10356 • The Journal of Neuroscience, October 5, 2016 • 36(40):10356 –10375

Development/Plasticity/Repair

Thyroid Hormone Acts Locally to Increase Neurogenesis,
Neuronal Differentiation, and Dendritic Arbor Elaboration
in the Tadpole Visual System
Christopher K. Thompson and Hollis T. Cline
Department of Molecular and Cellular Neuroscience and The Dorris Neuroscience Center, The Scripps Research Institute, La Jolla, California 92039

Thyroid hormone (TH) regulates many cellular events underlying perinatal brain development in vertebrates. Whether and how TH
regulates brain development when neural circuits are first forming is less clear. Furthermore, although the molecular mechanisms that
impose spatiotemporal constraints on TH action in the brain have been described, the effects of local TH signaling are poorly understood.
We determined the effects of manipulating TH signaling on development of the optic tectum in stage 46 – 49 Xenopus laevis tadpoles.
Global TH treatment caused large-scale morphological effects in tadpoles, including changes in brain morphology and increased tectal
cell proliferation. Either increasing or decreasing endogenous TH signaling in tectum, by combining targeted DIO3 knockdown and
methimazole, led to corresponding changes in tectal cell proliferation. Local increases in TH, accomplished by injecting suspensions of
tri-iodothyronine (T3 ) in coconut oil into the midbrain ventricle or into the eye, selectively increased tectal or retinal cell proliferation,
respectively. In vivo time-lapse imaging demonstrated that local TH first increased tectal progenitor cell proliferation, expanding the
progenitor pool, and subsequently increased neuronal differentiation. Local T3 also dramatically increased dendritic arbor growth in
neurons that had already reached a growth plateau. The time-lapse data indicate that the same cells are differentially sensitive to T3 at
different time points. Finally, TH increased expression of genes pertaining to proliferation and neuronal differentiation. These experiments indicate that endogenous TH locally regulates neurogenesis at developmental stages relevant to circuit assembly by affecting cell
proliferation and differentiation and by acting on neurons to increase dendritic arbor elaboration.
Key words: dendrite development; in vivo imaging; neural progenitor cell; neurogenesis; retinotectal; thyroxine

Significance Statement
Thyroid hormone (TH) is a critical regulator of perinatal brain development in vertebrates. Abnormal TH signaling in early
pregnancy is associated with significant cognitive deficits in humans; however, it is difficult to probe the function of TH in early
brain development in mammals because of the inaccessibility of the fetal brain in the uterine environment and the challenge of
disambiguating maternal versus fetal contributions of TH. The external development of tadpoles allows manipulation and direct
observation of the molecular and cellular mechanisms underlying TH’s effects on brain development in ways not possible in
mammals. We find that endogenous TH locally regulates neurogenesis at developmental stages relevant to circuit assembly by
affecting neural progenitor cell proliferation and differentiation and by acting on neurons to enhance dendritic arbor elaboration.

Introduction
Thyroid hormone (TH) regulates neurogenesis during perinatal
brain development in mammals (Eayrs and Taylor, 1951; Eayrs,
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1955; Legrand, 1967; Nicholson and Altman, 1972a,b; Denver et
al., 1999; Anderson, 2001; Zoeller and Rovet, 2004; Bernal, 2007;
Mohan et al., 2012; Wang et al., 2014), but the effects of TH
during earlier stages of brain development are unclear. It is difficult to test the effects of TH on early brain development in mammals because of the inaccessibility of the fetal brain and the
inability to disambiguate the maternal versus fetal contributions
of TH. By contrast, the external development of tadpoles allows
manipulation and direct observation of TH’s effects on cell proDOI:10.1523/JNEUROSCI.4147-15.2016
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Figure 1. T3 changes brain morphology. A, Protocol for T3 treatment. Stage 47 tadpoles were split into two groups: control bath and T3 bath (50 nM). All animals were killed after 6 d, brains were
stained with Sytox-O to label nuclei, and imaged on a confocal microscope. Prolif. Zone, Proliferation zone. B, Representative z-projections of control and T3-treated brains stained with Sytox-O are
shown as montages. Treatment with T3 induced substantial changes in morphology in the telencephalon, pretectum, optic tectum, and hindbrain. Also indicated are the neuropil, cell body layer, and
proliferative zone of the optic tectum. C, Representative confocal z-projections of tecta from the two experimental groups. The fuchsia and blue lines in the control (left) show where measurements
of tectal length and width were taken, respectively. D, E, T3 induced an increase in the volume (D) and width/length ratio (E) of the tectum (**p ⬍ 0.01, ***p ⬍ 0.001). F, Volume and width/length
ratio significantly covaried (r 2 ⫽ 0.57, p ⬍ 0.01).

liferation, neuronal differentiation, and morphological changes
underlying brain development. Although a surge of circulating
TH drives metamorphosis in mature tadpoles (2– 6 months after
fertilization, depending on husbandry conditions; Nieuwkoop
and Faber, 1956; Kelley, 1996), younger tadpoles are acutely sensitive to TH (Gudernatsch, 1912; Tata, 1968; Shi, 2000).
Thyroxine (T4) is produced in the thyroid gland and circulates
throughout the body. T4 is converted locally in the brain to triiodothyronine (T3), the active form of TH, by type-II 5-deiodinase.
Similarly, local expression of type-III 5-deiodinase (DIO3) converts
T3 to an inactive form. During brain development, T3 predominantly binds thyroid hormone receptor ␣ (TR␣), a transcription
factor that represses gene expression when unliganded (Oppenheimer and Schwartz, 1997; Havis et al., 2006; Bernal, 2007; Choi et
al., 2015; Wen and Shi, 2015). This combination of circulating levels
of T4 and expression of deiodinases and TRs governs spatial and
temporal TH signaling in the brain. Nevertheless, most studies on
TH in brain development manipulate circulating levels of TH without addressing how local TH signaling affects specific components of
a developing TH-sensitive neural circuit. We investigated potential
local effects of TH signaling on development of the Xenopus laevis
tadpole optic tectum, the homolog of the mammalian superior colliculus, when tadpoles are about 1 week old and begin to forage for
food. Neural progenitor cell (NPC) proliferation, neuronal differentiation, and retinotectal circuit assembly have been well characterized during this developmental period (Bestman et al., 2008, 2012,
2015). We used spatial and temporal manipulations of TH signaling,
including global and local delivery of T3, targeted DIO3 knockdown
in the tectum, and drug treatments, combined with analysis of brain
morphology, neurogenesis, cell death, neuronal differentiation, and
gene expression. We also used time-lapse in vivo imaging to examine

distinct responses of neural progenitor cells and neurons to T3 over
time. Our data show that localized increases in TH signaling induce
rapid and robust increases in cell proliferation, neuronal differentiation, and dendrite arbor development and that blocking endogenous TH synthesis reduces proliferation in the optic tectum. We
conclude that TH at these developmental stages drives neurogenic
events essential for neural circuit assembly.

Materials and Methods
Animals. We used albino X. laevis tadpoles that were bred on site. Tadpoles of either sex were reared in 0.1⫻ Steinberg’s solution (12 h light/
dark cycle at 22°C). Tadpoles were selected for study based on their
developmental stage using the morphological criteria of Nieuwkoop and
Faber (1956) at the beginning of each experiment. Xenopus tadpoles are
free-swimming 3– 4 d after fertilization [stages 38 – 41, as defined by
Nieuwkoop and Faber (1956))]. By 5–7 d, tadpoles have exhausted their
yolk stores and begin to forage for food. We use tadpoles during these
stages (stages 46 – 49) while the retinotectal circuit continues to undergo
substantial development (Tao and Poo, 2005; Bestman et al., 2008, 2012,
2015; Deeg et al., 2009; Pratt and Aizenman, 2009; Shen et al., 2011,
2014). Under standard rearing conditions in our laboratory, stage 46 lasts
1 d, stage 47 continues for 2–3 d, stage 48 lasts 5 or more days, and stage
49 typically lasts an additional 5– 6 d. Thus stage 46 tadpoles will typically
progress to stage 48 after 1 week and to stage 49 over 2 weeks. During
hormone bath experiments, we kept the tadpoles in bowls with 100 ml of
0.1⫻ Steinberg’s solution (see below for details about hormone experiments). Tadpoles were fed tadpole powder (Xenopus Express) twice a
day, and waste was removed as needed. During in vivo imaging experiments, tadpoles were housed individually in wells of six-well tissue culture plates. We anesthetized tadpoles in 0.02% MS222 before
electroporation, coconut oil injection, and during in vivo imaging. All
animal procedures were performed in accordance with The Scripps Research Institute’s institutional animal care and use committee’s regula-
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Table 1. Primers used for quantification of gene expression
Primer
direction Primer sequence

