZ-OPCs are capable of

successfully repairing damaged demyelinated lesions in the corpus

callosum and striatum, close to the lateral ventricle (21, 51, 52).

Thus, SVZ-OPCs constitute an endogenous source of myelin-

enhancing oligodendrocytes in the adult mammalian brain. It is

of particular relevance to stimulate this endogenous production of

SVZ-OPCs in order to improve functional myelin recovery, by

promoting (i) the generation of OPCs from SVZ-NSCs, (ii) the

migration of these OPCs to the injury sites and (iii) the

differentiation of these OPCs into mature myelinating

oligodendrocytes. This question is of particular interest given that

postmortem brain studies in patients who died of multiple sclerosis

(MS) have shown that SVZ-derived OPCs also migrate to lesions

located in the corpus callosum (50). Thus, the recruitment of newly

generated OPCs in adults is conserved between humans

and rodents.

The role of THs in the biology of SVZ-NSCs has been

investigated mainly by Remaud’s group over the past two decades

in the young adult mouse (Figure 1). We first determined the

expression pattern of several regulators of THs action (i.e, TRs,

THTs, TH-distributor proteins, deiodinases) within the adult

mammalian SVZ to identify the cell types that preferentially
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respond to THs. By immunohistochemistry, we demonstrated that

only the TRa1 isoform is expressed in SVZ cells, and not TRb (18,

55) and that TRa1 is found especially in neuroblasts (55) but not in

OLIG2+ OPC (21) (Figure 1). Interestingly, we found that TRa1
(considered as a neuronal determinant) and EGFR (a TH-target

gene involved in glial determination) are asymmetrically segregated

during NSC/progenitor division, suggesting that one daughter cell

inheriting TRa1 will become a neuroblast whereas EGFR+ sister

cells will be determined toward an oligodendroglial fate (21)

(F igure 1) . Regard ing the express ion of key THTs,

monocarboxylate transporter 8 (MCT8), and organic anion-

transporting polypeptide 1C1 (OATP1C1) are mainly detected in

committed neuronal cells (56) (Figure 1). Altogether, these data

suggest that TH signaling is more active in SVZ-derived neuronal

cells whereas oligodendroglial cells do not seem to harbor the

arsenal of regulators that would allow them to respond to THs

signaling. Accordingly, OLIG2+ and SOX10+ OPCs express high

levels of DIO3 (Figure 1), the THs-inactivating enzyme that is not

expressed in neuronally committed SVZ-cells (21), showing that

OPCs are protected from the effects of THs not only by the

expression of DIO3 but also by the absence of TRa1 expression.

Moreover, Vancamp et al. (2019) reported that, although mRNAs

for the TH-distributor protein Ttr were detected in SVZ, especially

in NSCs and neuroblasts, by RTqPCR, they did not detect the TTR

protein using immunohistochemistry (57). This strongly suggests

that TTR-mediated THs supply could be a key factor favoring

neuronal specification (57). However, the detection of Ttr

transcripts versus the failure to detect TTR protein by

immunohistochemistry requires further investigation to better

determine the action of Ttr within SVZ cells. As the intracellular
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action of THs can be regulated at multiple levels in the targeted SVZ

cells, depending on the expression of THTs, deiodinases, TH-

distributor proteins or receptors, two factors that modulate the

intracellular response to TH should be given a more careful

consideration. First, the expression of the TRa2 isoform should

be better investigated in future studies concerning the cellular and

molecular responses to THs signaling, as its putative dominant-

negative role (without T3 affinity) may counteract the intracellular

action of THs. Indeed, TRa2 is highly expressed in the brain,

notably in adult SVZ cells as we demonstrated by RTqPCR

following FACS-dissected murine SVZs (56). Second, to gain an

overview of the regulation of T3 availability in the various SVZ cell

types, it is crucial to define the role and the expression pattern at the

protein level of DIO2 that remains unexplored yet.

We established that fine tuning of intracellular T3 ligand

availability in the different SVZ cell types governs neuron/glia fate

orientation of adult murine NSCs. In particular, we demonstrated

that hypothyroidism, induced by PTU (6-n-propyl-2-thiouracil)

treatment, reduced the number of mitotically active cells in adult

mice, by arresting NSCs and progenitors during the S phase (18). A

similar phenotype was found in Tra0/0 mice (18), lacking all isoforms

encoded by the Thra locus (58). Moreover, a decreased apoptosis was

observed in the SVZ of PTU-induced hypothyroidmice (18, 23). A T3

intraperitoneal injection restored proliferation and apoptosis to levels

similar to the control group, demonstrating that T3 is required for

progenitor proliferation within the adult SVZ. Furthermore, adult

PTU-induced hypothyroid mice also showed a reduction in the

number of migrating neuroblasts along the RMS (18), thus

negatively impacting the generation of new olfactory interneurons.

In line with these findings, we showed that TH signaling acts as a
FIGURE 1

TH signaling modulates the neuronal versus glial fate decision within the SVZ niche of the adult mouse. During NSC division, an asymmetric
segregation of a neural determination factor (TRa1) and a glial determination marker (EGFR) is observed. Moreover, T3 through its receptor TRa1,
drives NSC commitment preferentially towards a neuroblast via downregulating various genes involved in glial determination (Egfr), cell cycle
progression (c-Myc, Cnnd1) and NSC pluripotency (Sox2). Neuroblasts generate olfactory interneurons in the olfactory bulbs that participate in
olfactory behavior that is strongly affected when THs action is impaired. A lack of T3 favors the generation of new SVZ-derived OPCs. These SVZ-
OPCs can repair myelin in the corpus callosum and restore normal nerve conduction after a demyelinating insult using the cuprizone mouse model.
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neurogenic switch by promoting the commitment of NSCs and

progenitors preferentially to a neuronal fate (21, 55). TRa1
overexpression using an in vivo non-viral gene transfer method

(58, 59) increased neuroblast generation in the most dorsal part of

the SVZ. We have shown that T3 - via its receptor TRa1 - promoted

neuronal determination through transcriptional repression of (i)

Sox2, a key gene involved in NSC pluripotency (55) and (ii) crucial

genes involved in regulating cell cycle progression such as Ccnd1 and

c-Myc (18, 59). Furthermore, we also showed in 2017 that T3

promoted neuronal fate at the expense of oligodendroglial fate,

notably through modulation of cell metabolism (15). In particular,

mitochondrial respiration and fission are more active in neuronal

precursors, compared to the situation in oligodendroglial precursors.

While T3 favors a neuronal fate, a TH-free window in contrast

promoted the generation of new OPCs derived from adult murine

SVZ-NSCs (15, 21). We reported in vivo , by immuno

histochemistry, that SVZ-OPCs are protected from the

T3-mediated pro-neurogenic effects via (i) a high expression of

DIO3 (21) (ii) a lack of TRa1 expression and (iii) an absence of two

key THTs, MCT8 and OATP1C1 (18, 21). In contrast, neuroblasts

express TRa1 but not DIO3, suggesting that TH signaling is active

in neuronal cells. Moreover, a transient reduction of Dio3

expression (by in vivo non-viral transfection using a DNA

plasmid expressing a shRNA directed against mRNA encoding

Dio3) induced a significant decline in the number of SVZ-OPCs,

illustrating the importance of this “T3-free window” in SVZ-

oligodendrogenesis. While a transient lack of T3 is required for

SVZ-OPC specification, T3 is also well known for accelerating OPC

exit from the cell cycle and committing them to differentiation via

TRa1, in cooperation with another nuclear receptor, RXRϒ (60,

61). Furthermore, we have recently shown that adult mice deficient

for the TH-distributor protein TTR - exhibiting low levels of T3 and

T4 in the CSF (62) - increased the generation of new SVZ-derived

OPCs at the expense of the production of new neuroblasts (57).

Thus, the neuron/glia balance is shifted once again in favor of

oligodendrogenesis in the context of central hypothyroidism.

Similarly, our latest work revealed increased SVZ-OPC

production in the absence of MCT8 and OATP1C transporters

using the Mct8-/-, Oatp1c1-/- double knockout dKO mice (56). In

turn, the production of mature neuroblasts is diminished and

associated with a migration defect.

What is the functional relevance of the T3-dependent regulation

of the neuron-glia balance? As mentioned previously, T3

preferentially drives NSC fate towards neuroblasts. In various

pharmacological and genetic backgrounds, that reflect a central

hypothyroidism, we have shown that reduced SVZ-neurogenesis is

associated with impaired olfactory behavior in adult mice, and in

particular with a reduced short-term olfactory memory (56)

(Figure 1). We also examined the functionality of the “T3-free

window” in a well-established model of demyelination using

cuprizone, a gl iotoxin that induces death of mature

oligodendrocytes (63) predominantly distributed in the corpus

callosum for a six-week cuprizone treatment period (21).

Transient hypothyroidism was then applied to mice during the
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demyelination phase, a phase during which new SVZ-OPCs are

reported to proliferate, thus promoting myelin repair (64). In that

context, we have shown that these mice efficiently repaired

demyelinating lesions in the corpus callosum, especially just

above the ventricles. Indeed, waves of remyelination originating

in the dorsal part of the SVZ are puzzlingly observed. Unexpectedly,

quantification of myelin thickness by electron microscopy revealed

that myelin sheath at remyelination sites is of normal thickness

around the axons of the corpus callosum (21). Furthermore,

electrophysiological experiments were performed by measuring

compound action potentials (CAPs) in coronal corpus callosum

slices one week after endogenous remyelination (64). We

highlighted that such hypothyroidism, applied during

demyelination, enabled a functional recovery of nerve conduction

(21) (Figure 1). Similarly, TTR null mice also displayed an increase

in oligodendrogenesis during development (65) as well as a thicker

myelin sheath in the corpus callosum following cuprizone

withdrawal (66). Thus, SVZ-derived OPCs constitute an

endogenous source of glial progenitors capable of functionally

repairing a demyelinated lesion localized in the corpus callosum,

close to the lateral ventricles as it has been also demonstrated by

other works (51, 52). However, how a TH-deficient environment

contributes to restoring a myelin sheath of normal thickness is still

an unresolved question.

