
Maternal Thyroid Hormones Are Essential for Neural
Development in Zebrafish

Marco A. Campinho, João Saraiva, Claudia Florindo, and Deborah M. Power

Comparative Endocrinology and Integrative Biology Group (M.A.C., J.S., D.M.P.), Centre of Marine
Sciences, and Departamento de Ciências Biomédicas e Medicina and Centro de Biomedicina Molecular e
Estrutural (C.F.), Universidade do Algarve, 8005-139 Faro, Portugal

Teleost eggs contain an abundant store of maternal thyroid hormones (THs), and early in zebrafish
embryonic development, all the genes necessary for TH signaling are expressed. Nonetheless the
function of THs in embryonic development remains elusive. To test the hypothesis that THs are
fundamental for zebrafish embryonic development, an monocarboxilic transporter 8 (Mct8)
knockdown strategy was deployed to prevent maternal TH uptake. Absence of maternal THs did
not affect early specification of the neural epithelia but profoundly modified later dorsal speci-
fication of the brain and spinal cord as well as specific neuron differentiation. Maternal THs acted
upstream of pax2a, pax7, and pax8 genes but downstream of shha and fgf8a signaling. The lack
of inhibitory spinal cord interneurons and increased motoneurons in the mct8 morphants is
consistent with their stiff axial body and impaired mobility. The mct8 mutations are associated
with X-linked mental retardation in humans, and the cellular and molecular consequences of
MCT8 knockdown during embryonic development in zebrafish provides new insight into the
potential role of THs in this condition. (Molecular Endocrinology 28: 1136–1149, 2014)

Thyroid hormones (THs) constitute key signaling mol-
ecules that regulate vertebrate development and phys-

iology. Given the capacity of these hormones to regulate
and/or influence a wide range of molecular pathways,
their availability, intracellular transport, and metabolism
are tightly regulated. This is especially evident in the brain
where the prohormone T4 is transported to neural auxil-
iary cells via the blood-brain barrier (BBB), is converted to
the active hormone T3 and then actively transported into
neurons and other target cells (1–7). In chickens and
mammals, maternal THs are essential for the develop-
ment of the brain and other organs (8–17). Elements of
the thyroid cellular signaling pathway are detected in de-
veloping rodent brain (10) and T3 interacts with TH re-
ceptors (TRs) to transactivate or repress gene expression
(10, 12, 13, 18, 19).

Teleost fish embryonic development is dependent on
nutrients, hormones, and maternal mRNA laid down
during egg maturation. Fish eggs contain a substantial

concentration of maternal THs that are gradually de-
pleted as the embryo develops (20–22). Although TRs
(thraa, thrab, and thrb) have been identified in developing
teleost embryos, the function of maternal THs is uncer-
tain (21, 23–28). Functional studies of TRs during early
teleost development in zebrafish suggest they have a li-
gand-independent function and repress retinoic acid sig-
naling (24, 25). The recent identification of the TH-spe-
cific membrane transporter monocarboxylic transporter
8 (mct8) during zebrafish embryonic development and its
functional characterization as an TH transporter (T3 ��

T4) (29) suggests maternal THs have a functional role. An
mct8 promoter-driven transgenic zebrafish line revealed
mct8 is primarily expressed in the nervous and vascular
systems and conditional MCT8 knockdown severely dis-
rupted brain development (30), but the genetic networks
and functional basis of the defects are not established. We
hypothesized that the mct8 phenotype reveals that mater-
nal THs accumulated in the egg are essential in teleost fish
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embryogenesis. In the present study, we used an MCT8
knockdown strategy as a means by which to prevent ma-
ternal TH uptake by the developing embryo up to 48
hours after fertilization before the system for TH produc-
tion is established (31, 32). This strategy provides a
unique opportunity to study the function of maternal THs
during early brain and spinal cord development in
zebrafish.

The aim of the present study is to test the hypothesis
that the neurological defects in Mct8 knockdown ze-
brafish reveal the effect of disrupting TH driven embry-
onic events. The importance of THs for the formation of
interneurons in the hindbrain and for specification of dif-
ferent neuronal spinal cord lineages in zebrafish embryos
is revealed using an Mct8 knockdown strategy to block
maternal TH uptake. The results reveal that maternal
THs play an essential role in the developing zebrafish
brain and that mct8 has a key role as it regulates cellular
TH availability. Furthermore, the evidence strongly sug-
gests that mct8 and THs are key factors regulating the
coordination between the development of the zebrafish
brain and its vascularization. The results highlight the
potential of this zebrafish experimental model to under-
stand at the cellular and molecular level X-linked mental
retardation associated in humans with MCT8 mutations.

Materials and Methods

Animal husbandry and wild-type embryo
collection

Zebrafish AB strain adults were kept in a recirculating sys-
tem (Techniplast) at 28°C, under a 14-hour light, 10-hour dark
cycle and fed twice daily with dry pellets (Aquatic Nature) and
once with enriched Artemia nauplii. Natural spawning was pro-
moted (33) by placing adult couples in a mating box (Techni-
plast) separated by a Perspex screen overnight and then remov-
ing it at the start of the light phase the following day. Fertilized
eggs were collected into standard zebrafish E3 medium (5mM
NaCl, 0.17mM KCl, 0.33mM CaCl, 0.33mM MgSO4) and
reared at 28.5°C in an incubator (Sanyo) under a 12-hour, 12-
hour dark cycle. Staging was done according to Kimmel et al
(33) after observation for developmental landmarks.

Wild-type embryos for cloning and generation of riboprobes
or for determination of the expression pattern of zebrafish mct8,

thraa, thrab, and thrb were sampled at 12, 24, 31, 48, and 72
hours post fertilization (hpf). Embryos were manually dechori-
onated and either snap-frozen and stored in liquid nitrogen or
fixed overnight at 4°C in 4% paraformaldehyde (PFA)/1� PBS.
After 4% PFA fixation, animals were washed twice for 5 min-
utes in 1� PBS/0.1% Tween 20 (1� PBT) and transferred to
methanol, through a graded series (25%–100% methanol) di-
luted with 1� PBT and kept at �20°C until use. When neces-
sary, animals were depigmented before storage in methanol
(100%) (34).