Gene

Gene name

tr␣

Thyroid Hormone Receptor ␣

For
Rev
Thyroid Hormone Receptor ␤
For
tr␤
Rev
nrep Neuronal Regeneration Related Protein
For
Rev
pcna Proliferating Cell Nuclear Antigen
For
Rev
mcm5 Minichromosome Maintenance Complex Component 5
For
Rev
gapdh Glyceraldehyde-3-Phosphate Dehydrogenase
For
Rev
ywhaz Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein, Zeta For
Rev
hprt1 Hypoxanthine Phosphoribosyltransferase 1
For
Rev
rps13 Ribosomal Protein S13
For
Rev
rpl32 Ribosomal Protein L32
For
Rev

TCCAGACAGCGAGACCCTAA
GGCATCAGAGACAACACCCA
AGATCATGTCCCTCCGAGCA
CCACACCGAGTCCTCCATTT
TGTAGCGGGAGCAATCACAA
ACATTCAGAAACCTGCCCCT
TTCTTGTGCGAAGGATGGGG
CGCAATGCAAATGTGAGCTG
GTGCTTGCTGCTTTCTTCTCT
CTCTCCGCCAAAACTATCGC
AATCTACTGGAGTCTTCACAACCA
GAGTTCTCATATTTCTCATGGTTCA
AATGCCACGCAACCAGAAAG
ATATCTGACTTTGCATCGCCG
ATGCAGCCGATCTGGAGAAA
CTCGAGCCAGCCTTTCAGTC
ATGTCAAGGAACAGATCTTCAAACT
GAGGATTCTCAGGATTTTATTACCA
GCTCTTCATCGGGCTGTCTA
CTTGGTGAGAGGTCTGAGGG

Two-way ANOVA results
(versus rps13 ⫹ rpl32)
Amplicon
size (bp) Time
Treatment Interaction
91

0.449

0.866

0.0053

114

0.0004 ⬍0.0001

0.0818

162

0.0019 ⬍0.0001

0.0004

150

⬍0.0001 ⬍0.0001

0.508

81

⬍0.0001 ⬍0.0001

0.0207

139

0.636

0.0309

0.135

101

⬍0.0001

0.0019

0.0276

72

0.176

0.0009

0.77

131
77

Forward and reverse primer sequences that were used for quantification of expression for specified genes are shown. Analysis using two-way ANOVA compared with the ribosomal proteins, rps13 and rpl132, is shown.

Table 2. Candidates evaluated for use as reference genes
Percent difference
of T3 from Control Two-way ANOVA results

geNorm NormFinder
Treatment Interaction M-value Stability value

Gene

Day 2

Day 4

Time

gapdh
ywhaz
hprt1
rps13
rpl32

16.4
67.6
54.9
1.9
13.9

60.0
49.2
109.9
19.8
30.0

0.576
0.025
⬍0.001 ⬍0.001
0.542 ⬍0.001
0.012
0.516
0.008
0.111

0.266
0.125
0.421
0.627
0.43

0.607
0.568
0.563
0.710
0.736

0.0186
0.0711
0.0454
0.0819
0.0692

Candidates were evaluated to determine if the genes respond to T3 treatment and for their stability as potential
reference genes using geNorm and NormFinder analysis tools.

tions. The number of animals used in each experiment is listed in the
figure legends.
Hormone and drug treatments. For systemic treatment experiments in
which T3 was delivered in rearing solution, T3 (20 g/ml; Sigma) was
dissolved in 20 mM NaOH stock solution and stored at ⫺20°C. Aliquots
of T3 stock were thawed and diluted to 50 nM in Steinberg’s solution, a
concentration that is effective in activating TH signaling in the tadpole
brain (Denver et al., 2009). Methimazole (MMI; 0.114 g/ml) was dissolved in double-distilled H2O and stored at ⫺20°C. Aliquots of MMI
stock were thawed and diluted to 1 mM in Steinberg’s solution. Except
where stated otherwise, tadpoles used in hormone treatment experiments were kept in bowls with 100 ml of Steinberg’s solution (20 –30
tadpoles per bowl). To deliver T3 locally to the eye and midbrain, we
prepared suspensions of crystalline T3 in melted (35°C) coconut oil (20
mg/ml), vortexed the mixture for ⬃5 min, and diluted it to four concentrations (5 mg/ml, 1 mg/ml, 500 g/ml, 100 g/ml) in coconut oil.
Chloro-deoxyuridine incorporation to label dividing cells. Chlorodeoxyuridine (CldU; 10 mg/ml; 105478, MP Biomedicals) was dissolved
in distilled H2O to generate 38.1 mM stock, which was then diluted to 10
mM in Steinberg’s solution. We placed tadpoles in 10 mM CldU solution
for 2 h and then either killed them immediately (see below) or returned
them to their treatment bowl for pulse/chase analysis.
Euthanasia and tissue fixation. Tadpoles were killed with an overdose
of anesthesia (1.0% MS222) and fixed in 4% phosphate-buffered paraformaldehyde overnight at 4°C. We then washed the tadpoles with PBS
and dissected the brains into PBS with 0.1% Triton X-100 (PBS-TX).
Tadpoles that were used for coconut oil experiments in the eye and the
brain were fixed with 2% trichloro-acetic acid for 2 h and placed into PBS
before being embedded in paraffin.

Whole-mount immunostaining and imaging. Tadpole brains were washed
in PBS-TX, placed in blocking buffer (2.5% normal goat serum in PBS-TX)
for 1 h, and incubated overnight in the primary antibody [phosphoHistone3 (pH3), 1:1000, Sigma-Aldrich, H0412, made in rabbit, RRID:
AB_477043; BrdU, 1:200, Accurate, made in rat, RRID: AB_609568; HuC/D,
1:200, Invitrogen, A21271, made in mouse, RRID: AB_221448; GFP, 1:200,
Millipore, ab3080, made in rabbit, RRID: AB_91337] in blocking buffer at
4°C with gentle rotation. We then washed the brains three times in PBS-TX,
incubated them in the appropriate secondary antibody [pH3, BrdU, GFP
with Alexa Fluor 488 (1:400), HuC/D with Alexa Fluor 633 (1:400); Life
Technologies] for 3– 4 h, washed them again in PBS-TX, and incubated them
for 15 min in Sytox-O (1:1000 in PBS-TX). Brains were washed in PBS once
and coverslipped in a well on a slide with Prolong Gold antifade mounting
medium (Life Technologies). Immunostained brains were imaged on a FluoView 500 confocal microscope or a Nikon multiphoton microscope.
Quantification of animal length and brain morphology. We measured
the body lengths of fixed tadpoles from snout to tail tip in ImageJ from
images taken with an Infinity1 camera mounted on a Nikon dissecting
microscope. We measured the volume of the tectum by tracing the crosssectional area of the tectum every five optical sections (6.2 m) with a
Wacom graphic tablet using ImageJ (RRID: SCR_003070). Tectum volume was calculated using the formula for the volume of a cone frustum
using the cross-sectional areas from every other five optical sections as
the top and bottom of the frustum and adding the volume segments to
obtain total tectum volume. To measure the tectum width/length ratio,
we measured the width of the tectum (defined as a line connecting the
most lateral extent of where the cell body layer meets the neuropil on
either side of the brain) and the length of the tectum (defined as a line
connecting the anterior tectal commissure to the point at which the
midline of the ventricular zone starts to extend laterally). The width/
length ratios were measured from a z-projection of the same confocal
stacks used to measure tectal volume. We used the width/length ratio as
a measure of change in tectum morphology because it appeared to be a
more sensitive measure of the effects of T3 than total volume (Fig. 1F–H ).
The width/length ratio has previously been shown to be a sensitive indicator of metamorphic change in the tadpole brain (Coen et al., 2007).
Quantification of cell number. We counted the number of CldU⫹,
pH3⫹, and dying Sytox-O⫹ cells from optical stacks of whole imaged
tecta in ImageJ. The area of the tectum that was quantified was delineated by the anterior commissure on the rostral side, the most caudal
extent of the midbrain ventricle, the dorsal surface of the brain, and
the top 40 or 55 optical sections of tectum were used to delineate the
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Figure 2. T3 treatment increases NPC proliferation in the optic tectum. A, Dorsal aspect of a Xenopus tadpole head illustrating the major subdivisions of the brain and retinal innervation of the
optic tectum. B, Schematic of area highlighted in red box in A illustrating the cellular makeup of the tadpole retinotectal circuit. The contralateral retinal ganglion cell axons (blue) synapse on
dendrites of tectal neurons (black nuclei) in the neuropil. NPCs (green nuclei) situated along the ventricle generate neurons that make up the cell body layers. C, Protocol for T3 and CldU treatments,
followed by immunohistochemical (IHC) labeling for CldU. Stage 47 tadpoles were placed in either control bath or T3 bath (50 nM). Tadpoles were exposed to CldU for 2 h at the end of the first 24 h.
Groups of tadpoles were killed on day 1 (immediately after 2 h CldU exposure), day 3, or day 6. C, Confocal z-projections of representative tecta from tadpoles in each group killed at the designated
time point. A high-magnification view of each tectum within the dashed box is shown to the right. BlackandwhiteimageswereinvertedsoCldUlabelingisblack.Quantificationshowedthat1dtreatment
with T3 significantly increased tectal NPC proliferation (see Results). CldU labeling in the T3 group progressively decreased over days 3 and 6, consistent with dilution of CldU. n ⫽ 6 – 8 brains per group.