Our findings on TH action on SVZ-NSCs led to TH signaling

being considered as a potential key signal for stem cell-based

regenerative medicine (67). The regenerative potential of THs has

been well documented in fish, maintaining a large adult pool of

NSCs (68, 69). In contrast, in mammals, which exhibit a neonatal

THs peak [for review, see (70)], CNS regenerative capacities are

drastically diminished after this THs peak. The adult SVZ niche,

which remains sensitive to THs throughout life, provides a potential

source of neural cells that can be mobilized in pathophysiological

conditions requiring the supply of new neurons (as seen in

Alzheimer’s) or oligodendroglial cells (as observed in MS), or

both (as in the case of stroke). Here, we focus on the contribution

of THs in repairing demyelinating lesions that are characteristic of

MS, a chronic inflammatory disease that affects the entire CNS

(brain and spinal cord). It is the first cause of motor disability in

young adults. In addition, the worldwide incidence of this disease

has been unexpectedly increasing over the last twenty years (71) and

therefore represents a major public health issue. MS is associated

with multiple demyelinating lesions (plaques), inflammatory cells,

loss of oligodendrocytes, and decreased axon density (72). A

burning question is to understand how to mobilize the cell type

that favor remyelination. OPCs, which account for 5% to 8% of

adult CNS cells, and the myelin-forming oligodendrocytes derived

from them, are obvious targets for promoting myelin repair [for

review, see (73)]. One approach to boosting myelin recovery is to

enhance the pool of oligodendrocyte progenitors. Two endogenous

sources can be mobilized for MS patients: (i) newly-generated adult

OPCs from NSCs, as discussed above, and (ii) parenchyma-resident

OPCs (pOPCs), generated during development and which persist in

the adult brain. Thus, the SVZ represents an attractive endogenous
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source of OPCs. Postmortem examination of brains from

individuals diagnosed with MS revealed efficient recruitment of

SVZ-derived OPCs to sites of injury in the corpus callosum (50).

The rodent model of cuprizone-induced demyelination, as

mentioned above, has been used to assess the effect of THs on

remyelination. Franco et al. (2008) showed that T3 injections during

the recovery/remyelination period - following 2 weeks of cuprizone-

based demyelination - induced an increase in OLIG2+

oligodendroglial cells exiting the cell cycle in the SVZ along with

increased detection of TRa1 and TRb in SVZ cells by

immunohistochemistry. An increased number of mature

oligodendrocytes expressing hallmark markers (O4, MBP, PLP,

CC1) was observed in the corpus callosum (74). Similarly, an

MRI analysis also showed that T3 injections in mice, during the

recovery weeks after cuprizone treatment, enhanced remyelination

in the corpus callosum (75). In these two studies, however, the

origin of the remyelinating cells (SVZ-derived OPCs or pOPCs) was

not clearly stated. Since then, work several groups including ours

(21, 51, 52), has shown - using cell tracing experiments - that adult

murine SVZ OPCs were able to migrate to myelin damage induced

in the corpus callosum and then differentiate into mature

myelinating oligodendrocytes. Our protocol - based on a transient

hypothyroidism window applied during the demyelination phase

followed by T4/T3 pulses during recovery - allows to restore a

myelin sheath of similar thickness to that of the euthyroid control

group. In contrast, pOPCs did not respond to this transient

hypothyroidism, unlike newly generated OPCs, showing that

these two OPC subpopulations respond differentially to THs

signaling. The underlying challenge would be deciphering the

molecular mechanisms that regulate the differential response to

THs of SVZ OPCs (complete remyelination) and pOPCs

(incomplete remyelination), in order to better understand the

mechanisms responsible for functional myelin repair.
Future challenges:
Fron
- What is the function of some regulators (i.e., DIO2, TTR,

TRa2) in the physiology of adult SVZ-NSCs? In particular,

the role of TTR as a TH-distributor protein in the CSF and/

or a function independent of THs should be better

deciphered. Furthermore, the function of the TRa2
isoform would deserve more in-depth consideration since

TRa2 is highly expressed in adult SVZ cells and may act as

a dominant-negative regulator (with no affinity for T3)

countering intracellular THs effects.

- How do THs differentially regulate the response of SVZ-

derived OPCs versus resident OPCs following a

demyelinating lesion?

- Non-genomic effects, that do not require an interaction

between T3 and its TR, are not yet known on NSC

proliferation and determination within the SVZ niche and

should be assessed in further studies
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Thyroid hormone action in the SGZ

Adult hippocampal neurogenesis is a highly orchestrated

process that continuously generates new granule cell neurons

throughout life. To this end, the SGZ of the dentate gyrus harbors

radial glia-like NSCs that express markers like GFAP or Nestin as

shown in rodents (14, 76, 77). Though they can also differentiate

into astrocytes, NSCs mainly divide asymmetrically thereby giving

rise to rapidly proliferating TAPs that are also referred to as type 2

progenitors (76, 78). Based on their expression profile, this

population is further sub-divided into Nestin positive, type 2a

progenitors, which then develop into DCX positive, type 2b

progenitors (14, 76). Subsequently, these cells form into

neuroblasts, which exhibit a reduced proliferative capacity,

eventually exit from the cell cycle, and differentiate into immature

granule cell neurons (76). Both neuroblasts and immature neurons

continue to express DCX but can be distinguished by the presence

of the calcium-binding protein calretinin in immature neurons (79).

The sequential progression through these distinct stages is a rapid

process and in mice, new immature neurons are derived from NSCs

within three days (79). The final steps encompassing short-distance

migration, maturation, and functional integration of new neurons

into the existing granule cell network take 4-6 weeks in rodents (76).

This continuous generation of new neurons significantly

contributes to the high plasticity of the adult hippocampus.

Several studies have demonstrated a critical role for adult

hippocampal neurogenesis in cognitive flexibility and more

specifically in learning and memory processes, in emotional

regulation, anxiety, and spatial navigation (78, 80, 81). Although

much better characterized in the rodent brain, observations in

humans that demonstrated the presence of DCX+ cells and

detected new neurons in the hippocampus strongly argue for the

existence of adult hippocampal neurogenesis also in humans

(77, 78).

THs constitute an important extrinsic signaling cue for adult

hippocampal neurogenesis and components of the TH signaling

pathway were identified at all stages of the program in mice.

Transcript analyses on isolated neurogenic populations revealed

the expression of the THs transporting amino acid transporters

Lat1 and Lat2 in SGZ-NSCs and type 2 progenitors (19) (Figure 2).

In vitro and in vivo studies highlighted the presence of TRb
isoforms in Nestin positive as well as in proliferating, BrdU

positive hippocampal progenitors whereas TRa1 was mainly

detected in DCX+ neuroblasts and granule cell neurons (82, 83).

Likewise, we demonstrated that the latter two populations are

equipped with the highly specific THT MCT8 while mature

granule neurons further express MCT10, LAT2, and DIO3 (19).

Oatp1c1 promoter activity was detected in subsets of all progenitor

and neuronal populations though the causes and consequences of

this heterogeneity remain to be investigated (84). Together, the

expression patterns of TH signaling components suggest that

progenitor and mature neuronal populations within the adult

hippocampal neurogenic lineage possess the ability to directly

sense and integrate the TH signal.
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A wealth of experimental studies has addressed the

consequences of manipulated THs availability on neurogenesis in

the adult SGZ and demonstrated THs-induced effects

predominantly during the later stages of the neurogenic program

(14, 19, 20, 82, 83, 85, 86). Adult-onset hypothyroidism led to

decreased precursor cell survival and a reduced number of DCX

positive progenitor cells in rodents (20, 22, 83, 85, 87, 88). These

observations, however, were made in animals in which

experimental interventions caused a strong decrease in circulating

THs levels. Low-dose PTU treatment induced adult-onset

hypothyroxinemia (subclinical hypothyroidism) in rats that did

not result in similar alterations in SGZ neurogenesis indicating that

most likely the extent of THs insufficiency is critical (89). T3-

induced, adult-onset hyperthyroidism conversely accelerated

progenitor differentiation in mice (22). Along this line, the level

of TRa1 correlates inversely with the total number of DCX positive

cells. TRa1 null (TRa1-/-) mice harbor elevated numbers of DCX

positive cells, while the same cell population is reduced in TRa2-/-

mice, which overexpress TRa1 6-fold as both isoforms are derived

from the same gene through alternative splicing (82). Rather than to

the absence of the non-TH-binding TRa2 isoform in the latter

model, the reduction in DCX positive cells has been attributed to

the increased concentration of TRa1 that in light of limited cellular

T3 availability generates a condition comparable to local

hypothyroidism. Together, these findings point to a negative

impact of the TRa1 aporeceptor on lineage progression. Our

studies further showed that absence of MCT8 either globally or

specifically in the adult neurogenic lineages using a tamoxifen-

inducible form of Cre recombinase expressed under the Nestin

promoter (Nestin-CreERT2) diminished the differentiation to

immature neurons and the formation of new granule cell neurons

(19). Mechanistically, this has been linked to a delayed cell cycle exit

through decreased expression of the cell cycle inhibitor p27Kip1 in

DCX positive cells in vivo. Similarly, the global absence of
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OATP1C1 impaired progenitor differentiation and program

progression, but whether this reflects a lineage-intrinsic function

remains elusive (84). This is but one example for the future

challenge to identify the lineage-autonomous impacts of TH

signaling components. Likewise, the question as to which

pathways mediate TH effects on hippocampal neurogenesis in

vivo awaits further investigation.

In contrast to the well-established action in later stages, the

potential impact of THs on early progenitor populations in

the adult SGZ remains controversial. While adult-onset

hypothyroidism in rats exposed to PTU or methimazole (MMI)

did not result in altered BrdU incorporation into cycling

progenitors, their number was reduced in adult-onset

thyroidectomized rats, an effect that was rescued by THs

administration to the drinking water (20, 83, 85). Moreover, the

global absence of TRb in mice stimulated progenitor proliferation

and BrdU incorporation in the SGZ indicating a regulatory function

of THs/TRb in NSC activation and progenitor proliferation (90). It

has been suggested that unliganded TRb exerts a repressive function

on NSC turn-over, which would be lifted upon T3 binding (67). This

scenario, however, requires the uptake of THs into SVZ-NSCs

through a yet unidentified pathway. Recent hippocampal single

cell and single nuclei RNA sequencing studies advanced this idea

and highlighted the presence of Oatp1c1 transcripts in NSCs in line

with in vivo Oatp1c1 promoter activity studies (84, 91–93).