Whole-mount in situ hybridization
Zebrafish pax8 (XM_001339857.2), shha (NM_131063.2),

and thrb (NM_131340.1) riboprobes were generated by PCR
amplification and cloning. cDNA synthesis was carried out with
500 ng of DNA-free zebrafish embryo total RNA, extracted
with the OMEGA total RNA extraction kit, and 5 ng/�L ran-
dom hexamers using a Promega Moloney Murine Leukemia
Virus first-strand cDNA kit. Primers (Table 1) were designed for
the target templates using sequences retrieved from National
Center for Biotechnology Information. PCRs were performed
using zebrafish cDNA (200 ng/�L); DreamTaq 1� buffer (Fer-
mentas); 2mM MgCl2, 0.2mM dNTPs, and 0.2�M zebrafish
specific primers for pax8, shha, and thrb (Table 1); and 0.03
U/�L DreamTaq polymerase (Fermentas). The PCR cycle was
carried out using a BioRad MyCycler as follows: 5 minutes at
95°C, 35 cycles of 30 seconds at 95°C, 30 seconds at the appro-
priate primer annealing temperature (see Table 1), and 1.5 min-
utes at 72°C followed by a final 5-minute step at 72°C. PCR
products were agarose gel purified using a GFX gel band extrac-
tion kit (GE Healthcare), suspended in water, and cloned into
pGemT-easy vector (Promega). Isolated bacterial colony plas-
mid DNA was extracted and sequenced to confirm identity and
orientation of the zebrafish pax8, shha, and thrb sequences.

The plasmids for zebrafish fgf8a (NM_131281.2) was a kind
gift from Dr Lisa Maves, thraa (NM_131396.1) and thrab
(XM_001920978.4) were kindly provided by Dr Sachiko Ta-
kayama, and pax2a (NM_130934.1) was kindly provided by Dr
Fumihito Ono. The plasmid with zebrafish mct8 (JQ966310)
was a kind gift from the Singapore Genome Institute.

Ten nanograms of plasmid DNA for zebrafish mct8, pax8,
shha, thrb, fgf8, and thraa were used to PCR amplify the tem-
plate and the T7 and SP6 RNA polymerase promoter in the

Table 2. Sequences of MOs Used

MO Sequence
MCT8MO TCATCGCTTTCCGAGTGCATCCTAC
CTRMO CCTCTTACCTCAGTTACAATTTATA

Table 1. Primers Used for PCR Cloning and Mutagenesis

Gene Forward Primer Reverse Primer
pax8 ACAACGGCGAACACCAACACC TTAGAGATGATCATAGGCAGC
shha CAGCGTGCGGCAAAATGCGGC CACGAGGGTTTTCAGCTTGAG
mct8 ATGCACTCGGAAAGCGATGA TCATATGTGTGTCTCCATGTC
thrb GGCCTAATATACTGCAGTATGTC ACAGGGAGACTGTAGAGGTCTGAC
mutmct8a GTAGGATGCA[underln]TAGCGAGAGCGACGACAACAC TCATATGTGTGTCTCCATGTC

a In the mutmct8 forward primer, the underlined sequence indicates the bases substituted.
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flanking multiple cloning site. The PCR conditions were identi-
cal to the conditions described above with the exception that
universal M13 forward and reverse primers were used, and the
annealing temperature was 60°C. PCR products were agarose
gel purified and extracted using a GFX gel band extraction kit
according to the manufacturer’s instruction (GE Health). For
the zebrafish thrab clone, 5 �g plasmid DNA was digested with
Fermentas fast digest SpeI, agarose gel purified, and extracted
using a GFX gel extraction kit according to the manufacturer’s
instructions.

Whole-mount in situ hybridization (WISH) cRNA probes
complementary to zebrafish were in vitro transcribed and la-
beled with DIG (Roche). Probes for fgf8, thrb, and thrab were
produced with T7 RNA polymerase (Fermentas), whereas pax8,
thraa, shha, and mct8 probes were produced in vitro with SP6
RNA polymerase (Fermentas) according to the manufacturer’s
instructions. WISH was performed as described previously (34)
using 0.25 ng/�L probe at a hybridization temperature of 70°C.
Animals were transferred to 100% glycerol and imaged using an
Olympus SZX7 stereoscope coupled to an Optikam 3.0 digital
camera.

mct8 knockdown
A translation blocking morpholino (MO) was designed

against the zebrafish mct8 genomic sequence and acquired from
Gene Tools, LLC. The MCT8MO was diluted to 2mM in 1�
MO buffer (5mM HEPES [pH 7.5] and 200mM KCl) and kept
at �20°C until use. A preliminary study was carried out, and 1
nL of the MO stock diluted to 0.4mM (n � 135), 0.6mM (n �
117), and 0.8mM (n � 95) in 1� MO buffer was microinjected
into 1- to 4-cell stage wild-type embryos collected as described
above. Noninjected embryos (n � 94) and embryos microin-
jected at the 1- to 4-cell stage with 1 nL 0.6mM control MO
(CTRMO) (n � 127; Gene Tools) were used as controls. A fully
penetrant phenotype was observed only in 0.8 pmol MCT8MO-
microinjected animals, and that concentration was selected for
all subsequent experiments.

Nonspecific MCT8MO effects were determined using wild-
type embryos at the 1- to 4-cell stage collected as previously
described and microinjected (1 nL in any experimental group)
with 0.8 pmol MCT8MO (n � 342), 0.8 pmol MCT8MO plus
0.5 pmol p53MO (35) (n � 351), or CTRMO (n � 280) (Gene
Tools). In parallel, noninjected embryos were also taken from
each batch of embryos used (n � 352). Animals were incubated
at 28.5°C and fixed at 25 hpf in 4% PFA/1� PBS (pH 7.4) as
described above (33). Embryos were rehydrated to 1� PBT and
washed for 15 minutes at room temperature in 1� PBS/0.1%
Triton X-100 (Sigma)/0.1M sodium acetate (pH 6). Embryos
were further treated for 15 minutes at room temperature with 1
�g/mL Proteinase K (Sigma) followed by four 5-minute washes
in 1� PBT. Apoptotic cells in experimental animals (n � 20)
were identified using the Roche in situ cell death TMR-red de-
tection kit according to the manufacturer’s instructions. Ani-
mals were photographed using a Leica DM2000 light fluores-
cent microscope coupled to a Leica DFC480 digital camera. For
the positive control, 5 animals per experimental group were
taken and treated for 30 minutes with RQ deoxyribonuclease I
(40 U/�L; Promega) at 37°C. For the negative control, 5 animals
per experimental group went through the same procedure, but
the enzyme mix solution (Roche) was omitted. Individual ani-
mals from each experimental group were transferred to black

flat-bottom 96-well Fluotrac600 plates (Greiner Bio-One) in
100 �L 1� PBS (n � 12). Total fluorescence was measured by
excitation in the visible spectrum and quantification of fluores-
cent emission at 570 nm in a BioTek Synergy HT multimode
microplate reader. Background emission was determined by
scanning 12 microplate wells containing 100 �L 1� PBS only.
Total fluorescence of individual experimental animals was cal-
culated (absolute fluorescent value � mean absolute fluores-
cence of wells containing 1� PBS). Statistical analysis was per-
formed using the Prism version 4 software. Statistically
significant differences between experimental groups were deter-
mined using one-way ANOVA followed by Bonferroni multi-
ple-comparison post hoc analysis using the Prism version 4 soft-
ware. Statistical significance was considered at P � .05.