ventral extent of the region of interest. For CldU and pH3, we counted
cells that met a threshold fluorescence intensity of at least three times
the intensity of background. We counted brightly labeled Sytox-O⫹
cells, a measure of apoptotic cells, as described by Faulkner et al.
(2015), that met a threshold intensity of at least 1.5 times the intensity
of their nearest neighboring cells. Dying Sytox-O⫹ cells were also
characterized as having a relatively small, condensed nucleus. A sig-

nificant portion of these cells also colocalize with activated capase-3
(Faulkner et al., 2015).
For analysis of CldU labeling in paraffin sections, we killed tadpoles,
fixed them with 2% trichloro-acetic acid (see above), and embedded the
entire tadpole in paraffin using a paraffin embedding system (Thermo
Fisher Scientific). We cut the heads using a rotary microtome into 5-mthick slices and mounted the sections onto Superfrost slides (Thermo
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Figure 3. T3 increases tectal NPC proliferation. A, Protocol for T3 treatments, followed by immunohistochemical (IHC) labeling for pH3. Stage 47 tadpoles were put into either control
bath or T3 bath (50 nM) for 7 d. Tadpoles from both groups were killed 2, 4, and 7 d after onset of treatment. B, Representative confocal z-projections of optic tecta immunolabeled for
pH3 (green) and counterstained with Sytox-O (red). C, Treatment with T3 significantly increased the number of pH3⫹ cells in the ventricular zone at all three time points (**p ⬍ 0.01,
***p ⬍ 0.001). n ⫽ 10 –14 brains per group.
Fisher Scientific) in a warm water bath. We incubated the slides in a 50°C
incubator overnight, cooled the slides, and deparaffinized them in xylene. Slides were washed in a descending gradient of EtOH, washed in
deionized water, and washed in PBS. The sections were dried briefly and
outlined with a PAP pen (Sigma), washed further with PBS, incubated
with blocking buffer (see above) for 1 h, and incubated with a primary
antibody against BrdU (1:200, made in rat; Accurate) overnight. We
washed the slides with PBS, incubated the sections with an anti-rat biotinylated secondary antibody for 90 min, washed with PBS, incubated
with the ABC kit (Vector Laboratories) for 45 min, washed with PBS, and
revealed immunolabel with a diaminobenzidine-based colorimetric reaction. We washed the sections with PBS and water, stained them with a
hematoxolin solution for 1 min, washed with water, dehydrated in an
ascending series of EtOH, cleared in xylene, and coverslipped with DPX.
We counted CldU⫹ cells (see Fig. 7D, brown precipitate, arrowheads) in
every other section in at least 10 sections per eye (⬃5 sections nasal/
temporal to the punctum caecum). CldU⫹ cells in the retina were found
in the ventral and dorsal ciliary margin. We counted CldU⫹ cells in every
other section in at least 10 sections in the midbrain, starting from the
caudal end of the midbrain and moving rostrally. We counted all CldU⫹
cells that lined the midbrain ventricle; this includes cells from the tectum
and tegmentum.
Electroporation, morpholinos, plasmids, and in vivo imaging. Optic tecta
were electroporated with plasmids or morpholinos as described previously
(Bestman and Cline, 2014; Bestman et al., 2015). Morpholinos against the
5⬘UTR region of DIO3 (DIO3 MO: GCAGTGCAACATGGTGCTCAGCCCT) or control morpholinos (control MO: TAACTCGCATCGTAGATTGACTAAA) were designed by GeneTools. For in vivo imaging of NPC
proliferation and neuronal differentiation, we electroporated optic tecta of
stage 46 tadpoles with a construct, called pSox2-bd::GFP, that drives GFP
expression in Sox2-expressing NPCs (Bestman et al., 2012). We counted the
GFP⫹ cells that had morphological features of either neurons (pear-shaped
cell body, dendritic arbor, and a fine axonal process, often tipped with a
growth cone) or NPCs (columnar-shaped cell body in or adjacent to the
ventricular zone extending a process with end feet adjacent to the pia). These
criteria for identification of NPCs and neurons have been described previ-

ously (Bestman et al., 2012). Cells that had ambiguous features were designated as unclassifiable. We quantified the change in the number of GFP⫹
neurons or NPCs and the total number of GFP⫹ cells over the 3 d of imaging, relative to the numbers on first day of imaging.
To test for efficacy of morpholino-mediated knockdown of DIO3, we
electroporated optic tecta of stage 46 tadpoles with control morpholinos
or morpholinos against DIO3 along with two plasmids: pSox2bd::Gal4/
UAS::DIO3-t2A-eGFP and UAS::tRFPnls. All tRFP⫹ cells had also been
transfected with the DIO3-t2A-eGFP plasmid, since the tRFP can only be
expressed in the presence of Gal4. DIO3 MO-mediated knockdown of
DIO3 would also decrease GFP expression in RFP⫹ cells, as described by
Faulkner et al. (2015). After 2–3 d, we imaged GFP and RFP in tecta using
a PerkinElmer spinning-disk confocal microscope. We established image
acquisition conditions in tecta electroporated with control MO to ensure
that eGFP fluorescence in individual cells was not saturated. We used
tRFP expression at the largest cross-sectional area in the nucleus as the
search criterion and measured the eGFP intensity in the green channel.
We also calculated the percentage of tRFP⫹ cells that were also eGFP⫹.
Cells were considered to be eGFP⫹ if intensity of GFP fluorescence was
more than three times the background intensity, taken from areas free of
visible label. There was some bleedthrough of tRFP into the green channel, but the level of fluorescence was almost always less than three times
the background. The eGFP fluorescence intensity was analyzed in ImageJ. We analyzed at least 10 cells per tadpole (control MO, n ⫽ 19; DIO3
MO, n ⫽ 13).
To label optic tectal neurons for in vivo time-lapse imaging of dendritic
arbor structure, we sparsely electroporated optic tecta of stage 46 tadpoles with a GFP-expressing plasmid (p␣-actinin::GAL4/UAS::eGFP)
and imaged fields containing one to three neurons with a two-photon
microscope starting 6 d later. Immediately after collecting the first image,
we injected either T3-free melted coconut oil (ControlCO) or T3 in coconut oil (T3CO) and imaged the same cells each day over the following
3 d. 3D renderings of the entire dendritic arbor structures were generated
in Imaris (RRID:SCR_007370), and the entire extent of the dendritic
arbor of each neuron was reconstructed across all three time points. We
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quantified dendritic branch tip number and
total dendritic arbor branch length.
Quantification of gene expression. We performed two experiments that quantified
changes in gene expression. First, two groups
of 10 stage 46 tadpoles were electroporated
with either DIO3 MO or control MO and killed
5 d later by overdose of MS222 (1%). Second,
32 stage 46 tadpoles were split into two groups
and placed into either Steinberg’s solution
(control) or Steinberg’s solution with 50 nM T3.
Tadpoles were killed either 2 or 4 d later by
overdose of MS222. We quickly dissected the
brains rostral to the hindbrain–spinal cord
junction, placed them into Trizol (Life Technologies), and froze them in ⫺80°C. We
extracted RNA per the manufacturer’s instructions for Trizol, measured the amount of RNA
extracted on a NanoDrop, and reverse transcribed the mRNA using the iScript kit (BioRad), using 200 ng of RNA per reaction. We
performed quantitative PCR (qPCR) using 2
ng of cDNA per reaction using the iTaq Universal SYBR Green Supermix kit (Bio-Rad) on
a Bio-Rad CFX96 thermocylcer. A description
of primers used is in Table 1. All reactions were
done with technical triplicates; outlier reactions (deviations more than 1.5 times the SD
from the mean) within a set of triplicates were
removed from analysis. We used a two-step reaction with a 10 s 95 o melt step, followed by a
30 s 60 o annealing and an extension step for 40
cycles, with fluorescence measured at the end
of every 60 o step. At the end of 40 cycles, we
evaluated the melt curves for secondary products. None of the primers used in this study
generated secondary products.
We evaluated five candidate genes for use as
a reference (Table 2) based on the following
two criteria: (1) to determine how the genes
respond to T3 treatment, we used two-way
ANOVA on all data points normalized to the
highest data point for each gene across all treatments and time points; and (2) we examined
stability of potential reference genes using the
geNorm (RRID:SCR_006763) and Norm4