Interestingly, these sequencing studies also detected Dio2

transcript expression in murine SGZ-NSCs. Although further

work is still needed, it is a fascinating idea that NSCs are

equipped with the machinery to take up T4 and generate T3 in a

cell-autonomous manner, as has been proposed to take place in

radial glial cells in the prenatal human cerebral cortex (94). At the

same time, super-resolution microscopy revealed that hippocampal

NSC processes contact intimately the blood-brain barrier (BBB) and

are capable of directly accessing blood-born substances (95). In this
FIGURE 2

Overview of adult hippocampal neurogenesis starting from NSCs in the subgranular zone and progression through the different stages. NSCs are in
intimate contact with the endothelium and can either generate type 2 progenitors or differentiate terminally into astrocytes. The cellular expression
of THs transporters and deiodinases within adult hippocampal lineage cells is depicted. Neurogenesis is further regulated by extrinsic factors derived
from astrocytes, endothelial cells, and neurons. Graphic was created with Biorender.
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context, NSCs were shown to take up BBB-impermeable substances

in an otherwise unimpeded BBB environment stressing how

privileged this access is. It is thus tempting to hypothesize that

NSCs directly take up T4 from the circulation via up-regulation of

OATP1C1 in the activated state, and convert it locally to T3, which

in turn stimulates NSC turn-over. The T4-dependency of such a

scenario may explain the apparent lack of effect in T3-induced

hyperthyroidism (22). Moreover, due to their slow cell cycle kinetics

and high degree of quiescent NSCs, the consequences of altered THs

signaling on NSC activation may be mild and may only become

obvious after a longer time interval than is usually assessed in adult-

onset hypothyroid models (96). Such a regulatory influence on NSC

activation may further explain the preservation of NSC numbers

with age as seen in Mct8 knockout (KO) and Mct8/Oatp1c1 dKO

mice potentially associated with their reduced T4 serum levels and

different degrees of central THs deficit (84, 97). Though acting

through a different pathway, THs feature a similar function on the

regulation of NSC maintenance and activity in the SVZ (16).

Importantly, modulating the thyroidal state in adult rodents

also affects hippocampus-related behaviors that depend on proper

SGZ neurogenesis such as spatial memory or the regulation of

anxiety and mood (80, 81). Adult-onset hyperthyroidism

compromised learning and memory function and increased

anxiety in rats and mice (98, 99). Likewise, hypothyroidism in

adult rodents either by thyroidectomy or administration of PTU or

MMI as well as a low iodine diet resulted in an anxiety-depression-

like state as well as impaired learning and spatial memory

performance (20, 100–103). Why adult-onset hypo- and

hyperthyroidism culminate in similar behavior impairments

remains elusive. Though the underlying molecular pathways

certainly differ, these observations suggest a gatekeeper function

of balanced THs signaling for hippocampal functions. Anxiety-

depression-like behaviors were further observed in TRa1 mutant

mice, in which THs binding affinity is reduced 10-fold, and in global

Mct8 KO mice (84, 104). Whether the behavioral changes in the

latter genetically modified models are solely the consequence of a

perturbed adult hippocampal neurogenic program or if

developmental alterations contribute to it, remains elusive.

Definite answers require the detailed analysis of inducible KO

models that lack TH signaling components specifically in adult

NSCs and, consequently, their progeny.

In addition to these lineage-intrinsic mechanisms, adult

hippocampal neurogenesis is under the control of non-cell-

autonomous signaling cues derived from the stem cell niche.

Within the mammalian SGZ, the niche encompasses astrocytes,

BBB endothelial cells, microglia, and granule cell neurons as

prominent cell types (105). Several lines of evidence suggest that

an altered astrocytic response can mediate parts of the effects of

modulated THs levels on the adult neurogenic program. First,

astrocytes express DIO2 (106) and are thus central in regulating

brain T3 availability and action (106–108). Second, astrocyte-

specific deletion of Dio2 in mice results in an increased anxiety-

depression-like phenotype and thus in a pathological condition

that has been associated with impaired hippocampal neurogenesis

before (109–111). Though BrdU incorporation was not affected in

this mouse model, a detailed characterization of the neurogenic
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stages is still pending. Third, astrocytes secrete TH-regulated

factors like Fibroblast growth factors, Thrombospondin-1,

Neurotrophin-3, or WNT ligands that in turn influence the

neurogenic program (14, 112, 113) (Figure 2). RNA sequencing

studies on cultured astrocytes exposed to T3 revealed alterations in

WNT signaling components with a direct up-regulation ofWnt7a,

which is a known regulator of SGZ progenitor proliferation,

differentiation, and dendritic arborization (113, 114). Astrocytes

and microglia further release cytokines that are involved in

progenitor proliferation and survival (78). Similarly, TH-

regulated signals derived from the vasculature like BDNF or

VEGF, neuronal factors such as SHH and NGF, and neuronal

activity converge on the progression of hippocampal precursors

through the neurogenic program (17, 112, 115–117) (Figure 2).

Yet, we have just begun to decipher the non-cell-autonomous

mechanisms in niche cells by which THs influence progression

through the adult hippocampal program. Inducible and

conditional KO approaches will certainly broaden this exciting

field of research in the future.

Whether adult hippocampal neurogenesis occurs in humans is

still under debate (105, 118, 119). A growing number of studies

demonstrates the presence of DCX+ cells in the human SGZ though

the question as to the comparability of the molecular signature

between rodent and human neuroblast markers has been raised

following the detection of DCX in neurons (120). Single cell and

single nuclear sequencing studies on human hippocampal tissue are

still sparse and often do not depict NSCs and neurogenic

populations while a neurogenic trajectory can be clearly

delineated in the macaque brain (120–123). Until the existence of

adult human hippocampal neurogenesis is unequivocally

demonstrated and a marker repertoire established, it is very

difficult to pinpoint both the expression of THs signaling

components and TH-regulatory effects on adult human

hippocampal neurogenesis.

Despite these difficulties, a wealth of clinical data evidences a

link between an altered thyroidal state and affected hippocampus-

related cognitive functions in humans. Hypothyroidism in

adulthood results in anxiety, depression, specific spatial and

associative memory impairments, and dementia as well as a

decreased hippocampal volume (14, 16, 109, 124–126). T4

supplementation is able to improve cognitive perturbations in

sub-clinically, but not overt hypothyroid subjects in tests

addressing hippocampal functions (126). Interestingly, adult-onset

hyperthyroidism culminates in cognitive impairments, anxiety, and

depression (14, 109, 127). In sum, the pathological alterations seen

in humans align with changes in experimental animals with

abnormal thyroidal states that have been linked to impairments

in adult hippocampal neurogenesis.
Future challenges:
- What are the lineage-autonomous effects of THs within the

adult hippocampal neurogenic program? In particular, is

there a role for THs in the regulation of NSC physiology?
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Fron
- Do TH action in stem cell niche cells contribute to regulating adult

hippocampal neurogenesis in a non-cell-autonomous manner?

- Do THs contribute to the regulation of adult hippocampal

neurogenesis in humans?
Thyroid hormone action outside
canonical neurogenic niches

TH and neurogliogenesis in
the hypothalamus

Neurogenesis in the hypothalamus was first reported two

decades ago (6, 128) and has been stated to occur in different

areas within the hypothalamus with important functions in

metabolism, feeding, and sexual behavior. First, it has been

demonstrated to occur in ependymal cells lining the third

ventricle and more widely also in tanycytes (129). Moreover,

hypothalamic DCX+ neuroblasts have been described in rodents,

sheep, and humans, although with slight variations in distribution

patterns, but mainly in the arcuate nucleus (129–133) with

progenitor cells also producing a variable percentage of astrocytes

(131). As for adult hypothalamic oligodendrogenesis, its existence

had not been proven in rodents until very recently when it was

unequivocally shown that the median eminence of the

hypothalamus can give rise to new OPCs (5, 134).

Implications of hypothalamic neurogenesis are wide, and rank

from repair after tissular lesions to influence on sexual behavior and

weight control (135). As for adult hypothalamic oligodendrogenesis,

in rodents it is associated with the regulation of energy balance and

hypothalamic leptin sensitivity (5).
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Interestingly, the hypothalamus is known to be a strongly THs

regulated brain area in mammals. From early studies reporting the

expression of DIO2 mostly in the median eminence (136), evidence

has accumulated reporting the expression of the different TH

regulators in the rodent brain. In particular, deiodinases (107,

137, 138) and THTs (139) are detected in high abundance in

ependymal cells lining the third ventricle and in tanycytes, with

the latter expressing DIO2, OATP1C1, and MCT8, suggesting that

TH action is important in this cell type (107, 138, 139). Moreover,

this strong expression of various TH regulators, including DIO2

and DIO3, THTs such as MCT8, and receptors TRa and TRb has

also been reported in the human hypothalamus (140, 141).

Neurogenesis in the adult rodent hypothalamus has been also

demonstrated to be controlled by growth factors (GFs) such as

FGF2 (129), BDNF (130), and in a wider fashion by insulin-like

growth factor 1 (IGF1) (Figure 3). While the first GF acts mostly on

ependymal cells, the latter can act also on tanycytes (142) which

could be considered a mostly IGF1-responsive cell population.

Interestingly, apart from the aforementioned link between FGF2,

BDNF, and THs, IGF1 has also been reported to have a strong

interplay with THs (143) (Figure 3). Indeed, depletion of TH-

availability regulators such as DIO3 or MCT8 and OATP1C1

induces increased or reduced IGF1 dynamics, respectively, in

different tissues including the brain (97, 144). Altogether, GFs

influence further supports a potential effect of THs on

hypothalamic neurogenesis. Furthermore, mechanisms underlying

hypothalamic oligodendrogenesis have not been described until

very recently. However, genes consistent with the genomic footprint

of hypothalamic OPCs include MYC and genes involved in the

notch pathway (145). Interestingly, both are known to be TH-

regulated within the adult mammalian SVZ and the postnatal

cerebral cortex, respectively (18, 113), suggesting that THs may
FIGURE 3

Overview of potential THs-effects on adult neurogliogenesis occurring on emerging niches including the hypothalamus, striatum and cerebral
cortex. Generation of neurons and glia in the adult mammal brain is depicted for these niches and THs-influenced areas are highlighted. Potential
genes mediating this THs-effect are also included. Graphic was created with Biorender.
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regulate hypothalamic oligodendrogenesis in a similar way to the

situation in the SVZ and other parts of the brain.