Rescue experiments to determine MCT8MO specificity was
carried out by microinjecting (1 nL) transgenic Tg(fli1:GFP)
(36) embryos in the 1- to 4-cell stage with either 0.8 pmol
MCT8MO (n � 105) or 100 pg zebrafish mct8 mRNA (n �
132) or coinjecting 0.8 pmol MCT8MO with 100 pg zebrafish
mct8 mRNA (n � 106). As controls, embryos were either non-
injected (n � 129) or injected with CTRMO (n � 123) (Gene
Tools). For mct8 mRNA production, the entire coding cDNA
region (Table 1) was amplified by PCR as described above using
a forward primer that introduced 6 silent mutations in the 5�-
seeding region (wild-type sequence: GTAGGATGCACTCG-
GAAAGCGATGA; mutated sequence: GTAGGATGCA-
TAGCGAGAGCGACGA) of the MCT8MO. (The underlined
nucleotides indicate the mutated positions.) The amplified frag-
ment was gel purified as described above and cloned into
pCS2� plasmid. Five micrograms of pCS2� mct8-mut were
linearized with NotI (Thermo Scientific), gel purified, and di-
luted in water. The 5 �g of linearized pCS2� mct8-mut plasmid
was used as the template for in vitro translation of zebrafish
mct8 mutated mRNA using an mRNA Messenger Machine kit
(Ambion) and following the manufacturer’s instructions. Before
preparation for microinjection, mRNA was purified in phenol/
chloroform, diluted in ribonuclease-free water and frozen at
�80°C until use. Experimental live embryos were manually
dechorionated if necessary and anesthetized with 0.001%
MS222 in E3 medium. Development of the brain vasculature in
experimental embryos was observed (n � 20 per group) by live
imaging at 48 hpf using a Leica DM2000 fluorescent micro-
scope coupled to a Leica DFC480 camera. Terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) apopto-
sis analysis was performed as described above.

After validation of the MCT8MO, final experiments were per-
formed to characterize the MCT8 knockdown phenotype using 3
different egg batches of wild-type zebrafish. In parallel, embryos
were microinjected at the 1- to 4-cell stage with 1 nL of either
CTRMO (0.6 pmol; n � 263) or MCT8MO (0.8 pmol; n � 320).
Developing embryos were sampled at 25, 31, and 48 hpf.

Fluorescent immunohistochemistry
Embryos (n � 20 per experimental group) were hydrated

through a graded series of methanol (100%–0%)/1� PBT (Sig-
ma-Aldrich), followed by 4 � 5 minutes in PBTr (1� PBS �
0.1% Triton X-100) and preincubated in 1� PBT/10% sheep
serum at room temperature for 2 hours. Embryos were then
incubated overnight at 4°C in preincubation solution with 1/25
anti-Pax7 serum (Developmental Studies Hybridoma Bank) and
washed, and secondary goat antimouse IgG H�L conjugated
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with Hilyte-596 (1/400; Anaspec) was used for detection. To
highlight neuronal structures, a mouse antiacetylated �-tubulin
(1/1000; Sigma-Aldrich) was used and detected with a goat an-
timouse IgG2� antibody conjugated to Alexa-488 (Invitrogen).
For Zn8 immunohistochemistry, the samples were prepared as
described above and incubated with Zn8 (1/20; Developmental
Studies Hybridoma Bank) overnight at 4°C in 1� PBS/10%
sheep serum/0.5% Triton X-100. Fluorescent detection was car-
ried out using a goat antimouse IgG (H�L) secondary antibody
conjugated with HiLyte-488 (1/400; Anaspec).

After staining, samples were transferred to glycerol and flu-
orescent microscope imaging carried out with a Leica DM2000
fluorescent microscope coupled to a DFC480 digital camera or
a Zeiss Z2 fluorescent microscope coupled to a Zeiss HRm
digital camera. Images were deconvoluted using SVI Huygens
software 4.4 and figures assembled in Photoshop software
(Adobe).

Mobility assay
Touch-and-go mobility assays were performed in 72-hpf ex-

perimental embryos to understand how MCT8 knockdown
would affect neural network formation in the spinal cord. Ze-
brafish embryos at 72 hpf microinjected (1 nL) with either 0.6
pmol CTRMO (n � 15) or 0.8 pmol MCT8MO (n � 15) were
used. Movement of larvae from each experimental group were
recorded for 1 minute after they were touched in the posterior
trunk with a tungsten needle, and the distance they traveled was
recorded using a Sony DV camera. Tracker software (37) was
used to measure the distance covered by experimental zebrafish
larvae. Statistical analysis on ranks followed by Dunnet’s post

hoc test was performed to determine significant effects on mo-
tility (P � .05) using SPSS version 20 software.

Results

TH cellular signaling components are expressed in
early zebrafish embryos

The expression of mct8 is detected in the neural epi-
thelia from 12hpf (Figure 1A and Supplemental Figures
1A and 2) and is most abundant in the optic vesicles and
rhombomeres 3 and 5 (arrowheads in Figure 1A). By 24
hpf, mct8 expression is localized in most of the developing
brain but is most abundant in the retina, at the outer edge
of the brain ventricle, and along the hindbrain and spinal
cord (Figure 1E and Supplemental Figure 1E and 2). The
cells lining the otic capsule also have abundant mct8 ex-
pression (white arrows in Figure 1E and Supplemental
Figures 1E and 2). A considerable reduction in brain mct8
expression is evident at 31 hpf (Figure 1I and Supplemen-
tal Figures 1I and 2) and mainly located in the outer lining
of the first ventricle, the retina, and the midbrain-hind-
brain boundary (MHB) (Figure 1I and Supplemental Fig-
ures 1I and 2). At 31 hpf, mct8 expression is significantly
decreased in the hindbrain and spinal cord and totally
absent from the otic capsule (Figure 1I and Supplemental

Figures 1I and 2). By 48 hpf, mct8
expression is mainly present in the
developing BBB (Figure 1M and
Supplemental Figures 1M and 2). At
the last time point studied, 72 hpf,
mct8 expression is found only in in-
vading blood vessels of the brain and
in the BBB (Figure 1Q and Supple-
mental Figures 1Q and 2).