D

Figure 4. Local control of endogenous TH metabolism regulates tectal NPC proliferation. A, Schematic of TH synthesis and
control of local TH action and availability. MMI blocks TH synthesis, and DIO3 expression increases the local availability of T3. B,
Timeline of experiment. Tadpoles were placed in control bath or bath containing MMI. Half the tadpoles in each treatment group

were electroporated with DIO3 MO or control MO; the other
half were electroporated 5 d later. Tadpoles were killed 5 d
after electroporation, and brains were labeled for pH3. C, Representative confocal z-projections of tecta showing pH3⫹ labeling. Images were inverted and contrast was increased to
reveal nonlabeled features of the brain. D, Bar graph of the
number of pH3⫹ cells. In the day5 treatment group, DIO3 MO
alone significantly increased cell proliferation in the tectum
and MMI treatment alone significantly decreased cell proliferation. The combination of DIO3 MO and MMI bath was intermediate between both conditions. In the day10 ControlMO/
control bath group, cell proliferation was lower than the
corresponding day 5 group. DIO3 MO alone significantly increased tectal cell proliferation relative to control. Cell proliferation in the MMI alone and DIO3MO plus MMI treatment
groups were comparable and not different from control for day
5 and day 10 groups. The 10 d treatment with MMI was sufficient to counteract the effect of DIO3 MO on local availability of
T3. Symbols above bars indicate significant differences from
post hoc analysis. n ⫽ 11–18 brains per group.
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Finder (RRID:SCR_003387) analysis tools in
Excel (Microsoft). rps13 and rpl32 met our criteria to be used as reference genes, so we evaluated the expression of target genes using the
comparative Ct method against the mean expression per brain of these genes.
Statistics. We used GraphPad Prism (RRID:
SCR_002798) to analyze our data for statistical
differences. We used regression analysis to evaluate the relationship of optic tectum volume and
width/length ratio. Data with only two groups
were evaluated with Student’s t test. Data sets
with more than two groups were evaluated with
ANOVA, and post hoc comparisons were made
with Tukey’s multiple comparisons test. Data sets
with two dimensions (e.g., time vs treatment)
were evaluated with two-way ANOVA, and post
hoc comparisons were made with either Tukey’s
multiple comparisons test or Dunnett’s test when
multiple groups were compared with a control
group when appropriate. Data sets with repeated
measurements (e.g., changes in dendrite morphology) were evaluated with two-way repeatedmeasures ANOVA and post hoc tests with Sidak’s
multiple comparison test across treatment
groups within the same day. Within-animal differences (e.g., left eye vs right eye coconut oil experiment) were evaluated with paired t tests. We
set ␣ ⫽ 0.05 for all tests.

Results

D

E

T3 treatment changes
brain morphology
To determine whether TH treatment affects tadpole brain development, we exposed stage 47 tadpoles to either control
solution (Steinberg’s rearing solution)
or T3 (50 nM in Steinberg’s solution), as
schematized in Figure 1A. We killed all
animals after 6 d, stained the brains with
Sytox-O to label nuclei, and imaged
them on a confocal microscope. Six days
of treatment with T3 induced massive
changes in brain morphology (Fig. 1B).
The most obvious morphological
change was a decrease in the rostrocaudal length of the brain, primarily due to
substantial rearrangement of the neural
structures of the brain. The telencephalon became more compact and less like
two distinct lobes. Areas of the dorsal
pretectum descended to more ventral
areas of the brain. The optic tectum increased in volume, growing wider while
the rostrocaudal length decreased (Fig.
4

Figure 5. Validation of morpholino-mediated DIO3 knockdown. A, Tadpoles were coelectroporated with
pSox2bd::gal4-UAS::DIO3-t2A-eGFP and UAS::tRFPnls plasmids and either control morpholino (Control MO, left) or morpholino
against DIO3 (DIO3 MO, right). With Control MO, cells express DIO3, eGFP, and tRFPnls. DIO3 MO inhibits translation of DIO3 and
eGFP but does not affect tRFPnls expression. B, C, Example images of right tecta (ventricle indicated by dotted line) treated with