Upon considering the important hypothalamic functions

regarding regulation of energy balance and metabolism, as well as

sexual behavior, and their potential association with THs,

understanding the link between THs and hypothalamic

neurogliogenesis could be crucial to better understand several

pathophysiological processes. Regarding weight regulation,

mediated by hypothalamic neurogenesis, a better understanding

of THs’ role in modulating hypothalamic neurogliogenesis may be a

significant advance in the prevention of pathological weight gain or

loss and metabolic dysfunction usually associated with thyroid-

related disorders (146–148). Furthermore, considering the common

clinical implications of hypothalamic demyelination in fatigue and

weight dysregulation associated to MS, enhancing hypothalamic

remyelination in this region could also improve the quality of life of

MS patients (149).

With al l this in mind, both in physiological and

pathophysiological contexts, THs appear as actors to be studied in

depth in the hypothalamus, not only with the aim of understanding

their role but also to potentially manipulate them to impact

neurogliogenesis and thus lead to therapeutic outcomes.
Future challenges:
Fron
- What is the ontogeny of oligodendroglial progenitors in the

median eminence?

- Does hypothyroidism and/or other changes in TH availability

alter neurogliogenesis in the hypothalamus?

- Would it be possible to manipulate TH availability or TH

downstream effectors expression at the cellular level to

regulate neurogliogenesis as a therapeutic approach for

different pathological conditions, while avoiding the side

effects derived from excessive TH signaling?
TH and neurogliogenesis in the striatum

Although neurogenesis in the adult basal ganglia, particularly in

the striatum, was already suspected towards the end of the past

century, and later stated in rodents (150, 151) it was not until, 2014

that Ernst and colleagues demonstrated it in humans (7), by using

C14 retro-tracing. In the meantime, adult oligodendrogenesis in

this area was also demonstrated (2, 50, 152).

Neurogenic potential in the striatum tends to be overlooked,

however, high DCX expression levels in the striatum have been

reported both by transcriptomic and protein analysis, as shown

previously for other neurogenic niches such as the hippocampus

(153, 154). Neural progenitors in the striatum originate mainly in

the SVZ. SVZ cells exhibit great heterogeneity and are able to

migrate to several areas, including the classical migration to the

olfactory bulbs, but also to the cerebral cortex, amygdala, or the

striatum (8, 155). Moreover, studies in rodents have demonstrated
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active adult gliogenesis in the striatum, independent from SVZ

input (156). Cell fate determination of neural progenitors is

dependent on a plethora of factors and has been proven to be

modulable in several ways (130, 151, 156), however, THs have never

been proposed as one of those ways for striatal neuro-gliogenesis.

Adult striatal neurogliogenesis is not only interesting from a

cellular ontology point of view but also has potential translatable

implications to pathology. Of particular relevance are two

pathological contexts, ischemic/stroke insults and neurodegenerative

diseases. First, brain ischemia damages CNS tissues and in response,

induces neurogenesis, oligodendrogenesis, and angiogenesis together

with astrogliosis (157) to enhance brain repair. After an ischemic

insult, the SVZ has been demonstrated to produce neuronal and

oligodendroglial precursor cells that migrate into the striatal tissue

using blood vessels as guidance and scaffold (158–161) in a process

modulable by GFs (162, 163). These newly generated neurons have

the ability to fully integrate and generate functional synaptic contacts

within striatal neuronal networks (164) although this mechanism has

been observed to be weaker in primates than in rodents (165). As for

post-ischemic striatal oligodendrogenesis, it involves local pOPCs and

SVZ progenitors that are recruited to the lesioned area, where they are

able to exert neuroprotective effects and effectively generate myelin,

althoughmyelin has been reported thinner when produced by pOPCs

(51, 161).

As for neurodegenerative diseases, Huntington’s disease (HD)

outcome is strongly linked to the extent of striatal neurogenesis, as

reviewed by Jurkowsky and colleagues (135). First reports in HD

subjects reported reduced, if not depleted neurogenesis (7)

However, later reports in animal models of the disease,

particularly in rodents, and in human HD samples have reported

increased adult striatal neurogenesis in concurrency of HD (166–

168). This process has commonly been linked to an increase in the

arrival of SVZ-derived progenitors to the striatum (168). However,

it has also been reported to be closely related with local striatal

astrocytes gaining neurogenic function (167), with neurogenesis

from both origins potentially acting as a recovery mechanism for

the cell loss associated to the disease, even in humans.

It is worth noting that the striatum is also strongly influenced by

THs. Expression of some TH-availability regulators was first

reported in the striatum more than 40 years ago, with evidence of

striatal DIO2 and DIO3 activity among the highest in the rodent

brain (169). However, we had to wait until the present century to

unravel the local expression of THTs, such as MCT8 and

OATP1C1, both in mice, non-human primates, and humans, with

a particularly high expression of OATP1C1 (170–172). Indeed, our

recent work described the expression of both transporters in striatal

motor neuron circuitry, as well as in pericytes in the primate

striatum, implying the importance of THs in this area (172).

Moreover, in rats, thyroidectomy and subsequent depletion of

THs in the striatal area have been demonstrated to induce a

number of transcriptomic changes (173). After THs depletion, T3

administration to hypothyroid rats proved that THs modulate

several genetic pathways, including genes involved in

neurogliogenesis, such as Egr1, involved in maintaining NSC

proliferation or Klf9 , crucial to oligodendroglial cells

differentiation (174, 175).
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However, cellular mechanisms underlying THs regulation of

neurogliogenesis within the striatum are not established yet. This

regulation, even if it has not yet been established, likely occurs in

relation to the GABAergic system. It has been demonstrated that a

majority of the generated neurons in the adult striatum are GABAergic

interneurons (7, 150, 176). Control of GABAergic system homeostasis

is one of the hallmarks of THs action, and THs depletion or deficient

signaling, mainly exerted through TRa have been proven to reduce the

number of GABAergic cells (104, 177, 178). This reinforces the idea of

an important effect for THs in striatal neurogenesis.

Although the molecular mechanism for this potential control

has not been reported, among the different substances able to

control adult striatal neurogenesis, GFs have been demonstrated

to be crucial and stand out as potential THs downstream effectors.

EGF, FGF and BDNF have been reported to increase the generation

of new cells to different extents, including neurogenesis and

oligodendrogenesis, both in health and disease (151, 152, 162,

179–182) (Figure 3).

Interestingly, all those molecules have been demonstrated to be

dependent on TH signaling, with effects reported from both T3 and

T4 (55, 116, 183–185). These data back up the hypothesis that local

and temporal control of TH availability is crucial to

neurogliogenesis, and so are the components involved in this

control. It is interesting to observe that, given the importance of

both GFs to striatal neurogliogenesis, they have been reported to be

regulated also by different controllers of TH availability, such as

deiodinases and THTs, whose depletion is able to change the

expression of both GFs, through TH signaling (97, 144).

Once the putative effect of THs in adult striatal neurogliogenesis

has been defined, it is necessary to understand its potential in a

pathophysiological context. Aside from the aforementioned

potential GFs-mediated influence in pathologies such as ischemia

and HD, that remains speculative, there are reports in the literature

of THs’ influence in the striatum affecting pathophysiological

contexts. Interestingly, an increase in the vulnerability of striatal

medium spiny neurons to HD has also been reported in deficient

TH signaling, which would point to an important effect of THs in

this process (186).

Although knowledge of THs influence on str iatal

neurogliogenesis is scarce, there is growing evidence that suggests

that THs should not be overlooked as actors in the process. Further

studies should be pursued in the matter, as being able to control the

process of neurogliogenesis using THs regulation may be a great

step forward in the managing of different pathological conditions.
Future challenges:
Fron
- What is the ontogeny of the local progenitors present in the

striatum that do not belong to SVZ derived cells?

- Does hypothyroidism and/or other changes in TH availability

alter neurogliogenesis in the striatum?

- Would it be possible to manipulate striatal TH signaling as a

therapeutic approach for different pathological conditions?
tiers in Endocrinology 10137
- Would THs manipulation induce deleterious side-effects that

overcome the potential positive effects of regulating

striatal neurogliogenesis?
TH and neurogliogenesis in the
cerebral cortex

For some time now, growing evidence highlights that not only

cortical oligodendrogenesis but also neurogenesis occurs after

embryogenesis, notably through adulthood in the mammalian

brain, with important implications in disease states. Adult cortical

oligodendrogenesis has been observed in rodents and humans, in

physiological and pathophysiological states (2, 8, 50, 187).

In normal conditions, adult cortical neurogenesis, particularly

in humans, remains controversial. After years of a fixed paradigm of

non-existent cortical neurogenesis, in, 1999, Gould and colleagues

claimed the discovery of newly generated neurons in the macaque

cortex, originating from ectopic migration of SVZ-derived

progenitors (188). However, this discovery was rejected shortly

afterward by Kornack and colleagues (189), although other groups

obtained similar data using different monkey species (12). Gould’s

data were confirmed also by the successful generation of

neurospheres from human cortical progenitor cells (190).

However, C14 studies both in healthy samples and in cortical

stroke-affected individuals contrast the apparent presence of

pluripotent progenitors, as they described that most of the newly

generated cells do not express neuronal markers (165, 191).

In rodents, the strongest indicator of adult cortical neurogenesis

is the electron microscopic detection of newly generated [3H]

thymidine cortical neurons in rodent brains (169). Later, they

were further supported by the finding of proliferating progenitors

in the murine cerebral cortex that were directed towards a neuronal

fate (positive for DCX and/or the neuronal markers NeuN and Hu)

(11) after a provoked insult in deep layers of the cerebral cortex.