At 12 hpf, neither thraa nor thrb
are expressed in zebrafish embryos
(Figure 1, B and D, and Supplemen-
tal Figure 1, B and D). The expres-
sion of thraa increases significantly
in the retina and most of the brain
and spinal cord at 24 hpf (Figure 1F
and Supplemental Figure 1F) and is
most abundant in the developing
forebrain, around the first ventricle
(Supplemental Figure 1F) and in the
hindbrain and spinal cord (Figure
1F). In parallel, thraa is expressed in
the same cell layer or in an adjacent
layer to mct8 (Figure 1, E and F) in
the otic capsule. At 31 hpf, thraa
continues to be expressed at low lev-

Figure 1. Lateral views of zebrafish embryos at 12 (A–D), 24 (E–H), 31 (I–L), 48 (M–P), and 72
(Q–T) hpf showing results of WISH for expression of mct8 (A, E, I, M, and Q), thraa (B, F, J, N,
and R), thrab (C, G, K, O, and S), and thrb (D, H, L, P, and T). In A, black arrowheads denote
rhombomeres 3 and 5. In E, F, and G, white arrows indicate the otic vesicle. Scale bars, 100 �m.
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els in the developing brain and spinal cord and is mostly
localized in the first ventricle wall lining (Figure 1J and
Supplemental Figure 1J). From 48 hpf onward, thraa ex-
pression is found at much higher levels in most of the
brain and spinal cord (Figure 1, N and R, and Supplemen-
tal Figure 1, N and R).

Zebrafish thrab is highly expressed throughout the
neural epithelia in embryos at 12 hpf (Figure 1C and
Supplemental Figure 1C). By 24 hpf, it is highly expressed
in the entire brain and spinal cord (Figure 1G and Sup-
plemental Figure 1G) and is absent from the otic capsule
(white arrowhead in Figure 1G and Supplemental Figure
1G) but is present in the surrounding neural tissue (Sup-
plemental Figure 1G). Expression of thrab remains high
in the brain and spinal cord at 48 hpf (Figure 1O and
Supplemental Figure 1O) and 72 hpf (Figure 1S and Sup-
plemental Figure 1S). At 31 hpf (Figure 1L and Supple-
mental Figure 1L), thrb-positive cells are first evident in
the retina and by 48 hpf, thrb-positive retina cells increase
in number and distribution and low expression is visible
in the diencephalon and hindbrain (Figure 1P and Sup-
plemental Figure 1P). Comparison of thrb (Figure 1T and
Supplemental Figure 1T), thraa (Figure 1R and Supple-
mental Figure 1R), and thrab (Figure 1S and Supplemen-
tal Figure 1S) at 72 hpf reveals they all have a widespread
distribution in the brain. However, thraa and thrab are
expressed in regions adjacent to mct8-expressing vessels
in the brain and spinal cord (Figure 1Q and Supplemental
Figure 1Q). Thrab is also found in the primary head sinus
where mct8 is also expressed (Figure 1, Q and 1S). Over-
all, all the necessary and sufficient factors needed for ma-
ternal THs to elicit their function are present early in
zebrafish development.

Maternal THs are bona fide signaling molecules in
zebrafish development

As a first trial, the MO against MCT8 (MCT8MO)
was microinjected (1 nL) at 0.4mM, 0.6mM, and 0.8mM

and the embryos left to develop up until 48 hpf. Intact
noninjected animals or embryos microinjected (1 nL)
with the CTRMO (0.6mM standard CTRMO; Gene
Tools) did not differ from the noninjected control animals
(Figure 2). The MCT8MO has a notable phenotype only
from 0.6 pmol upward and at 0.8 pmol is fully penetrant
(Figure 2A). The 0.6- and 0.8-pmol morphants are
smaller than the control and 0.4-pmol MCT8MO micro-
injected siblings and have a pronounced lateral curvature
of the axial trunk (Figure 2A), which is randomly distrib-
uted between the right and left side.

Brain development is altered in the 0.6- and 0.8-pmol
mct8 morphants (Figure 2B). Cells expressing pax8,
which labels different neuron populations in the MHB
and the hindbrain (38), decreased with increasing concen-
tration of MCT8MO microinjection (Figure 2B). In 0.4-
pmol MCT8 morphants, pax8-positive cells are some-
what reduced, even though brain morphology seems
mostly identical to control animals, but in 0.6-pmol mor-
phants pax8-expressing cells are severely reduced in the
hindbrain and MHB (arrowheads in Figure 2B) concom-
itant with severely disrupted brain development (Figure
2B). In 0.8-pmol mct8 morphants, pax8-expressing cells
in both the hypothalamus and the hindbrain are absent.
Using both the axial body bending phenotype and pax8
expression in the hindbrain, we concluded that 0.8 pmol
MCT8MO is a fully penetrant dose, and all morphants
had the same phenotype. This evidence was taken as an
indirect qualitative measure of the efficacy of the 0.8-
pmol MCT8MO dosage in the absence of specific antisera
to quantify MCT8 expression. From this point onward,
all experiments were carried out using 0.8 pmol
MCT8MO.

At 25 hpf, the 0.8-pmol MCT8MO zebrafish mor-
phants have severe impairment of brain development
(Figure 3A). Almost all brain regions are affected, includ-
ing the eye, and they appear smaller than in control ani-

Figure 2. MCT8MO titration. A, Bright-field images of 48-hpf wild-type zebrafish embryos noninjected or microinjected with 0.6 pmol CTRMO
or 0.4, 0.6, or 0.8 pmol MCT8MO. Scale bars, 500 �m. B, To further understand the phenotype and penetrance of the MCT8MO, WISH for pax8
was carried out in 48-hpf wild-type zebrafish embryos noninjected or microinjected with 0.6 pmol CTRMO or 0.4, 0.6, or 0.8 pmol MCT8MO.
Scale bars, 100 �m.
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mals (Figure 3A). The developing diencephalon, MHB,
and hindbrain are most affected in the brain together with
the barely perceptible otic capsule in the 25-hpf mct8

morphant embryos (arrowheads in Figure 3A). Notably,
at 25 hpf, the lateral bend at the end of the yolk extension
is already evident in the axial trunk (Figure 3A).

Because the mct8 morphants are smaller, it was hy-
pothesized that this might arise from increased apoptosis,
a reported nonspecific effect of some MOs (35). To test
this hypothesis, 0.8 pmol MCT8MO and 0.5 pmol
p53MO were coinjected (1 nL) to suppress nonspecific
p53-mediated apoptosis (35). At 25 hpf, the morphants
coinjected with p53 did not differ from embryos micro-
injected with MCT8MO alone (Figure 3A). To further
confirm these observations, whole-body fluorescence was
measured in individual embryos from each experimental
group (BioTek Synergy HT multimode microplate reader,
visible spectrum 570 nm). Fluorescent TMR-Red TUNEL
assays revealed similar low levels of apoptosis in nonin-
jected and 0.6-pmol CTRMO microinjected animals, al-
though higher levels were detected in both MCT8MO
and MCT8MO�p53 microinjected embryos (Figure 3B).
There were no statistical differences in total fluorescence
(Figure 3B) between the noninjected and the CTRMO
control groups (P � .05) or between the MCT8MO and
the MCT8MO�p53MO groups (P � .05). However, a
significant difference was detected between the control
groups and the MCT8MO and MCT8MO�p53MO em-
bryos (P � .0001). These results were further confirmed
by fluorescent microscopy (Supplemental Figure 3). The
results indicate that MCT8MO-induced apoptosis is a
specific effect caused by lack of maternal TH uptake by
the embryo.