either Control MO (B) or DIO3 MO (C), illustrating expression of
eGFP (green) and tRFPnls (magenta). We analyzed only tRFP⫹
cells, which were either positive for eGFP (white arrows) or
negative (below 3⫻ threshold) for eGFP (blue arrowheads).
Cells that expressed only eGFP (yellow arrowheads) were not
analyzed. Scale bar, 100 m. D, DIO3 MO significantly reduced
eGFP intensity in tRFP⫹ cells. E, DIO3 MO significantly reduced the percentage of tRFP ⫹ cells that were eGFP⫹.
**p ⬍ 0.01, ****p ⬍ 0.0001); n ⫽ 13–19 brains per group.
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mals killed right after the 2 h CldU pulse is
strong and is confined to NPCs in the optic tectal proliferative zone adjacent to the
ventricle (Fig. 2C, Day 1). Tadpoles
treated with T3 for 1 d and killed immediately after CldU treatment have significantly more CldU⫹ cells (n ⫽ 13; 166.4 ⫾
8.4, mean ⫹ SEM) in the ventricular zone
than control tadpoles (n ⫽ 15; 122.9 ⫾
8.8; t test, p ⫽ 0.00104). On day 3, intensely labeled CldU⫹ cells are located
lateral to the proliferative zone and more
weakly labeled cells are located adjacent to
the ventricle in control tadpoles. In the
B
day 3 T3-treated tadpoles, intensely labeled CldU⫹ cells are located laterally
from the ventricle, and the intensity of
CldU⫹ immunolabeling in cells closer to
the ventricle is substantially weaker than
in control animals. On day 6, in control
tadpoles, CldU⫹ cells are located
throughout the cell body layer, with a gradient of increasing labeling intensity extending from the ventricle to the lateral
edge of the cell body layer. This pattern is
consistent with asymmetric division of
Figure 6. Dose-dependent effect of local delivery of T3 on gross morphology and body length. A, Photomicrographs of NPCs and dilution of the CldU label as
tadpoles from four designated treatment groups. Tadpoles were treated with T3 (50 mM) in the bath or injected in NPCs in the ventricle continue to divide
the brain ventricle with T3CO at three different concentrations. Control animals were reared in control bath or injected (Denver et al., 2009; Sharma and Cline,
with coconut oil without T3 (ControlCO). The inset image at bottom left shows coconut oil droplet (arrow) in the ventricle. 2010; Bestman et al., 2012). In tecta of
B, Bath application of T3 affected the whole tadpole, quantified here as a decrease in body length. The two highest day 6 T -treated tadpoles, few intensely
3
concentrations of T3 CO also significantly decreased body length (2-way ANOVA, effect of treatment, p ⬍ 0.001) and
labeled CldU⫹ cells can be detected at
changed craniofacial features (see arrowheads in photomicrographs in A). Tadpoles injected with 500 g/ml T3CO had
the lateral edge of the cell body layer.
body length and overall appearance comparable with control groups. n ⫽ 8 –16 tadpoles per treatment and time point.
CldU⫹ label in cells adjacent to the ventricle was very weak and only detected
1C–F ), and the dorsoventral height of the midbrain increased
with enhanced contrast. Quantification was not possible for
by ⬃40%. Focusing on the optic tectum, we found that T3
tadpoles killed on days 3 and 6, because of the dilution of CldU
induced an increase in the tectal volume (Fig. 1D; p ⬍ 0.01, t
and decreased immunolabeling intensity. Results from this
test) and width/length ratio (Fig. 1E; p ⬍ 0.001). We also
experiment show that exposure to T3 increases NPC cell profound that the tectal volume and width/length ratio signifiliferation. Continuous treatment with T3 for 6 d dilutes CldU
cantly covaried (Fig. 1F; r 2 ⫽ 0.57, p ⬍ 0.01). These results
label from continued NPC proliferation, as previously reshow that continuous 6 d treatment with T3 alters tectal morported (Nicholson and Altman, 1972a; Straznicky and Gaze,
1972; Denver et al., 2009).
phology, leading to an increase in tectal volume, and that the
To test the hypothesis that long-term T3 exposure increases
width/length ratio adequately captures that change. These
proliferation in the tadpole optic tectum throughout the T3
changes suggest that the brain can respond to premature exposure to
treatment period, we placed stage 47 tadpoles into either conT3 with metamorphic-like changes in brain morphology (Allen,
trol Steinberg’s solution or T3 (50 nM) for 7 d (Fig. 3A).
1924; Hughes, 1976; Kollros, 1981; Gona et al., 1988; Coen et al.,
2007).
Groups of tadpoles from both treatments were killed 2, 4, and
7 d after onset of treatment, and brains were immunostained
T3 increases tectal cell proliferation
for pH3, which labels cells in M phase of the cell cycle (Fig.
The T3-induced increase in optic tectal volume may be attribut3B). Long-term treatment with T3 significantly increased the
able to a number of cellular processes, including changes in NPC
number of pH3⫹ cells in the ventricular zone on day 2 ( p ⬍
proliferation and survival. Tectal NPCs are located adjacent to
0.01), day 4 ( p ⬍ 0.001), and day 7 ( p ⬍ 0.01, ANOVA, post
the midbrain ventricle. NPCs give rise to neurons that are subsehoc Tukey’s test), indicating that continuous T3 treatment increases NPC proliferation throughout the exposure period for
quently displaced laterally from the ventricle and become the
up to at least 7 d. These data also show that T3 treatment was
neuronal cell body layers (Gona et al., 1988; Bestman et al., 2012;
Fig. 2A). To test the effects of T3 on NPC proliferation and neuable to significantly counteract the normal decreased rate of
rogenesis in the optic tectum, we placed tadpoles into either conproliferation seen as tadpoles age.
trol solution or T3 solution and 24 h later exposed animals to the
thymidine analog CldU for 2 h. Tadpoles were killed right after
Local control of endogenous TH metabolism regulates tectal
CldU exposure, or at day 3 or day 6 after the CldU pulse, and
cell proliferation
processed to visualize CldU, as shown in the schematic of the
The previous experiments indicate that exogenous TH increases
protocol (Fig. 2B). CldU labeling in control and T3-treated aniNPC proliferation in the optic tectum in premetamorphic tad-
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Figure 7. Local delivery of T3 alters tectal morphology and increases NPC proliferation and cell death. A, Representative confocal z-projections of tecta labeled for pH3 (green) and
Sytox-O (red) taken at day 7 from four of the treatment groups in this experiment. B–D, Plots of quantified neuronal attributes for each day of treatment for six experimental groups. B,
T3 treatments increased the width/height ratio of optic tecta starting on day 5 relative to control groups (2-way ANOVA, effect of treatment, p ⬍ 0.001). C, T3 increased the number of
pH3⫹ cells in the tadpole tecta relative to control groups (2-way ANOVA, effect of treatment, p ⬍ 0.001). D, Bath application of T3 and the highest doses of T3CO significantly increased
the number of dying Sytox-O⫹ cells on days 6 and 7 (2-way ANOVA, effect of treatment, p ⬍ 0.001). The number of dying Sytox-O⫹ cells in the 500 g/ml T3CO group did not differ
from control groups. n ⫽ 7–11 brains per treatment and time point.

pole stages; however, whether endogenous TH affects proliferation in the CNS at these developmental stages is unknown. To
address this issue, we manipulated components of the TH signaling pathway shown in Figure 4A. Animals were treated as schematized in Figure 4B. We placed tadpoles into control Steinberg’s
solution or Steinberg’s solution containing the goitrogen MMI (1
mM), which blocks the synthesis of T4 in the thyroid gland (Fig.
4A). The optic tecta of half the tadpoles were also electroporated
with either DIO3 MO or control MO. Tecta of the other half of
the tadpoles were electroporated with DIO3 MO or control MO
5 d later (Fig. 4B). Targeted knockdown of DIO3 in the optic
tectum is expected to decrease metabolism of active T3 to inactive
T2 and thereby increase local T3 signaling (Fig. 4A). Tadpoles
were killed 5 d after electroporation, and brains were either labeled with pH3 antibodies or processed for qPCR to test for
changes in expression of neural regeneration related protein
(nrep), a transcript that is known to increase in response to elevated TH signaling (Das et al., 2006). Figure 4C shows represen-