These newly generated cells were able to establish connections

with other regions, including the hypothalamus and spinal cord

(192). Later, it was demonstrated that neurogenic progenitors

included not only ectopic SVZ progenitors but also a local pool of

cells ubiquitously residing in the adult rodent cerebral cortex,

producing mainly glial cells but retaining the ability to produce

new neurons (150, 193). Among the different layers of the cerebral

cortex, layer I has been suggested to harbor the highest neurogenic

potential, given its importance during development and in early

postnatal weeks both in primates and in rodents (10, 194)

(Figure 3). This neurogenic activity has been demonstrated in

adulthood after ischemic insult, with new neurons being

generated in layer I and integrated into inner cortical layers (195).

Cortical oligodendrogenesis has been assessed in other

pathological contexts, including demyelinating diseases and

especially MS. Its potential to repair demyelinating lesions has

been investigated in murine models, and the existence of the

process in the human MS context has also been demonstrated

(50, 196) (Figure 3). In this context, it is of great importance to
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understand the mechanisms underlying this process, and again,THs

arise as a key candidate to regulate these processes.

As was thoroughly reviewed by Wang and colleagues (197),

MCT8 and OATP1C1 have been consistently detected in the

cerebral cortex of different species, including rodents, non-

human-primates and humans, through all stages of development.

This study has for the first time precisely reported the cellular

location of both transporters. Aside from the classically described

expression in blood vessels, the authors have shown neuronal

expression of both transporters, especially in layer I of the

cerebral cortex (197) (Figure 3). In particular, OATP1C1 was

strongly detected in pyramidal neurons. As DIO2 has not been

demonstrated to colocalize in these neurons (138), the presence of

the transporter could indicate either increased importance of T4 or,

as the authors suggest, the ability of these neurons to accumulate T4

and release it when necessary to other surrounding cell types.

Interestingly, the authors described the expression of OATP1C1

in Corpora amylacea. These globular structures, equally located in

cortical layer I, have been described to also express the TH-

distributor protein TTR (198), suggesting a function in the

storage/buffering and/or delivery of T4 in layer I upon local need.

Despite the various lines of evidence on adult cortical

neurogliogenesis and the control of TH availability occurring

locally in different cortical areas, the role of THs in cortical

neurogliogenesis remains to be clarified.
Future challenges:
Fron
- Are THs a factor in cortical neurogliogenesis regulation?

- Is this regulation linked to parenchymal or cell-by-cell

intracellular THs levels?

- Is this cell-by-cell regulation being carried out by progenitors

present at the niches, as if the maintenance of

neurogliogenic potential depends on paracrine-like TH

signaling inside the niche?

- Would it be possible to manipulate TH availability or TH

downs t r eam e ff e c to r s expre s s i on to regu l a t e

neurogliogenesis at the cellular level, to avoid the side

effects derived from excessive TH signaling?
Conclusion

Since the seminal discovery of neurogliogenic niches in the

adult mammalian brain, enormous progress has been made in

understanding the role of adult-generated neurons and glial cells

in health and disease. In this review, we have highlighted THs as a

key factor that controls neurogliogenic fate decisions and lineage

progression at multiple levels. To that end, we have summarized

existing knowledge on the precise spatiotemporal regulation of TH
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availability in progenitor and mature cells. Yet, many questions as

to the cell-specific role of THs and TH signaling regulators as well as

the functional outcome of altered TH availability are still

unanswered. Future research employing new model systems and

advanced methodology is needed to close those gaps. Likewise, past

investigations have mainly focused on the “classical” neurogliogenic

niches in the SVZ and SGZ, while the putative role of TH signaling

in emerging niches in the hypothalamus, striatum, and cerebral

cortex is still largely elusive. By pointing out critical open questions

we aspired to spark future studies to fill in the blanks. The expected

answers will help to fully harness THs’ potential to shift the fate of

progenitor cells and thus foster regenerative processes in

pathological conditions when new neurons and/or new

oligodendrocytes are urgently needed.
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Thyroid hormones are involved in many biological processes such as

neurogenesis, metabolism, and development. However, compounds called

endocrine disruptors can alter thyroid hormone signaling and induce

unwanted effects on human and ecosystems health. Regulatory tests have

been developed to detect these compounds but need to be significantly

improved by proposing novel endpoints and key events. The Xenopus

Eleutheroembryonic Thyroid Assay (XETA, OECD test guideline no. 248) is one

such test. It is based on Xenopus laevis tadpoles, a particularly sensitive model

system for studying the physiology and disruption of thyroid hormone signaling:

amphibian metamorphosis is a spectacular (thus easy to monitor) life cycle

transition governed by thyroid hormones. With a long-term objective of

providing novel molecular markers under XETA settings, we propose first to

describe the differential effects of thyroid hormones on gene expression, which,

surprisingly, are not known. After thyroid hormones exposure (T3 or T4), whole

tadpole RNAs were subjected to transcriptomic analysis. By using standard

approaches coupled to system biology, we found similar effects of the two

thyroid hormones. They impact the cell cycle and promote the expression of

genes involves in cell proliferation. At the level of the whole tadpole, the immune

system is also a prime target of thyroid hormone action.
KEYWORDS

thyroid hormones, Xenopus laevis, transcriptomic, Xenopus Eleutheroembryonic
Thyroid Assay, cell proliferation
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Introduction

Multicellular organisms evolved complex communication

systems to coordinate developmental programs. One such

neuroendocrine system, the hypothalamic–pituitary–thyroid

(HPT) axis, is a central player in orchestrating body

morphogenesis and homeostasis. The axis is composed of brain

thyrotropin-releasing hormone (TRH) neurons, pituitary

thyrotropes producing thyroid-stimulating hormone (TSH), and

the thyroid gland (1). TRH acts via its receptor expressed by the

pituitary thyrotropes to stimulate the synthesis of pituitary TSH.

Following its release, TSH binds its receptor expressed on the

thyroid gland to induce the production and release of thyroid

hormones (THs) in the bloodstream, mainly thyroxine (T4) and

to a lesser extent triiodothyronine (T3). T4, often considered to be

the precursor for T3, is converted to T3 by mono-deiodinases (DIO)

at target tissues. Both THs act by binding to ligand-activated

transcription factors (thyroid hormone receptors; TR) belonging

to the nuclear receptor family (2). THs’main action is then through

regulating gene transcription (3). Finally, THs negatively feedback

on the hypothalamic TRH neurons and thyrotropes to maintain

proper TH levels.

THs play key roles in vertebrate growth, metabolism, and

development by controlling cell proliferation, differentiation,

migration, and homeostasis. Disruption of THs signaling increase

the risk of adverse effects such as cognitive deficits and metabolic

diseases/disorders. Thus, perturbations of the TH axis are of “high

concern”, especially given the adverse effects caused by

anthropogenic and natural chemicals (4). The concern is

amplified due to the many gaps in the understanding of the link

between potential endocrine disruptor compounds (EDCs), the

mode of action of their adverse effects, and the numerous

disruption mechanisms (5).

Xenopus laevis is an ideal model organism to test thyroid axis

disruption in vivo as THs orchestrate tadpole metamorphosis (6),

but most of all, THs actions and mode of actions are highly

conserved across vertebrates. Indeed, the conservation during

vertebrate evolution of the mechanisms underlying these major

biological processes regulated by THs is striking from fish and

amphibian metamorphoses to egg hatching in sauropsids and birth

in mammals (1). In particular for X. laevis, early larval stage [7 days

post-fertilization at 21°C, Nieuwkoop–Faber stage 45 (7)] are

suitable for in vivo screening, as at this stage, tadpoles possess all

the elements of TH signaling (TRs, DIOs, and transporters) and are

competent to respond to TH agonist and antagonist treatment. The

model also benefits from the prolific reproduction with more than

1,000 embryos per clutch, the small size of tadpoles at this stage (5

mm at NF45) nicely fitting into multiple well plates and allowing the

use of small amounts of test chemicals, and finally, a developmental

window where action of TH agonist and antagonist translate into

clear phenotypes, as exemplified by nervous system defects resulting

from alterations in the balance of neuron versus glial cell population

(8). Last but not the least, a Xenopus-based assay has been validated

by OECD, the Organization for Economic Co-operation and

Development: The Xenopus Eleutheroembryonic Thyroid Assay

(XETA) test guideline no. 248 is a mid-throughput and short-
Frontiers in Endocrinology 02144
term/fast assay to measure the response of tadpoles (stage NF 45)

to potential thyroid active chemicals. The test exploits the transgenic

line of X. laevis, Tg(thibz:eGFP), which expresses GFP under the

control of a 850-bp regulatory region of the TH/bZIP gene, encoding

a leucine zipper transcription factor highly sensitive to TH regulation

(9). However, in the absence of complete knowledge on the effect of

TH disruption at this developmental window, the test is used to

identify thyroid active chemicals but not to demonstrate any

potential adverse effects.

In order to fill this gap, we subjected tadpoles to the

conventional XETA procedure, but instead of measuring changes

in GFP fluorescence, we characterized transcriptome changes by

high throughput sequencing of RNA (RNA-seq technology).

Transcriptome analysis was chosen because it provides a global

and unbiased view of the messenger RNA molecules produced from

virtually every gene and specific changes according to cell types, the

biological and environmental state of the cells at the time of

measurement. This strategy is therefore particularly well suited to

monitor THs-induced biological responses because they mainly act

through nuclear receptors, in which the transcription factor activity

can deeply alter the transcriptome of target cells. Another advantage

is that XETA treatment duration is 3 days, thereby providing a

relatively late readout of the action of THs, well suited to infer novel

end points. In this work, we focus on treatments with agonists, T3

and T4, the two main natural hormones. This choice is justified by

1) the low level of circulating THs at stage NF45, offering a unique

in vivo situation to measure agonist effects, and 2) the potential

difference in the bioavailability of both T3 and T4 at target cells due

to variation in transport, deiodination, and TR binding.

Importantly, the transcriptome analysis was realized on RNA

extracted from whole tadpole. Despite the difficulties inherent to

any measurement on a whole animal, the long-term goal is to

identify and provide novel molecular markers of TH signaling

alterations readily transferable into novel endpoints for the XETA

test guideline. In this context, and given the current need to screen

thousands of chemicals, working with whole embryos (i.e., no tissue

dissection) is a strategic advantage.