To further confirm the specificity of the MCT8MO for
the zebrafish wild-type mct8 mRNA, the first 6 nucleo-
tides in the MO seeding sequence was mutated (mct8
mRNA) and transcribed in vitro. Microinjection (1 nL) of
100 pg of the mutant mct8 mRNA did not change ze-
brafish embryo development over the time period studied
(48 hpf). In contrast, 0.8 pmol MCT8MO alone gave rise
to the specific phenotype already observed at 48 hpf (Fig-
ures 2 and 4A). However, when 0.8 pmol MCT8MO and
100 ng 5�-mutated mct8 mRNA was coinjected (1 nL), it
rescued most of the embryos (62%) (Figure 4, A and B).
The coinjected mct8 mRNA�MCT8MO embryos did
not have an axial bend or modified brain development
relative to the control embryos (Figure 4A). Because mct8
is expressed in the neurovasculature by 48 hpf (Figure 1),
the development of these structures may give an index of
the MCT8MO phenotype. A detailed evaluation of the
impact of the MCT8MO on the developing vasculature
was revealed using the zebrafish Tg(fli1:EGFP) line (Fig-
ure 4C). Microinjection of 0.8 pmol MCT8MO disrupted
the development of the hindbrain neurovasculature (39,
40) with only 3 of the normal 7 hindbrain-penetrating

Figure 3. Increased apoptosis in mct8 morphants is not rescued by
suppression of p53 signaling. A, Lateral (first row) and dorsal (second
row) bright-field images of wild-type 25-hpf zebrafish noninjected
embryos or embryos microinjected (1 nL) with CTRMO (0.6 pmol),
MCT8MO (0.8 pmol), or MCT8�p53MO (0.8 � 0.5 pmol). The black
box denotes the otic vesicle presented in a higher magnification in the
insets. Scale bars, 100 �m. B, Total fluorescence (570 nm)
measurement of noninjected and CTRMO, MCT8MO, or
MCT8�p53MO microinjected wild-type 25-hpf zebrafish embryos
after TUNEL using TMR-red. In the graph in B, bars denote SE, and
experimental groups that do not differ significantly bear the same
letter (P � .05) and those with different letters are significantly
different (P � .0001) after Bonferroni multiple-comparison test.
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central arteries being formed (red arrowheads in Figure
4C). Coinjection of both mct8 mRNA and MCT8MO
rescued the embryos, and they resembled the control em-
bryos and developed 7 central arteries in the hindbrain.
Overexpression of mct8 mRNA did not provoke overt
modifications in the developing brain vasculature relative
to control embryos. Rescue of mct8 morphants by coin-
jection of mct8 mRNA rescued the apoptotic phenotype
of maternal TH knockdown (Supplemental Figure 4) and
pax8 expression in the hindbrain (Supplemental Figure 5)
and further validated the specificity of the MCT8MO.
Rescue of apoptosis by mutated mct8 mRNA strongly
suggests that suppression of apoptosis during zebrafish
development is a specific function of the maternal THs
(Supplemental Figure 4). Furthermore, rescue of the apo-
ptotic phenotype by restoring MCT8 further confirms the
specificity of the MCT8MO and that the phenotype is
specific (Supplemental Figure 4). Collectively, the results
indicate that MCT8MO is a bona fide knockdown of
mct8 function and consequently maternal TH (20)
actions.

Maternal TH knockdown affects brain and spinal
cord development

Brain development is significantly perturbed in 25-hpf
embryos by MCT8 knockdown (Figure 5A). In control
embryos (CTRMO), cells positive for Pax7, which labels
several dorsal cell populations in the developing zebrafish
brain (41–43), are found in the dorsal midbrain, MHB,

hindbrain, and first sections of the spinal cord (red in
Figure 5A). In contrast, the mct8 morphants have a re-
duced midbrain size and a reduction in pax7-positive cells
(Figure 5A). In the MHB and hindbrain, the number of
pax7-positive cells is clearly reduced (Figure 5A), and
they are undetectable in the first section of the spinal cord
(Figure 5B). To further understand the effect of MCT8
knockdown and the role of maternal THs in early brain
development, neuron differentiation was assessed with
�-tubulin staining (green in Figure 5). Tubulin staining of
mct8 morphants revealed mild effects in the main ventral
commissures of the developing brain (Figure 5A). In the
hindbrain, mct8 morphants have fewer tubulin-positive
cells than the control embryos (Figure 5A), and this is
even more noticeable in the spinal cord (Figure 5C). Com-
pared with the control embryos in the mct8 morphants,
most medial spinal cord neurons (cyan arrowheads in
Figure 5C) are almost all absent, and there is an apparent
increase in most ventrally located motoneuron-like neu-
rons (green arrowheads in Figure 5C). The number, di-
versity, and morphology of dorsal spinal cord neurons are
also affected in the mct8 morphants (red arrowheads in
Figure 5C), and only a single type of dorsal spinal cord
neurons develop (Figure 5C). The cell body of dorsal spi-
nal cord neurons in MCT8 morphants is modified relative
to the control because it is perpendicular to the sagittal
plane of the embryo and the axons project contralaterally

Figure 4. MCT8MO phenotype is rescued by MCT8 mRNA coinjection. A, Lateral (upper row) and dorsal (lower row) bright-field images of
Tg(fli1:EGFP) 48-hpf zebrafish embryos noninjected and CTRMO (0.6 pmol), mutated mct8 mRNA (100 g), MCT8MO (0.8 pmol), or mutated mct8
mRNA�MCT8MO (100 pg � 0.8 pmol) microinjected (1 nL). Scale bars, 100 �m. B, Distribution of normal, morphant, and rescued animals in the
different experimental groups according to axial trunk bending phenotype. C, Fluorescent images of central arteries invading the hindbrain of
Tg(fli1:EGFP) 48-hpf zebrafish embryos noninjected and CTRMO, mutated mct8 mRNA, MCT8MO, or mutated mct8 mRNA�MCT8MO
microinjected. The red chevron denotes midcerebral vein, red arrowheads denote central arteries invading the hindbrain, and cyan asterisk denotes
otic capsule. Scale bars, 50 �m.
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and then bend (90° angle) down toward the ventral floor
(red arrowheads in Figure 5C).