tative images of tecta from animals treated for 5 d with MMI and
DIO3 MO. We found that in the day 5 group, DIO3 knockdown
without MMI significantly increased the number of pH3⫹ cells
in the tectum (Fig. 4D, ANOVA and Tukey’s post hoc test). Treatment with MMI alone significantly decreased the number of
pH3⫹ cells, and the combination of DIO3 knockdown and MMI
treatment was intermediate between both DIO3 knockdown
alone and MMI alone. These results suggest that DIO3 MO increases local TH signaling and that MMI decreases circulating TH
levels. The intermediate response to both DIO3 MO and MMI
suggests that 5 days of MMI treatment is not sufficient to deplete
residual T4 in the brain so that DIO3 knockdown in the tectum
can still increase local T3 signaling. In the day 10 group, in which
half of the animals were pretreated with MMI before DIO3 MO
electroporation (Fig. 4B, bottom), the overall level of proliferation was lower than the day 5 group, consistent with the normal
decrease in proliferation over this interval (Fig. 3C). Tadpoles
with DIO3 knockdown alone had more pH3⫹ cells compared
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Figure 8. T3 acts locally to increase cell proliferation in the retina and optic tectum. A, Timeline of experiment. B, C, Animals were treated with control coconut oil (ControlCO) or T3CO injected into
the left eye (B) or into the midbrain ventricle near the tectum (C). Arrowheads point to CO. Note that the coconut oil in B is dyed with Oil Red O to enhance visibility. D, Left column, Diagrams of local
CO treatments in the eye or brain. Arrows point to location of CO in the eye or tectum. Red and green mark left and right retinas and their projections, respectively. Right panels, Photomicrographs
of sections through the head showing the brain and the eyes immunolabeled for CldU and counterstained with hematoxylin. Arrowheads point to CldU⫹ cells in (Figure legend continues.)
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with the other day 10 treatment groups. Importantly, proliferation in the DIO3 MO/MMI treatment group was comparable
with that seen with MMI alone. These data suggest that DIO3
knockdown increased local action of TH, which is sufficient to
increase proliferation. Furthermore, the data indicate that MMI
treatment for 5 d is sufficient to decrease circulating levels of TH,
thereby decreasing proliferation, but pretreatment with MMI is
required to decrease circulating TH sufficiently, so that DIO3
knockdown cannot increase local TH signaling and increase proliferation. Finally, qPCR showed that DIO3 MO significantly increased midbrain expression of nrep relative to control MO
(DIO3 MO, 1.34 ⫾ 0.08; control MO, 1.03 ⫾ 0.08; Mann–Whitney U test, p ⬍ 0.05, n ⫽ 10 per group), consistent with the idea
that DIO3 MO increases proliferation by increasing local TH
signaling. Together, the results show that endogenous TH regulates neurogenesis in the optic tectum long before the surge in
endogenous levels of circulating TH that promotes metamorphosis. The results further indicate that increasing or decreasing endogenous TH signaling has corresponding effects on tectal cell
proliferation, suggesting that the NPC proliferation rate may be
homeostatically regulated by mechanisms that govern endogenous TH signaling.
To test the efficacy of morpholino-mediated knockdown of
DIO3 expression, we used an in vivo imaging assay described by
Faulkner et al. (2015) that can be used when specific antibodies
against the target protein are not available. We electroporated optic tecta of stage 46 tadpoles with two plasmids:
pSox2bd::Gal4/UAS::DIO3-t2A-eGFP and UAS::tRFPnls (Fig.
5A). Tadpoles were coelectroporated with either control MO or
DIO3 MO. If DIO3 MO blocks translation of the DIO3-t2A-GFP
transcript, then we expect to see a decrease in eGFP intensity in
RFP⫹ cells compared with control MO, and some cells may be
RFP⫹ with no detectable GFP. We measured eGFP intensity in
tRFP⫹ cells (Fig. 5 B, C) and found that DIO3 MO significantly
decreased eGFP expression compared with cells transfected with
control MO (Fig. 5D; t test, p ⬍ 0.01). DIO3 MO treatment also
significantly decreased the percentage of tRFP⫹ cells that were
eGFP⫹ (Fig. 5E; t test, p ⬍ 0.0001).
Local delivery of T3 to the midbrain alters tectal morphology,
cell proliferation, and cell death
Systemic exposure of tadpoles of the stages used in our studies to
50 nM T3 causes gross morphological effects, including changes in
the shape of the mouth and head, shortened body length caused
by premature tail resorption, and weight loss, because of impaired mobility and feeding behaviors and changes in the gut,
consistent with previous studies showing differential spatiotemporal tissue-specific sensitivity to TH (Tata, 1968). These tadpoles typically do not survive longer than 7–10 d, likely because
precocious TH-induced changes to the mouth, gut, and lungs are
not temporally coordinated with other metamorphic changes,
4
(Figure legend continued.) the ciliary margin in the eye and proliferative zone in the brain.
Insets at bottom right show increased magnification of CldU⫹ cells in the ventral ciliary margin. E, T3CO delivery to the brain ventricle significantly increased cell proliferation in the midbrain ventricular zone; local T3CO delivery in the eye did not affect proliferation in the midbrain.
F, G, Comparisons of the numbers of CldU⫹ cells in the ciliary margins of the left and right eyes
for animals in the four experimental groups (schematized in D, left). Data for dorsal (F) and
ventral (G) ciliary margins are shown separately. T3CO treatment in the left eye increased cell
proliferation in dorsal (F) and ventral (G) ciliary margins of the left eye. The proliferation rate in
the eye was not increased when T3CO was injected into the brain ventricle (G; ANOVA and
Tukey’s post hoc test,**p ⬍ 0.01,***p ⬍ 0.001).
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such as limb development. To determine whether T3 mediates
changes in tectal development by acting directly on tectal cells
and to circumvent ambiguities arising from systemic T3 treatment, we adapted methods from previously published studies
(Kaltenbach, 1970; Kaltenbach and Hobbs, 1972; Leatherland,
1987). We injected T3 emulsified in coconut oil directly into the
midbrain ventricle. To identify a concentration of T3CO that only
affects the brain and not the rest of the body, we tested three
concentrations of T3CO (5 mg/ml, 1 mg/ml, 500 g/ml) compared with two control groups: a group that was injected with
ControlCO and a group that was not injected with CO (NoCO).
We had a positive control group that was treated with T3 in Steinburg’s solution. Tadpoles from each group were killed each day
for 7 d to capture T3-mediated changes in tectal development. T3
in Steinberg’s solution affected the whole tadpole, inducing
changes in craniofacial features (e.g., extension of Meckel’s cartilage; Fig. 6A) and a decrease in body length (Fig. 6B), consistent
with previous work showing that TH acts throughout the tadpole
body to induce restructuring of organs and tissues, including the
brain (Denver, 1998; Shi, 2000). The two highest concentrations
of T3CO (1 and 5 mg/ml) also significantly decreased body length
and affected craniofacial features (Fig. 6 A, B). By contrast, the
body length and gross morphology of tadpoles injected with 500
g/ml T3CO were not different from the ControlCO and NoCo
groups (Fig. 6 A, B).
We then dissected the brains from the tadpoles used for bodylength measurements (described above) and immunostained
them for pH3 and Sytox-O (Fig. 7A). Measurements of the tectal
width/length ratio showed that all doses of T3CO increased tectal
size to a comparable extent (Fig. 7B), which was also similar to
the increased tectal size seen in animals exposed to T3 in Steinberg’s solution. The lowest dose of T3CO maintained an elevated NPC proliferation rate throughout the 7 d experiment
but showed no increase in cell death (Fig. 7C,D). The increase
in apoptosis seen with 1 and 5 mg/ml T3CO, as well as with T3
in Steinberg’s solution, may either be attributable to indirect
systemic effects on feeding behaviors or gut function (Tata,
1968; Denver et al., 2009) or might be similar to increases in
cell death that occur during metamorphosis (Kollros and
Thiesse, 1985; Gona et al., 1988; Coen et al., 2007). The observation that local 500 g/ml T3CO induces changes in tectal
morphology without affecting body morphology suggests that
T3 is acting directly on the brain and that the changes in tectal
morphology are not a result of non-neural side effects on the
gut or elsewhere in the body. Together, the data in Figures 6
and 7 indicate that local injection of 500 g/ml T3CO into the
midbrain ventricle will allow us to study the effect of local
increases in tectal T3 on tectal development.
T3 acts locally to increase cell proliferation in the retina and
optic tectum
During metamorphosis, TH acts directly on the retina, inducing
asymmetric proliferation to reorient the eye upward (Kaltenbach
and Hobbs, 1972; Hoskins and Grobstein, 1984, 1985a,b; Mann
and Holt, 2001). T3-mediated effects in the tectum, reported
above, may depend on afferent input from retinal ganglion cells.
To test whether local T3 delivery to the eye or tectum affects
neurogenesis in the tectum or retina, respectively, we injected
either T3 500 g/ml CO or ControlCO into the midbrain ventricle near the tectum or into the left eye (Fig. 8A–C). Tadpoles were
killed after 2 d, which is sufficient to detect increased proliferation in the tectal proliferative zone in response to T3 (Fig. 3C).
Local delivery of T3CO into the midbrain ventricle increased the
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ventricle did not affect CldU labeling in
the retina, nor did T3CO injection into the
eye affect proliferation in the brain. These
results show that T3 acts directly in the
optic tectum to stimulate proliferation.
Local delivery of T3CO into the left eye
increased the number of CldU⫹ cells in
the dorsal (Fig. 8F; paired t test, p ⬍ 0.01)
and ventral (Fig. 8G; paired t test, p ⬍
0.001) ciliary margins compared with the
uninjected right eye. The fact that T3 increased proliferation in both the ventral
and dorsal ciliary margins indicates that
the retina of stage 47 tadpoles is not yet
asymmetrically sensitive to the effects of
TH signaling, as seen during metamorphosis (Hoskins and Grobstein, 1984,
1985a), possibly because DIO3 expression
is not yet elevated in the dorsal retina,
which dampens T3 signaling in retina of
older tadpoles (Marsh-Armstrong et al.,
1999). These results further indicate that
local delivery of T3 in coconut oil effectively limits T3 action to particular parts of
a developing neural circuit, leaving other
parts unaffected.