The present work is a proof of principle where we measured

transcriptome alterations following treatment with THs. To our

knowledge, such broad measure of TH effects has not been

described previously. Our results show a strong transcriptional

reprogramming for genes involved in all aspects of cell division,

with a potential connection to the immune system.
Materials and methods

Solutions preparation

T3 and T4 stock solutions at 6.51 g L−1 and 0.8 g L−1 were

prepared following the protocol of the OECD test guideline no. 248

(Xenopus Eleutheroembryo Thyroid Assay) with 3,3′,5-Triiodo-L-
thyronine (Sigma: T6397) and L-Thyroxine (Sigma: T2501)

powders and ultrapure water. Then, stock solutions were diluted

in Evian water to obtain exposure solution at 3.25 µg L−1 for T3 and

70 µg L−1 for T4 containing 0.01% of DMSO (Sigma: D8418). The
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https://doi.org/10.3389/fendo.2024.1360188
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Tribondeau et al. 10.3389/fendo.2024.1360188
concentration of T3 corresponds to the plasma concentration of this

hormone during metamorphosis of X. laevis and is known to induce

morphological changes and modulation of TH target genes in

premetamorphic tadpoles (10). The concentration of T4 was

chosen to give the same fluorescence induction in XETA as that

of T3 (data not shown). pHs were always between 6.5 and 8.5 as

recommended by the XETA protocol. Exposure solutions were

stored at 4°C between daily medium renewal and placed at 21°C

3 h before medium renewal.
Exposure and sample collection

Adult Xenopus wild type and transgenic strains were kept in the

facilities of Watchfrog (license number: C 91 228 109). The work

was conducted in strict accordance with governmental legislations.

All procedures involving animal experimentation were approved by

the French Ministry of Research under the DAP number APAFIS

No. 36464-20220214115229365 v4. Exposure was done following

the OECD XETA test guideline. A total of 10 X. laevis THb/ZIP-

GFP transgenic line tadpoles at stage NF45 (7) were placed in to a

six-well plate with 8 mL of exposure solution. Tadpoles were

exposed to control (Evian water and 0.01% DMSO), T3 or T4

treatments in the dark, at 21°C. The media were renewed every day.

After 3 days of exposure, the 10 tadpoles were pooled in a single

tube (i.e., 10 tadpoles per treatment) and snap frozen (dry ice and

ethanol, 99%). Samples were stored at −75°C. Experiments were

repeated three times to obtain three biological replicates.
RNA extraction and purification

RNA extractions were done in two steps. First, a stainless-steel

ball (INOX AISI 304 grade 100 AFBMA) and 500 µL RNAble

(Eurobio ref: GEXEXT00-0U) were added in each sample and lysed

with tissue lyser II apparatus (QIAGEN, Courtaboeuf, France) at

30 Hz for 1 min. Tubes were transferred on ice, and 100 µL of

chloroform was added, homogenized vigorously by hand and put

on ice for 5 min. Samples were then centrifugated 12,000 g at 4°C

during 15 min. Next, 175 µL of AquaPhenol (Q-Biogene:

AquaPH01) and 100 µL of chloroform were added to 350 µL of

supernatant. Following centrifugation, 12,000 g at 4°C during

15 min, 250 µL of supernatant was recovered and mixed with

200 µL of ethanol 70%, 10 s on a vortex. The mix was deposited on

purification columns (RNeasy Mini Kit, Qiagen: 74104). RNAs were

purified according to the manufacturer’s instructions and eluted

with 14 µL of RNAse-free water. RNA concentration was measured

with nanodrop, and RNA quality was assayed using the Agilent

Bioanalyser with standard procedure (Agilent RNA 6000 Nano,

Agilent: 5067-1511).
RNA sequencing and data processing

Library preparation and Illumina sequencing were performed at

the Ecole Normale Supérieure Genomique ENS core facility (Paris,
Frontiers in Endocrinology 03145
France). Messenger (polyA+) RNAs were purified from 1,000 ng of

total RNA using oligo(dT). Libraries were performed using the strand-

specific RNA-Seq library preparation strandedmRNAPrep, ligation kit

(Illumina) and were multiplexed by five on nine flowcells. A 75-bp

read sequencing was performed on a NextSeq 500 (Illumina). A mean

of 65 ± 23 million passing Illumina quality filter reads was obtained for

each of the nine samples (Supplementary Table S1). Quality control of

sequencing was checked with FASTQC, and all banks were good

quality with a PHRED score > 34. The first 13 bp of all reads were

clipped to remove sequencing adaptors that remain andmapped on the

X. laevis genome v9.2 using BOWTIE 0.12.3 (11) with the following

parameters: “-5 15 -l 50 -n 1 -m 1”. Data were transformed into BED

format with awk script, and redundant reads were removed by using

the SORT and UNIQ UNIX commands. Mapping efficiency

was higher than 55% and down to approximately 10% after removal

of redundancy, resulting in ≥5 million non-redundant reads mapped.

Read count table was computed using INSECTBED v2.25 from

the BEDTOOLS toolkit. Differential analysis was performed with

DESeq v1.10.1 in parametric mode (estimateDispersions parameters:

method=pooled, fitType=parametric), and only genes with pval ≤ 0.05

and |log2FC| ≥ 0.95 were considered as differentially expressed.
Gene Ontology

Gene Ontology analysis was performed with gProfiler (12).

METASCAPE software (13) was used to highlight biological

processes in a physical protein–protein interaction network context.
Biological networks

The network construction is based on KEGG pathways database

(Kyoto Encyclopedia of Genes and Genomes database) (14) with

JEPETTO cytoscape plugin. All pathways that contain at least one

DE gene were merged to form a single network. The resulting

network is visualized with CYTOSCAPE v3.8.2 software (15) and

layout were computed with “edge weighted spring-embedded”

algorithm then adjusted by hand to improve the visualization.

Functional categories of KEGG pathways are very diverse

(signaling pathway, metabolic pathway…), and the reconstructed

network should be referenced as a network of biological pathways

where nodes represent gene products and edges are functional

interactions between them. Hubs are defined as nodes highly

connected (degree ≥ 20).
Results

T3 and T4 massively regulate a limited
number of biological processes

At the end of the differential analysis, 1,828 genes are

differentially expressed (DE) following treatment with T3 (1,184

upregulated and 644 downregulated) and 2,108 with T4 (1,385

upregulated and 723 downregulated) (Supplementary Tables S2, S3,
frontiersin.org
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respectively). The two treatments have 1,422 DE genes in common

(Figure 1A). The expression of 406 genes is specifically regulated

with T3 but not T4 (242 upregulated and 164 downregulated) and,

conversely, 686 genes with T4 but not T3 (443 upregulated and 243

downregulated). Overall, two-thirds of the differentially expressed

(DE) genes are upregulated following TH treatments. In all cases,

the two hormones induce similar responses, either up- or

downregulation, as illustrated by the missing synexpression

groups displaying opposite regulation following T3 and T4

treatments (Figure 1B). Furthermore, all genes DE for only one of

the two hormones still display expression changes albeit not

significant (Figure 1B), resulting in a good correlation between T3

and T4 treatment (Figure 1C).

The slight differences observed between T3 and T4 effects can

have at least three non-mutually exclusive origins. First, the two

hormones have different sets of target genes. Second, they can act on

the expression of genes involved in thyroid signaling leading to the

modification of TH synthesis, of the biological availability of the

hormone in target organs, or of its action. Third, their potency to

change gene expression might be different, thus resulting in slightly

different regulation kinetics and overlapping but distinct sets of
Frontiers in Endocrinology 04146
target genes. Overall, all steps of TH signaling are affected by

treatment with T3 or T4 (Figure 1D), where gene responses

correlate well even though they do not reach statistical

significance with both (see above). At the level of the central

regulation of TH synthesis, T3 and T4 not only increase

significantly the expression of the thyrotropin receptor (rtrh) but

also decrease the expression of the b subunit of the thyroid-

stimulating hormone (tshb), with a stronger effect for T3 than for

T4. At the level of the thyroid gland, both hormones induce an

increase in thyroid peroxidase (tpo) expression and a significant

decrease in the sodium/iodide symporter (slc5a5, NIS). For the

transport of THs in the blood, a decrease in the expression is

observed for transthyretin (ttr) and the gene coding for

albumin (alb). THs also act on the expression of genes involved

in the import/export of THs in the cell. The expression of

monocarboxylate transporter 8 (s lc16a2 , MCT8) and

monocarboxylate transporter 10 (slc16a10, MCT10) increases and

that of solute carrier organic anion transporter family member 1C1

(slco1c1, OATP1c1) increases slightly only under the effect of T3.

Deiodinases are all significantly regulated by T3 or T4. The

expression of type 1 deiodinase (dio1) decreases slightly, that of
A B C

D E

FIGURE 1

T3 and T4 treatment induce similar biological responses. (A) Differentially expressed (DE) genes up- and downregulated with T3 (red) and T4 (blue).
(B) Type of regulation for each DE gene. (C) Rate of genes expression level between T3 and T4 condition. (D) Expression level of thyroid signaling
related genes. “.L” and “.S”: genes located on long or short chromosome, respectively. *DE genes with both T3 and T4. *DE genes with T3. *DE genes
with T4. pval ≤ 0.05. (E) Biological processes involved in T3 and T4 responses.
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the two genes encoding type 2 deiodinase (dio2) increases and only

that of the S form of type 3 deiodinase (dio3) increases. Finally, at

the level of TH action in target cells, T3 and T4 increase the

expression of the two forms of nuclear receptors (thra and thrb)

and have no effect on their heterodimerization partners (rxra, rxrb,

and rxrg). They also have a weak effect on the expression of the two

genes whose products are at the origin of the formation of the

membrane receptor (itga3 and itga5). All these observations show

that signaling is impacted with both promoting (trhr, tpo, alb-like-2,

dio2, thra, and thrb) and limiting effects (tshb, slc5a5, ttr, alb, and

dio3). However, genes known for their TH-modulated expression

are well significantly upregulated during T3 and T4 treatments

(klf9, thbzip, and bcl6), with very similar variations for the two

hormones (Figure 1D).