To determine where maternal THs act in the genetic
cascade of brain and spinal cord development, the expres-
sion of fgf8a, shha, and pax2a was analyzed in 25-hpf
embryos (Figure 6). The expression of fgf8a, shha, and
pax2a in mct8 morphants is similar to the control em-
bryos (Figure 6A). The mct8 morphants (25 hpf) are
smaller than control embryos and have a corresponding
reduction in the expression field of fgf8a (Figure 6B), and
its expression is disrupted only in the developing otic cap-
sule (arrowheads in Figure 6B). The expression of pax2a
is also affected in the otic capsule at 25 hpf (arrowheads in
Figure 6C), and in mct8 morphants, it has a widespread
expression in the vesicle, whereas in control embryos, the
pax2a is low intensity in the periphery and higher inten-

sity in the cells that generate the otoliths (arrowheads in
Figure 6C). The mct8 morphant has impaired eye devel-
opment, and this is associated with a reduction in pax2a
expression in the anterior region of the developing optic
stalk (arrows in Figure 6C). In the MHB, pax2a expres-
sion is unchanged in mct8 morphants relative to the con-
trol embryos apart from a reduction in the expression
field (Figure 6C) that is commensurate with the reduction
in the size of their brain (Figure 3A). MCT8 knockdown
also affects pax2a expression in the hindbrain (Figure
6C), and in the first 3 rhombomeres, no pax2a-expressing

Figure 5. MCT8 knockdown affects brain and spinal cord
development. A, Fluorescent images of 25-hpf wild-type zebrafish
embryos microinjected with either CTRMO or MCT8MO. Red and
green represent, respectively, Pax7 and acetylated �-tubulin
immunostaining. The white and cyan boxed area denotes, respectively,
the high-magnification images presented in B and C. Scale bars, 100
�m. B, Higher magnification of the most anterior spinal cord section of
25-hpf wild-type zebrafish embryos microinjected with either CTRMO
or MCT8MO (white boxed area in A) after immunostaining for Pax7.
The red brackets denote Pax7-positive spinal cord cells along the dorsal
region of the developing spinal cord. In the MCT8 morphant, only the
most anterior dorsal spinal cord has a few Pax7-positive cells. Scale
bars, 50 �m. C, Higher magnification of sections 4 to 10 of the spinal
cord in 25-hpf wild-type zebrafish embryos microinjected with either
CTRMO or MCT8MO (white boxed area in A) after immunostaining for
acetylated �-tubulin. Dorsal (red arrowheads), medial (cyan
arrowheads), and ventral (green arrowheads) positioned spinal cord
neurons are highlighted. Scale bars, 50 �m.

Figure 6. pax2a is a target of maternal THs in a context-related
fashion. shha (A), fgf8a (B), and pax2a (C, D and, E) WISH expression
in 25-hpf wild-type zebrafish embryos microinjected with either
CTRMO or MCT8MO. Arrowheads in B denote the otic vesicle
expression field of fgf8. Arrowheads in C denote otic vesicle expression
of pax2a, and arrows denote the optic stalk expression field. Boxed
areas in D represent the high-magnification images shown in E. Scale
bars, 50 �m (A, B, and E) and 100 �m (C and D).
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cells are detected, which contrasts with the abundant ex-
pression in the control embryos (Figure 6C). From rhom-
bomere 4 onward, expression of pax2a is detected in the
hindbrain of mct8 morphants, although it has a more
random distribution and is scattered dorsoventrally
rather than being an almost straight row of cells typical of
control embryos (Figure 6C). In the spinal cord of mct8
morphants, distribution of pax2a-expressing cells is ran-
dom, and they are scattered dorsoventrally relative to the
control embryos (Figure 6, D and E).

To establish whether MCT8 knockdown (and removal
of maternal THs) affects other neural cell populations,
zebrafish development was studied up until 31 hpf when
the first hindbrain interneurons start to differentiate. Im-
munostaining with Zn8 antiserum (neurolin) reveals a
significant reduction in the labeling of the trigeminal
nerves in the mct8 morphants (red asterisks in Figure 7A),
suggesting a decrease in the number of these neurons.
Only a few differentiated hindbrain interneurons are
present at 31 hpf in mct8 morphants, unlike control em-
bryos that have high numbers of these neurons (arrow-
heads in Figure 7A). Expression of pax2a in the hindbrain
at 31 hpf in mct8 morphants is similar to that observed at
25 hpf (Figures 6C and 7B) with the exception of a few
pax2a-expressing cells in the first 3 rhombomeres (Figure
7B). The expression of pax2a in the MHB in mct8 mor-
phants at 31 hpf is identical to the control embryos when
size differences in the MHB are taken into account (Figure
7B). In the otic capsule, expression of pax2a is concen-
trated in a paired group of cells in control embryos, and in
the mct8 morphants, the expression fields are smaller and
closer together (arrowheads in Figure 7B). In the spinal
cord of 31-hpf MCT8MO morphants, the distribution of
pax2a-positive cells is similar to that at 25 hpf. The
pax2a-positive spinal cord neurons are fewer and more
dispersed and have a more random distribution along the
dorsoventral axis (Figure 7B). Moreover, �-tubulin im-
munostaining reveals that as observed at 25 hpf (Figure
5C), neurons are fewer and less diverse, and those present
have an aberrant distribution and morphology (Figure
7C). In mct8 morphants at 31 hpf, pax8 expression is
reduced and low expression occurs in the MHB and is
absent from the hindbrain, unlike the control embryos
(Figure 7D). Because pax8 is a marker of some hindbrain
interneuron’s reduction in its expression is unsurprising
given the dramatic reduction in the number of these cells
in the mct8 morphants (Figure 7, A and D). The knock-
down of Pax8 expression continues at 48 hpf in both the
brain (Figure 2B) and spinal cord of mct8 morphants
relative to the control embryos (Figure 7, E and F) and
suggests that pax8 inhibitory neurons (38) do not differ-
entiate normally in the mct8 morphants.

Figure 7. At 31 (A–D) and 48 (E and F) hpf, mct8 morphants have
fewer hindbrain and spinal cord neurons. A, Immunodetection of Zn8 in
the hindbrain of 31-hpf wild-type zebrafish embryos microinjected with
either CTRMO or MCT8MO. Arrowheads in A denote hindbrain
interneurons, and red asterisks indicate trigeminal neurons. Scale bars, 50
�m. B, Expression of pax2a in 31-hpf wild-type zebrafish embryos
microinjected with either CTRMO or MCT8MO. Black arrowheads indicate
otic vesicle expression of pax2a. Scale bars, 100 �m. C, Immunodetection
of acetylated �-tubulin in segments 4 to 10 of the spinal cord in 31-hpf wild-
type zebrafish embryos microinjected with either CTRMO or MCT8MO. Scale
bars, 50 �m. D, Expression of pax8 in 31-hpf wild-type zebrafish embryos
microinjected with either CTRMO or MCT8MO. Arrows indicate first pax8-
positive hindbrain interneurons. Scale bars, 50 �m. (e) Spinal cord expression
of pax8 in 48-hpf wild-type zebrafish embryos microinjected with either
CTRMO or MCT8MO. Scale bars, 200 �m. The boxed area in E corresponds
to a higher-magnification image in F. Scale bars, 50 �m (F).
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Maternal THs are involved in zebrafish locomotor
neural network development

To further understand the functional consequence of
the lack of maternal THs on the spinal cord neural net-
works, a touch-and-go mobility assay was employed (Fig-
ure 8). Comparison of control animals at 72 hpf and mct8
morphants with the characteristic bent trunk phenotype
revealed that they exhibited severely impaired mobility
(Figure 8A and Supplemental Movie 1 and Supplemental
Movie 2) (P � .0001; Figure 8B). This results show that
maternal THs are also important in the establishment of
the spinal cord neural networks during zebrafish
development.