Local delivery of T3 expands the
proliferative pool of NPCs in
the tectum
Prior studies suggest that hyperthyroid
rat pups have a transient increase in cell
proliferation and that elevated TH signaling
triggers NPCs in cerebellum to prematurely
F
G
E
exit from the cell cycle and differentiate into
neurons (Nicholson and Altman, 1972a). Our
data in Figure 2 suggest that tectal NPCs
continue to divide in the presence of T3.
To directly test the effect of T3 on NPC
proliferation and differentiation in vivo,
we conducted in vivo time-lapse imaging
experiments to determine the effects of local administration of T3 on cell proliferation and neuronal differentiation in
tadpole tecta. We electroporated the
optic tecta of stage 46 tadpoles with
Figure 9. Local delivery of T3 expands the proliferative pool in the tectum. A, Timeline of experiment. Brains were electropopSox2bd::GFP plasmids to express GFP in
rated with Sox2bd::eGFP reporter plasmids, and the midbrain ventricle was injected with either ControlCO or T3CO (500 g/ml).
NPCs and their neuronal progeny (BestStarting the following day, GFP⫹ cells were imaged daily for 3 d in vivo on a two-photon microscope. B, Schematic of the cellular
man
et al., 2012) and on the same day inmakeup of the tadpole retinotectal circuit in the left hemisphere. Cells are randomly labeled with GFP, which spreads throughout
jected
either ControlCO or T3CO into the
the cell, including the processes. C, Still image of Movie 1. Two-photon z-projection of a NPC (left) and neuron (right). GFP⫹ cells
were counted and classified as NPCs or neurons based on morphology. NPCs have a distinctive endfoot adjacent to the pial surface midbrain ventricle (Fig. 9A). Starting the
of the brain and filopodia along the single process. Young neurons like the one illustrated here have dendritic arbors near the soma following day, we imaged the GFPand an axon that projects through the tectum with a growth cone at the end. See Movie 1 for more detail. D, Representative expressing NPCs and neurons at daily
two-photon z-projections of images taken of the left tecta from tadpoles treated with ControlCO (top) or T3CO (bottom). E, Plot of change intervals for 3 d on a custom-built laserintherelativetotalnumberofGFP⫹cells.T3COsignificantlyincreasedthenumberofGFP⫹cellsbyday3(repeated-measuresANOVAand scanning two-photon microscope. This
Sidak’s multiple comparison test, *p ⬍ 0.05). F, G, Plot of change in the relative number of NPCs (F) and neurons (G). T3CO significantly electroporation procedure sparsely labels
increased the relative number of NPCs but did not affect the relative number of neurons over 3 days of treatment. n ⫽ 14 –16 tectal lobes NPCs in the ventricular zone with GFP, so
per group.
their proliferation and differentiation into
neurons can be visualized over subsenumber of CldU⫹ cells in the proliferative zone in the midbrain
quent days, while still maintaining sufficient levels of GFP for
compared with the control in which ControlCO was injected into
imaging (Bestman et al., 2012), as schematized (Fig. 9B) and
illustrated in Figure 9C and Movie 1. Representative images of
the midbrain ventricle (Fig. 8 D, E; ANOVA and Tukey’s post hoc
test, p ⬍ 0.001). Furthermore, T3CO injection into the midbrain
GFP-expressing NPCs and neurons are shown in single optic
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Movie 1. Two-photon z-projection of a NPC (left) and neuron (right).
GFP⫹ cells were counted and classified as NPCs or neurons based on morphology.NPCshaveadistinctiveendfootadjacenttothedorsalsurfaceofthe
brain and filopodia along the single process. Young neurons like the one
illustrated here have dendritic arbors near the soma and an axon that projectsthroughthetectumwithagrowthconeattheend.(ImagefromFig.9C.)

tectal lobes from animals treated with ControlCO or T3CO
over 3 d of in vivo imaging (Fig. 9D). Increases in the numbers of
GFP⫹ cells and increased complexity of neuronal dendrites and
axons can be seen over the time course in control and T3CO-treated
tecta. T3CO significantly increased the total number of GFP⫹ cells
by day3 (Fig. 9E; two-way repeated-measures ANOVA, p ⬍ 0.05).
Separate analyses of NPCs and neurons show that the increase occurred in the NPC population (p ⬍ 0.05) but not in the neuronal
population (Fig. 9F,G). These data suggest that T3 expands the progenitor pool over the first 3 d of T3 exposure, without increasing
neuronal differentiation.
Local delivery of T3 significantly increases optic tectal
neuronal differentiation
To determine how longer exposures to T3 change tectal cell fate, we
injected stage 46 tadpole midbrain ventricles with either ControlCO
or T3CO and then electroporated them 6 d later (late stage 47 to early
stage 48) with pSox2::GFP plasmids. We collected in vivo twophoton time-lapse images of the tecta once per day over the following 3 d (Fig. 10A). Representative images of control and T3COtreated tectal lobes are shown in Figure 10C over the 3 d time course
of the experiment. Quantitative analysis showed that the number of
GFP⫹ cells did not vary between the two groups over the 3 d of
imaging (Fig. 10D), but distinguishing NPCs from neurons showed
that the relative numbers of NPCs significantly decreased over 3 d in
tecta treated with T3CO (Fig. 10E; two-way repeated-measures
ANOVA, p ⬍ 0.05), and there is a corresponding increase in GFP⫹
neurons (Fig. 10F; p ⬍ 0.05). T3CO increased the proportion of
GFP⫹ cells that were neurons relative to controls, even on the first
day of imaging after 24 h of T3CO treatment. Furthermore, the relative proportion of neurons in the tecta treated with T3CO continued to increase over the next 2 d of imaging (Fig. 10G). The relative
increase in neurons was balanced by a corresponding decrease in the
proportion of NPCs, as the NPCs change fate and differentiate into
neurons. The time-lapse imaging data in Figures 9 and 10 suggest
that T3 initially promotes NPC proliferation and after a delay promotes NPCs to exit the cell cycle and differentiate into neurons. The
data also suggest that under control conditions the relative rate of differentiation of NPCs into neurons is lower than in the presence of T3.
We also analyzed the effect of T3CO on differentiation by
immunolabeling for HuC/D, a neuron-specific marker, in GFPexpressing cells after pSox2bd::GFP electroporation, using the
experimental protocol shown in Figure 11A. Animals were injected in the midbrain ventricle with ControlCO or T3CO. Six

Movie 2. GFP⫹ neurons were positive for HuC/D immunolabel,
whereas GFP⫹ NPCs were HuC/D negative and located in the HuC/
D-free proliferative zone.

days later, optic tecta were electroporated with pSox2bd::GFP,
and animals were killed after 3 d and immunolabeled for HuC/D
and GFP. Representative confocal images of tecta treated with
ControlCO or T3CO are shown in Figure 11B. We identified
GFP⫹ cells that were HuC/D positive, as neurons (Fig. 11C and
Movie 2), and GFP⫹ cells along the ventricle that were HuC/D
negative as NPCs (Fig. 11D). T3CO increased the proportion of
GFP⫹ cells that were HuC/D⫹ (i.e., neurons) relative to the
ControlCOs (Fig. 11E; p ⬍ 0.01), corroborating the observations
from the in vivo imaging experiments. Together, the experiments
in Figures 9 –11 indicate that local delivery of T3 to the midbrain
rapidly expands the progenitor pool and subsequently enhances
differentiation of NPCs into neurons.
T3 treatment increases dendritic arborization in
tectal neurons
Optic tectal neurons typically elaborate complex dendritic arbors
over 5 d, after which arbor growth rate stabilizes (Wu and Cline,
1998; He et al., 2016). Our data show that T3 treatment induces a
change in tectal morphology 4 d after onset of treatment (Figs. 1, 7),
suggesting that TH may have a rapid effect on neuronal structure. To
assess whether structurally stable dendritic arbors are sensitive to T3,
we sparsely electroporated optic tecta of stage 46 tadpoles with
p-actinin::GAL4/UAS::eGFP to label NPCs and 6 d later collected in
vivo time-lapse two-photon images of GFP-labeled neurons using
the protocol shown in Figure 10A. Immediately after collecting the
first image, the animals were divided into two groups, and the midbrain ventricle was injected with either ControlCO or T3CO. Tecta
were then imaged at daily intervals over the following 3 d (Fig. 12A).
Representative images and reconstructions of neurons from ControlCO- and T3CO-treated tecta are shown in Figure 12B. Total dendritic branch length on day 0 did not differ significantly between the
two groups (ControlCO, 627 ⫾ 46 m; T3CO, 511 ⫾ 100 m; t test,
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next 3 d of imaging in vivo. By contrast, the
representative T3CO neuronal arbor was
also complex at the first image, before T3CO
treatment, but dramatically increased dendritic arbor complexity over the following
3 d of imaging during exposure to T3. Quantification of dendritic branch tip numbers
and total dendritic branch length showed
that T3CO increased in dendritic branch tip
number (Fig. 12C) and total dendritic arbor
length (Fig. 12D), so they were significantly
greater than controls on days 2 and 3 after
T3CO treatment. These results show that
tectal neurons with structurally stable dendritic arbors respond to local increases in T3
by rapidly increasing dendritic arbor
complexity.