Next, we carried out gene ontology analysis to highlight the

biological functions targeted by T3 and T4 treatment and their

specific action, if any. By taking all the genes expressed (but not

necessarily DE) as a reference, the lists of genes DE under the effect

of T3 or T4 are respectively enriched in genes corresponding to 87

and 68 GO terms (Supplementary Tables S4, S5, respectively). All

T4 GO terms are found with T3, resulting in 19 terms specific to T3

(Supplementary Table S6). Overall, the GO terms are mainly related

to the cell cycle and DNA replication (Figure 1E). GO terms only

found with T3 are related to meiotic processes, G2/M and G1/S

phase transition and nuclear division. Then, the same analysis was

performed with genes only DE with T3 and with T4, and no GO

terms were significantly enriched.
Hubs within the biological network are T3
and T4 target genes

We next modeled TH response in term of network biology. This

integrative approach nicely provides a global and cross-pathway

description of their functional impact and help understand the

nature of interactions and relations between T3 and T4 DE genes.

Our network coalesced 160 KEGG signaling pathways including at

least one DE gene (Supplementary Table S7) and is composed of a

set of nodes (genes) and a set of undirected connections (edges)

representing functional interaction between nodes. The network

consists of 16,645 edges and 3,767 nodes (Figure 2A). As often the

case, only a fraction of DE genes is found in the network: 234 DE

genes following treatment with T3 and 277 DE genes following

treatment with T4. This roughly corresponds to approximately a

quarter of all DE genes. The KEGG pathways containing the most

DE genes are “metabolic pathways” (55), “cell cycle” (39), and

“pathways in cancer” (33) (Figure 2B, Supplementary Table S7).

Structural analysis of networks is commonly used to predict the

dynamical properties of biological networks (16). We first focus on

one such metric, the degree centrality, corresponding to the number

of edges at each node. Most nodes are poorly connected within the

network (i.e., low degree). Higher-degree nodes, called hubs, are

topologically important and have a strong structural role, which

translates into a strong biological importance. This phenomenon,

called the centrality–lethality rule, simply refers to the fact that

attacking (e.g., knocking down) hubs deeply destabilizes biological
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networks and results in strong phenotypic alterations. Our network

includes 408 hubs (nodes with at least 20 edges), of which 30 are

regulated by T3 and 31 by T4 (Figure 2C). The variation in

expression for these DE hubs is very similar between the two

hormones. There are 26 common hubs between the two

treatment conditions (Figure 2C): casp3, ccna2, ccnb1, cdk1, cdk2,

cdkn1a, e2f1, fn1, lig1, mcm2, mcm4, mcm5, mcm6, mcm7, plk1,

pola1, pole, prkcd, psme3, ptpn6, rpa2, rpa3, skp2, snrpg, traf3, and

zbtb16. The majority of them display strong responses and are most

often upregulated (log2FC up to 2.23). Many encode for cyclin-

dependent kinases (cdk), a family of protein kinases with important

roles in the control of cell division, while other hubs relate to cell

division, such as the components of the minichromosome

maintenance protein complex (mcm 2, 4, 5, 6, and 7). This

complex forms a DNA helicase essential for genome DNA

replication. Several components of the DNA replication

machinery, the DNA polymerases subunits pold1, pola1, and pole,

are also found in the list of DE hubs. Five hubs are downregulated:

notch1, sf3a1, fn1, prkcd, and ptpn6 (Figure 2C). notch1 encodes for

a receptor in Notch signaling pathway (NOTCH1, Notch Receptor

1). sf3a1 encodes for a subunit of the splicing factor complex

(SF3A1, splicing factor 3a subunit 1). prkcd encodes for a protein

kinase C, tumor suppressor, or positive regulator of cell cycle

progression. ptpn6 codes for a protein tyrosine phosphatase.

Ontology analysis of DE hubs shows that they are involved not

only in mitotic cell cycle phase transition and DNA replication but

also in anatomical structure homeostasis and activation of the pre-

replicative complex (Figure 2D).
T3 and T4 differentially expressed genes
form specific subnetworks

Another important feature emerging from of our analysis of

molecular networks is a set of “chains” of DE genes, where

interacting nodes (as defined in pathways) are collectively DE. As

such, chains are de facto hot spots of TH action within the network.

We could identify six subnetworks with more than two T3 and

T4 DE genes connected to each other (Figure 3A). The largest

subnetwork is a giant component of 81 nodes, while the other five

are much smaller (size between 2 and 10 nodes). There are also

seven pairs of nodes regulated by both T3 and T4 (Figure 3A).

Strikingly, of a total of 35 DE hubs, 31 are presently located in the

giant component and the remaining four (SF3A1, SNRPG, FN1,

and TBP) are located in smaller chains (Figure 2C).

Of the 317 T3 and T4 DE genes found in the entire network, 81

are found in the largest subnetwork, the vast majority of which

respond to both T3 and T4. The transcriptional response of other

nodes is relatively similar after treatment with each TH, although it

fails to reach statistical significance with one or the other hormone

(12 genes for T3 and 21 for T4). For a large part, genes belonging to

this subnetwork relate to cell cycle, DNA replication, and DNA

damage response (Figure 3B). More than half are involved in

mitotic cell cycle (43 out of 81) and cell cycle (58 out of 81). This

subnetwork also concentrates 18 upregulated genes coding for

protein involved in DNA damage response (BRCA1, CASP3,
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CCNB1, CCNB2, CCNB3, CCND1, CCND2, CCNE2, CDC25C,

CDK1, CDK2, CDK6, CDKN1A, CHEK1, CHEK2, E2F1, RAD51,

and RPA2). It is possible to distinguish another subset with four

genes (GDF5, ACVR2B, INHBC, and INHBA) involved in TGF-

beta signaling pathway. In this subnetwork, the number of

downregulated genes is more limited (nine out of 81). They are

coding for the proteins BLNK, PTPN6, PRKCD, FABP1, PPARG,

INHBC, XIAP, LMNA, and ALOX12B). Two of them have already

been sited because they are hubs (PTPN6 and PRKCD). We note

that they belong to a chain with BLNK, a protein playing critical

role in B-cell development.

Other chains are much smaller. The longest is composed of 10

nodes (F13B, JAM3, FGA, and CDH5 are upregulated, and GP1BB,

GP9, FGB, GP1BA, FGG, and ITGAM are downregulated), linked

to platelets and blood coagulation (Figure 3C). The next chain is

very small, only four nodes (FN1, MMP9, THBS2, and THBS3) are

involved in cell-to-cell and cell-to-matrix interactions (Figure 3C),

two of which (the hub FN1 and THBS3) are being downregulated.
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The fourth subnetwork is composed of the ephrins EFNA5 and

EFNA2, and the ephrin receptor EPHA5, all upregulated by THs

(Figure 3C). The fifth and last chain composed of more than two

nodes includes the upregulated genes coding for TBP, POLR2C, and

TAF4B involved in transcription.

There are also seven pairs (chains of length 2) of DE genes.

Three pairs are involved in immune system functions: the gene

coding for the Toll-like Receptor 2 (TLR2), a crucial mediator of

innate immunity activation, is linked to SFTPA1, a surfactant

protein involved in the defense against pathogen, both

upregulated; the downregulated genes CYBA (phagocyte oxidase

complex) and the catalytic subunit NOX1; and IRF3 (upregulated)

and MAVS (downregulated), important mediators of innate

immune response and interferon signaling. Two other pairs are

involved in the nervous system: GRIK2 and GRID2 encoding

subunits of the glutamate ionotropic receptor, and ARSA and

GAL3ST1 involved neuron myelination. The last two pairs are

involved in RNA splicing and recycling endosomes, respectively: the
A B

C D

FIGURE 2

T3 and T4 impact same pathways and most of DE hubs. (A) Network of gene (products) interactions. (B) The first 10 KEGG pathways containing most of
DE genes in both conditions. (C) Expression level of DE hubs. “.L” and “.S”: genes located on long or short chromosome, respectively. (D) Biological
processes impacted by DE hubs and deducted from a protein–protein interaction analysis.
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hubs SF3A1 (downregulated) and SNRPG (upregulated), followed

by ACAP1 (upregulated) and TFRC (downregulated).
Discussion

Aside from the well-known diversity of TH actions during

amphibian metamorphosis (6), early larval development is also a

TH-sensitive period commonly used to test thyroid endocrine

disruption. Unfortunately, the effects of TH agonists and TH

antagonists at this developmental window are only partly

described, and available data are very scarce. Our work, based on

endocrinology, RNA-seq, and system biology, is a first attempt to

elucidate the transcriptional action of both T3 and T4 in early X.

laevis larvae. We show that at the level of whole embryos, T3 and T4

treatments lead to changes in the mRNA levels of components
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of the TH signaling pathway and a strong transcriptional

reprogramming of cell division.
THs regulate the cell cycle machinery

In Xenopus, THs are known to induce cell proliferation during

metamorphosis. During intestinal remodeling, adult intestinal stem

cells multiply and differentiate into adult epithelial system, while the

larval epithelium degenerates (17). Furthermore, transcriptome

analysis of intestinal cells from premetamorphic wild-type versus

TRa-knockout tadpoles treated with or without T3 showed strong

enrichment with cell-cycle-related genes (18). Similar results were

obtained in other tissues such as hindlimbs, which appear during

metamorphosis (19), and brain, which is deeply remodeled through

neural cell proliferation in ventricular and subventricular zones
A

B C

FIGURE 3

T3 and T4 responses concentrate in same subnetworks. (A) Subnetworks of gene (products) regulated by T3 and T4. (B) Principal biological processes
impacted by the huge subnetwork and deducted from a protein–protein interaction analysis. (C) Principal biological processes impacted by small
subnetworks and deducted from a protein–protein interaction analysis.
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(20). THs are also important mediators of cell proliferation in

mammals (21) for cells as diverse as rat pituitary GH-producing

cells, which proliferate in response to T3 by shortening G1 phase

(22), hepatocytes (23), intestinal epithelial cells (24),

cardiomyocytes (25), and skin cells (26).