Discussion

In the present study, knockdown of zebrafish MCT8, the
exclusive transporter of THs, revealed that maternal THs
have an essential role in zebrafish brain and spinal cord
development. The presence of hormones in teleost eggs is
well established (22), and zebrafish eggs, like other teleost
eggs, are rich in maternal THs (20). In addition, the mo-
lecular components for TH cellular action are present in
early zebrafish embryos (Figure 1 and Supplemental Fig-
ure 1) (24–28, 30). The general view has been “that in

zebrafish embryonic development thyroid receptors are
not part of TH signaling but are coregulatory factors of
retinoic acid signaling” (24, 25), although more recent
evidence implicates THs in teleost embryonic develop-
ment (44). Attempts to establish the action of TH-acti-
vated genes in zebrafish embryonic development have as
yet been inconclusive and have yielded relatively little
insight into the actions of maternal THs on zebrafish de-
velopment (30, 44–47). Here we demonstrated that THs
are bona fide maternally derived signaling molecules es-
sential for normal nervous system development partici-
pating in regionalization and differentiation of specific
neural cell lineages in the brain and spinal cord of devel-
oping zebrafish embryos. Moreover, the study reveals
that the modifications in brain development and mobility
provoked by MCT8 knockdown during embryogenesis
cannot be reversed at 72 hpf when zebrafish larvae start to
produce endogenous THs (32) (Figure 8). The results re-
veal a critical role for maternal THs in normal brain de-
velopment before hatching and indicate that failures in
TH supply during this time lead to irreversible changes.
From a comparative perspective, the mct8 morphant phe-
notype (impaired locomotor capacity and stiffness of the
posterior body) is reminiscent of humans with the X-
linked mental retardations that arise due to mutations in
the MCT8 gene (48, 49).

The working hypothesis of the present study was that
if maternal THs play a role in zebrafish embryo develop-
ment, then blocking their access to the embryo should
generate a phenotype. It was reasoned that knockdown of
the highly specific TH cellular transporter MCT8 would
effectively stop uptake of maternal THs by the embryo
(29). The expression of mct8 in zebrafish embryos and its
distribution (Figure 1 and Supplemental Figure 1) gave
insight into the likely sites of action of maternally derived
T3. Knockdown of MCT8 function via MOs severely af-
fected the brain regions (Figures 2–7) where mct8, thrab,
and to some extent thraa are expressed during zebrafish
development (Figure 1 and Supplemental Figure 1) (28,
30) and support a role for maternal THs in this process.
The phenotype of the mct8 morphant with the transla-
tion-blocking MO is similar to the one found with splic-
ing and 3�-untranslated zebrafish mct8 MOs (30). More-
over, the effects of the MCT8MO on apoptosis are not
suppressed by a p53MO but are reversed by coinjection of
a silent-mutated mRNA for zebrafish mct8, indicating
that the effects are specific (Figure 3 and Supplemental
Figure 4). THs are known to be a strong enhancer of cell
survival and differentiation during vertebrate develop-
ment and adult life (9, 10, 16, 50–53). This is also true
during zebrafish development when maternal THs con-
tribute to decreased apoptosis of different cell types in the

Figure 8. mct8 morphants have impaired mobility at 72 hpf. A,
Typical image depicting the total distance covered in 2 minutes by 72-
hpf wild-type zebrafish embryos or embryos microinjected with either
CTRMO or MCT8MO. Scale bar, 1 cm. B, Box and whisker graphic
(minimum and maximum) of the distance covered in 1 minute after
touch of 72-hpf wild-type zebrafish embryos microinjected with either
CTRMO or MCT8MO. ***, Significant statistical differences (P �
.0001) between the experimental groups (Dunnet’s multiple-
comparison test).
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embryo (Figure 3B). Moreover, when access to maternal
THs is interrupted in the mct8 morphant, apoptosis in
25-hpf zebrafish embryos increases, and the results sug-
gest it may be independent or may act upstream of the p53
signaling pathway (Figure 3). Rescue of the mct8 mor-
phant apoptosis phenotype by coinjection of a 6-bp mu-
tated (MO mismatch) mct8 mRNA (Supplemental Figure
4) supports the involvement of maternal THs in survival
of specific cell types during zebrafish development. How-
ever, the mechanism by which it occurs and the identity of
the cells is still unresolved, and more detailed studies are
needed. It will be important in the future to assess the
effect of maternal THs on proliferation. Nonetheless, the
results of our study show very clearly that maternal THs
are involved in cell differentiation and survival by sup-
pressing apoptosis in target cells. The analysis carried out
does not allow us to infer the mechanisms by which ma-
ternal THs regulate cell survival/apoptosis in the ze-
brafish embryo. Nonetheless, the present p53MO data
indicate that p53 signaling is probably not involved in
TH-mediated cell survival in the zebrafish embryo. Taken
together, the results support the hypothesis that maternal
THs are bona fide signaling molecules that participate,
via mct8, in normal embryonic development of zebrafish.

The phenotype of the MCT8 knockdown recapitulates
that obtained when THs are reduced or other elements of
the TH cellular signaling cascade are modified during
development in other vertebrates (6, 9, 48, 54) or in ze-
brafish embryonic development (24, 25). The fact that
mct8 morphants and zebrafish embryos overexpressing
thraa (25) both exhibit severe hindbrain defects (Figures
5–7) indicates that the role of TRs in early embryonic
development of zebrafish might not be exclusively to re-
press retinoic acid signaling but also to regulate gene ex-
pression of maternal TH target genes. It was not possible
to precisely resolve the mechanisms by which maternal
THs modulate zebrafish brain development. However,
the absence of change in shha and fgf8a expression in
developing neural tissues of the mct8 morphants relative
to control embryos suggest it is not via regulation of these
pathways (Figure 6, B and C), further suggesting that
maternal THs are not involved in early specification of
neural tissues. However, ablation of fgf8a expression in
the otic capsule of mct8 morphants suggests that maternal
THs may regulate developmental events upstream of
fgf8a signaling in a cell-specific manner. In zebrafish,
there are no reports about regulation of fgf8a or other fgf
genes by THs; nonetheless, hypothyroidism in mice dur-
ing postnatal development decreases Fgf2 expression in
the microvasculature of the brain (55). Furthermore, in a
mouse model of hypoxia, T4 treatment upregulated FGF2
and FGFR1 in the microvasculature of the lung (56). Ob-

servations of Fgf gene responsiveness to THs in other
vertebrates provides support for the potential role of ma-
ternal THs in the developing otic capsule in zebrafish, and
further studies using transplantation of zebrafish embryo
cells mutant for the mct8 gene would clarify this issue.
Currently, such experiments are not possible because no
mct8 mutant lines are available.