Here, we show that T3 and T4 actions induce the expression of

many genes involved in cell proliferation, and to this regard,

our results are similar to the TH-induced transcriptome

reprogramming typically found at metamorphosis in specific

tissues (18–20). A significant fraction of them is located in the

largest subnetwork, which is involved in most of the

biological processes related to cell division: “induction of cell

cycle”, “control of cell cycle progression”, “DNA replication”,

“activation of the pre-replicative complex”, and “DNA repair and

sister chromatin separation”.

A set of DE genes is well known for its major role in cell cycle:

transcription factors E2F 1, 3, and 5 (all upregulated) mediate cell

proliferation (27), while CDC6, CDC45, CDC25C, and CDC20 are

cell division cycle proteins involved in the initiation of DNA

replication. The control of cell cycle progression is also ensured

by cyclin-dependent kinases (28), such as CDK1, which modulates

the centrosome cycle and mitotic onset, promotes G2-M transition,

and regulates G1 progress and G1-S transition. The CDK2 kinase

triggers the duplication of centrosomes and DNA, promotes the

E2F transcriptional program and the initiation of DNA synthesis at

the G1-S transition, modulates G2 progression, and controls the

timing of entry into mitosis by controlling the subsequent activation

of the cyclin B/CDK1 complex. CDKN1A, the cyclin-dependent

kinase inhibitor 1A, is involved in TP53-mediated inhibition of

cellular proliferation in response to DNA damage. CDK6, the

cyclin-dependent kinase 6, is important for cell cycle G1 phase

progression and transition to S phase. Cyclin A2 (ccna2) controls

the cell cycle at the G1/S (start) and G2/M (mitosis) transitions by

acting through the formation of specific serine/threonine protein

kinase holoenzyme complexes with the cyclin-dependent protein

kinases CDK1 or CDK2 (ccne1). Cyclin B1 (ccnb1) and B2 (ccnb2)

are involved in the control of the G2/M (mitosis) transition, and

cyclin E2 (ccne2) is a regulator of the late G1 and early S phase.

Cyclin D1 (ccnd1, CDK4) is a regulatory subunit of the CDK4–

CDK6 complex. Interestingly, cyclin D1 expression is known to

increase following T3 treatment (22, 23).

Most of the components of the Minichromosome Maintenance

Complex (MCM) are also DE (mcm2, mcm4, mcm5, mcm6, and

mcm7) (29). Only mcm3 is missing, indicating that the vast

majority of them is regulated by THs and further supports their

role in promoting cell cycle. This complex forms a replicative

helicase essential for DNA replication initiation and elongation.

ORC1 and ORC6 are both components of the origin recognition

complex (ORC) that binds origins of replication and are required to

assemble the pre-replication complex necessary at DNA replication

initiation (30). Several DNA polymerase coding genes (pola1, pold1,

pole, pole2, and pole4) are DE (31). Actors of DNA repair (32) also

increase: RAD51, which plays an important role in homologous

strand exchange, a key step in DNA repair through homologous

recombination; RAD54B, involved in DNA repair and mitotic

recombination; the two BRCA DNA repair associated (BRCA1
Frontiers in Endocrinology 08150
and BRCA2) that play a central role in DNA repair by facilitating

cellular responses to DNA damage; and CHECK1, a serine/

threonine-protein kinase, which is required for checkpoint-

mediated cell cycle arrest and activation of DNA repair in

response to the presence of DNA damage or un-replicated DNA.

CHECK1 is a component of the G2/M checkpoint, phosphorylating

and inactivating CDC25C, required for cell cycle arrest in response

to DNA damage.

Finally, the expression of genes involved in spindle assembly is

also induced: the BUB1 mitotic checkpoint serine/threonine kinase,

an essential component of the spindle-assembly checkpoint

signaling needed for appropriate chromosome alignment (33),

and the Aurora kinase A (AURKA), a mitotic serine/threonine

kinase that contributes to the regulation of cell cycle progression via

its association with the centrosome and the spindle microtubules

during mitosis. AURKA has a critical role in various mitotic events

including the establishment of mitotic spindle, centrosome

duplication, centrosome separation and maturation, chromosomal

alignment, spindle assembly checkpoint, and cytokinesis. Overall,

TH action during early larval period will target mainly biological

processes linked to cell proliferation with its increase.
TH disruption: potential implications for
tadpole development

Our results can help in understanding the potential effects of

TH signaling disruption during amphibian larval development.

Does the increase in cell proliferation cause an adverse effect? The

beginning of the larval period is not well known. Organogenesis is

generally complete, and the animal grows slowly. For brain

development, it was shown that this period is marked by a low

level of neurogenesis due to a dramatic lengthening of the average

cell cycle with quiescence progenitor cells poised for reactivation at

metamorphosis (34, 35). Obviously, THs (and TR) play a causative

role in anuran metamorphosis. However, TR is expressed during

the entire larval period, well before metamorphosis, and the rise in

THs. Depending upon the presence and absence of TH, TRs can

act as both activators and repressors of TH-inducible genes,

respectively, TRs have dual functions in frog development (36).

As a reminder, TRs function initially as repressors of TH-inducible

genes at tadpole stages to prevent premature metamorphosis. Later,

TRs act as transcriptional activators of the same genes and activate

the metamorphic process. The important point is that the function

of unliganded TR before metamorphosis ensures a proper period of

tadpole growth. This essential function is also highlighted by TR

knockout showing that TRs have a role in the timing of the

development with the formation of most adult organs/tissues

merely requiring the derepression of TR target genes, while larval

tissue degeneration requires liganded TR (37). Even though

metamorphosis can be induced precociously by exogenous THs,

such treatment does not replicate natural metamorphosis. The

potential explanations for this discrepancy are the involvement of

other hormones such as glucocorticoids (38) and/or the required

signal level for metamorphosis that need to be well controlled over

the entire period of the tadpole transformation and need to be
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adapted to each tissue (39). Thus, inadequate level of THs or agonist

will lead to improper TH response gene expression, improper

developmental rates, and finally adverse effects. Indeed, THs and

EDCs can induce changes in the balance of neuron versus glial cell

population by modifying the proportion of cell dividing (8). It is

well known that this phenomenon drives to nervous system defect

and pathologies (40).

If the effect of THs on cell proliferation is the most obvious, our

results provide other avenues for identifying potential adverse

effects. First, we found a decrease in mRNA level coding for

NOTCH1 (Notch receptor 1), one of the only five hubs in our

network downregulated. This receptor in Notch signaling pathway

is involved in the development of numerous cell and tissue types

across species by regulating interactions between physically

adjacent cells (41). Since, NOTCH1 participates in organ

formation, tissue function, and repair, disruption of its signaling

may cause pathological consequences (42). Two downregulated

hubs are present in the large subnetwork including the factors

involved in the cell cycle. These two genes code for PRKCD and

PTPN6. prkcd encodes for protein kinase C delta, a negative

regulator of cell cycle progression or positive regulator of cell

proliferation. This may look contradictory, but PRKCD in normal

condition prevents cell cycle progression (43). The decrease in its

expression is therefore consistent with the increase in pro-cell

division factors observed in our study. However, in stressful

conditions, PRKCD can lose its gatekeeper function at cell cycle

checkpoints to stimulate essential cell proliferation. The second

downregulated hub, ptpn6, codes for a protein tyrosine phosphatase

involved in growth, differentiation, the mitotic cycle, and oncogenic

transformation (44). The protein is expressed primarily in

hematopoietic and epithelial cells, downregulating pathways that

promote cell proliferation (45). The downregulation of ptpn6 in our

model agrees with this function. Interestingly, PTPN6 also acts as a

negative regulator of receptors involved in immune responses (B-

cell antigen receptor, T-cell antigen receptor, and natural killer cell-

activating receptor) and cytokine receptors (46). The PTPN6’s role

in signaling of the innate and adaptive immune system correlates

with its link in our network with another downregulated gene,

BLNK and PRKCD, forming a chain of proteins coded by

downregulated genes. BLNK, the B-cell linker protein, is involved

in B-cell development and its activation (47).

The link of our study with the hematopoietic cells is

strengthened by several other observations. First, the subnetwork

including F13B, GP1BB, GP9, JAM3, FGB, GP1BA, FGG, FGA,

ITGAM, and CDH5 is involved in platelet function and blood

clotting (48). Second, in the subnetwork composed of the four

nodes (FN1, MMP9, THBS2, and THBS3), fn1 is one of the

downregulated hubs and encodes fibronectin involved in cell

adhesion and migration processes like embryogenesis, blood

coagulation, host defense, and metastasis (49). There are also

THBS2 and THBS3 that belong to the thrombospondin family

with anti-angiogenic property (50). Third, the Toll-like receptor 2

(TLR2) is downregulated. TLR2 has a crucial role in pathogen

recognition and activation of innate immunity (51). TLR2 is linked

to SFTPA1 that is upregulated. SFTPA1 is a surfactant protein

important in the defense against pathogen in lungs (52). Finally,
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the last duo of DE genes includes IRF3 (upregulated) and MAVS

(downregulated), where IRF3 (interferon regulatory factor 3) plays

an important role in the innate immune response against viruses (53)

and MAVS (mitochondrial antiviral signaling protein) is a protein

required for activation of transcription factors, which modulate

expression of IFN-beta and also contributes to antiviral innate

immunity (54). Globally, our results suggest that TH treatment

might affect hematopoiesis or hematopoietic function that can lead

in part to reduced blood coagulation and reduced immune response.

XETA provides a read out of endocrine response mechanisms,

but is not designed to detect adverse effects. Whole transcriptome

studies have the potential to fill this gap and provide candidate

thyroid-responsive biomarkers and end/points. They are, in turn,

the building blocks that link together molecular initiating events to

the sequence of key events leading to relevant adverse outcomes, at

the organism or population level. In this work, we describe the

typical TH response in an experimental setting compliant with

XETA. As such, we provide the reference data onto which the

impact of EDCs can be fully addressed.

In conclusion, early exposure to THs or EDCs acting as agonist

might disrupt proper larval development through increase in cell

proliferation and decrease in animal capacity to provide

immune response.
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