The expression of pax8, pax2a, and Pax7 in the devel-
oping zebrafish brain is substantially modified in the mct8
morphant (absence of maternal THs) (Figures 2 and 5–7).
However, for Pax7 and pax2a, the effect is not uniform in
all brain regions and occurred in a cell-specific manner
(Figures 5 and 6). The lack of effect of MCT8 knockdown
on pax2a compared with pax8 expression in the MHB
(Figures 6 and 7) suggests that maternal THs are involved
in the genetic cascade regulating pax8 upstream or inde-
pendently of pax2a (57). The number of Pax7-positive
cells in the brain and spinal cord as well as the number of
xantophores and muscle satellite cells in the axial muscle
of mct8 morphants decreased (Figure 5, A and B), sug-
gesting that maternal TH signaling is required upstream
of Pax7 for correct expression but is not essential. This
might indicate that maternal TH signaling acts upstream
of Pax7 in these cell types. Given the role of Pax7 in dorsal
determination of neural progenitor cell identities (41–43,
58), the results suggest that maternal THs may be an
important factor for the dorsal determination of different
regions of the brain and spinal cord at or even before 25
hpf. Wnt signaling expands pax7 in the preplacodal re-
gion (59), whereas Wnt antagonists have the opposite
action (58, 60). The modification of Pax7 expression in
mct8 morphants is reminiscent of what occurs when wnt
signaling is disrupted in developing zebrafish brain and
suggests that maternal THs could be involved in the reg-
ulation of components of the wnt signaling cascade in
dorsal brain and spinal cord regions. However, more ex-
periments will be required to test this hypothesis. The
observation that pax8 expression is totally suppressed
(Figures 2 and 7) and pax2a expression is disrupted in the
optic stalk, otic capsule, and hindbrain and spinal cord
(Figures 6 and 7) in the mct8 morphants strengthens the
notion that maternal THs are involved in specification of
different neural cell populations during zebrafish devel-
opment (38, 57, 59). This observation is reinforced by the
substantial decrease in the number of Zn8-positive in-
terneurons in the hindbrain (Figure 7). The way maternal
THs regulate pax2a, pax7, and pax8 expression in the
developing zebrafish brain remains unresolved, but wnt
signaling is a candidate of interest.

The spinal cord is most affected in the mct8 mor-
phants. During normal development spinal cord neurons
increase in number and diversity along the dorsal-ventral
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axis (Figures 5C and 7), but this diversity is lost in mct8
morphants, suggesting this tissue is an important target
for maternal THs (Figures 5–7). The modifications in spi-
nal cord development in the mct8 morphants coincides
with the absence of Pax7-positive cells, which are in-
volved in dorsal spinal cord neuron progenitor differen-
tiation (41–43, 58). Zebrafish pax8 and pax2a are also
involved in cell fate determination of spinal cord neurons
(38, 61) and have a disrupted expression in the mct8
morphants. They act independently or in conjunction and
generate different spinal cord interneurons with inhibi-
tory characteristics (38, 62). Whereas pax8 is found only
in commissural bifurcating longitudinal neurons (38),
pax2a is found mostly in glycinergic or GABAergic inhib-
itory neurons, including the most ventral spinal circum-
ferential ascending interneurons. There is almost total
suppression of most ventral ascending neurons in the spi-
nal cord of mct8 morphants in the regions where pax2a
and pax8 are expressed (Figures 5–7). Taken together, the
evidence suggests that maternal THs contribute to the
specification of different spinal cord populations via reg-
ulation of pax7, pax2a, and pax8. Strikingly, not all spi-
nal cord neurons expressing pax2a are affected, suggest-
ing that only a small subset of pax2a-positive neurons is
regulated by maternal THs. Evidence that pax2a and
pax8 participate in cell fate decisions in the developing
zebrafish spinal cord comes from double mutants for
these genes in which commissural bifurcating longitudi-
nal neurons do not differentiate, and instead, their pro-
genitors give rise to neurons with ipsilateral descending
axons (38, 61, 63). The higher abundance of the most
ventral neurons and decrease in dorsal neurons of the
spinal cord in mct8 morphants suggests that maternal
THs might function as a selective signal involved in fate
determination of different spinal cord neurons upstream
of pax8-positive interneurons and also in a small subset of
pax2a-positive spinal cord neurons. However, more stud-
ies will be necessary to fully resolve this question and
accurately pinpoint which spinal cord neurons are depen-
dent on maternal THs for normal development. Nonethe-
less, the overall phenotype of the zebrafish mct8 mor-
phants, a stiff axial body, with a sharp bend at the end of
the yolk extension may be indicative of constant contrac-
tion of the axial muscles due to lack of inhibitory spinal
cord interneurons and increase in motoneurons. Support
for this hypothesis come from observations in mice, Xe-
nopus, and zebrafish that pax2-positive spinal cord in-
terneurons are involved in the regulation of locomotor
activity (63–65) and the reduced mobility exhibited by
the zebrafish mct8 morphants (Figure 8 and Supplemen-
tal Movies 1 and 2).

In conclusion, an in vivo assay has been established in
the zebrafish for analyzing the function of maternally de-
rived THs in zebrafish eggs. Attempts to directly ablate
THs in the egg were not technically possible. This is a
limitation of the present study, but given the exclusive
function of MCT8 as a TH transporter (29), the MCT8
knockdown phenotype is entirely a result of the absence
of TH transport into cells. Nonetheless, using MCT8
knockdown, it is demonstrated that maternal THs are
bona fide signaling molecules from as early as, or before,
25 hpf in zebrafish embryonic development. It is revealed
that maternal THs are involved in both regional specifi-
cation of the dorsal roof of the brain and spinal cord but
also in cell-specific fate determination of neurons in the
hindbrain and spinal cord. Moreover, maternal THs act
downstream of shha and fgf8a signaling but upstream of
pax2a, pax7, and pax8. More studies are now required to
dissect in detail the maternal TH genetic cascade during
zebrafish development. This is the first vertebrate model
of embryonic development in which the cellular and mo-
lecular consequences of MCT8 knockdown, responsible
for X-linked mental retardation in humans (48, 49), are
revealed and opens the door for future studies aimed at
improving understanding of this human condition.
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