T3 induces changes in gene expression
pertaining to proliferation
and differentiation
The results above indicate that T3 treatment increases tectal cell proliferation and
neuronal differentiation and enhances
dendritic arbor growth even in relatively
stable neurons. TH treatment induces the
expression of hundreds of genes in the
D
E
F
brains of stage 52–54 Xenopus tadpoles
(Denver et al., 1997; Das et al., 2006). We
tested whether T3 changes the expression
of genes known to affect aspects of proliferation and neuronal differentiation by
performing qPCR on mRNA extracted
from brains taken from tadpoles treated
with T3 (50 nM) in Steinberg’s solution for
2 or 4 d or controls, as schematized in Figure 13A. First, we evaluated five potential
reference genes using two-way ANOVA
across hormone treatment and time, as
G
described in Materials and Methods. The
percentage difference in expression for
each potential reference gene in T3treated tadpole brains was higher than the
control at both time points (Table 2), but
only three of these genes (gapdh, ywhaz,
hprt1) were significantly affected by T3.
Expression of the two other genes (rps13
and rpl32) was significantly affected by
Figure 10. Local delivery of T3 increases neuronal differentiation. A, Timeline of experiment. The midbrain ventricle was time, as was expression of ywhaz. We exinjected with either ControlCO or T3CO (500 g/ml). After 6 d, brains were electroporated with GFP reporter plasmids. GFP⫹ cells amined the stability of the genes using two
were imaged in vivo on a two-photon microscope daily for 3 d. B, Schematic of the cellular makeup of the tadpole retinotectal analysis tool packages available for Excel.
circuit in the left hemisphere. Cells are randomly labeled with GFP, which spreads throughout the cell, including the processes. C, Both analyses suggested that all five genes
Z-projections of images taken of the left tecta from tadpoles treated with ControlCO (top) or T3CO (bottom). GFP⫹ cells were were relatively stable, with geNorm M valcounted and classified as NPCs or neurons. D, The number of GFP⫹ cells was comparable in T3CO-treated (n ⫽ 14 tecta) and ues ⬍1 and NormFinder stability values
ControlCO-treated (n ⫽ 16 tecta) animals over the 3 d of imaging. E, F, Plot of change in the relative number of NPCs (E) and ⬍0.1. Thus, all the potential reference
neurons (F) over 3 days in vivo. T3CO significantly decreased the relative number of NPCs and increased the relative number of genes tested in this study had similar staneurons on day 3 compared with controls. G, T3CO increased the proportion of GFP⫹ cells that were neurons compared with bility. Given that our primary interest was
ControlCO on all 3 d examined (repeated-measures ANOVA and Sidak’s multiple comparison test, *p ⬍ 0.05).
to identify differences in gene expression
in response to hormone treatment, we
p ⫽ 0.28) and was comparable with that seen in prior studies (Nedivi
used rps13 and rpl32, because they showed no significant effect of
et al., 1998; Wu and Cline, 1998; Chiu et al., 2008). The sample
T3 treatment on their expression.
control neuron has a complex dendritic arbor on the first day of
We examined the effects of time and hormone treatment on
imaging, and the arbor structure remains relatively stable over the
expression of eight genes using the comparative ⌬⌬Ct method
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with the average expression of rps13 and
A
rpl32 as a reference. Expression of tr␣ followed a significant interaction effect,
with T3 inducing a marginal increase in
expression on day2 and a marginal decrease in expression on day4 (Fig. 13A).
It has been previously shown that 4 d of T3
B
treatment decreases tr␣ expression in Xenopus tropicalis tadpole brains (DuarteGuterman and Trudeau, 2010). T3
treatment increased expression of tr␤ approximately threefold on both day 2 and
day 4 relative to control (Fig. 13B). T3
treatment increased the expression of
nrep, which is highly expressed throughout rat prenatal brain tissue and in adult
brains in the subgranular zone in the dentate gyrus and in the subventricular zone
(Studler et al., 1993). nrep expression increased sixfold and eightfold on days 2
and 4, respectively (Fig. 13C). T3 also increased expression of proliferating cell
C
nuclear antigen (pcna) and minichromosome maintenance complex component 5
(mcm5; Fig. 13C), both of which are increased in proliferating cells (Maga and
Hubscher, 2003; Ryu and Driever, 2006).
This suggests that T3 activates the molecular pathways necessary for increased
neuronal proliferation, consistent with
experiments described above. Also of note
is that expression of pcna and mcm5 in the
D
control groups significantly decreased
from day 2 to day 4, consistent with the
decrease in proliferation seen over this interval in control animals (Sharma and
Cline, 2010), and in the presence of T3
(Figs. 3C, 4 D). We also examined the expression of putative reference genes. As
mentioned above, two-way ANOVA
showed that gapdh, ywhaz, and hprt1 all
significantly increased expression in reE
sponse to T3 treatment (Table 2); however, post hoc analysis indicated that
significant differences between groups
were only observed for expression of
ywhaz and hprt1 (Fig. 13D). It is possible
that changes in expression of these genes
are related to their regulation of cellular
metabolism. T3-induced increase in Figure 11. Local delivery of T3 increases tectal cell differentiation. A, Timeline of experiment. The protocol was similar to
gapdh expression has been reported in the experiment in Figure 10, except that tectal neuronal differentiation was evaluated using immunohistochemical labelbrains of Silurana tropicalis tadpoles ing (IHC) for HuC/D, a neuron-specific marker (purple), and for GFP (green). B, Confocal z-projections of representative
(Duarte-Guterman and Trudeau, 2010). tecta from the ControlCO and T3CO groups. C, D, GFP⫹ neurons were positive for HuC/D immunolabel (C, arrowhead),
These data show that exogenous treat- whereas GFP⫹ NPCs were HuC/D negative (D, arrow) and located in the HuC/D-free proliferative zone. See Movie 2. E, Local
ment with T3 induces substantial changes T3CO treatment increased the proportion of neurons (GFP⫹ and Hu⫹; t test, **p ⬍ 0.01). n ⫽ 18 –19 tecta hemispheres
per group.
in gene expression, including genes that
regulate TH signaling (tr␤), neurite outtive to increases in TH signaling at developmental stages when
growth (nrep), and proliferation (pcna and mcm5) and even genes
functional neural circuits are first forming. Second, local TH sigthat are typically used for reference (gapdh, ywhaz, hprt1).
naling rapidly alters the fate of NPCs by initially expanding the
Discussion
tectal progenitor pool and then increasing NPC differentiation
Our data lead to three major conclusions regarding where and
into neurons. Third, increased TH signaling enhances dendritic
when TH acts on developing brain cells. First, the brain is sensiarbor elaboration in differentiated neurons. Together, these data
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hippocampus, and cortical structures
(Legrand, 1979; Madeira et al., 1991;
Martinez-Galan et al., 1997, 2004; Mohan
et al., 2012; Nicholson and Altman,
1972a,b,c). The spatial and temporal aspects of TH signaling are controlled by
mechanisms that regulate TH bioavailability, including changes in DIO3 expresB
sion (Chatonnet et al., 2011; Peeters et al.,
2013). Our experiments specifically address the question of whether TH signaling affects neurogenesis at relatively early
stages of brain development when circuits
are first assembling. Global increases in
TH signaling widely affect tadpole morphology, with different tissues and different brain regions showing differential
sensitivity to TH, as previously reported
(Tata, 1968). This brain region-specific
sensitivity to TH likely reflects local regulation of mechanisms controlling TH signaling. Our data show that both global
and local increases in TH signaling increased tectal cell proliferation by expanding the pool of NPCs and that blocking
endogenous TH production with MMI
reduced tectal cell proliferation. These observations show that tectal cell proliferation at these early stages of development is
sensitive to local changes in TH signaling
and that dysregulation of endogenous TH
signaling affects NPC proliferation in the
C
D
CNS. Furthermore, increased TH signaling counteracts the normal decrease in
tectal cell proliferation between stages 46
and 48 (Sharma and Cline, 2010). The
TH-induced expansion of the proliferative pool occurs by increasing the number
of cell divisions of each NPC, indicated by
dilution of CldU label in T3-treated tadpole brains (Nicholson and Altman,
1972a; Denver et al., 2009).
The T3-induced expansion of the progenitor pool does not lead to an immediate
increase in neurons. We combined local delivery of T3 with time-lapse in vivo imaging
experiments, in which we follow the fate of
GFP-labeled NPCs for periods over 9 d of
local T3 exposure. This showed a rapid increase
in NPCs in response to T3, with no
Figure 12. Local T3 treatment increases tectal cell dendritic arbor elaboration. A, Timeline of experiment. Brains were sparsely
electroporated with GFP reporter plasmids. After 6 d, two-photon images of individual GFP⫹ neurons were collected as a baseline. change in neuron number over the first 3 d
The midbrain ventricle was then injected with either ControlCO or T3CO (500 g/ml), and GFP⫹ neurons were imaged daily for the of treatment, followed by a decrease in the
following 3 d. B, Z-projections (top) and dendritic arbor reconstructions (bottom) of GFP⫹ tectal cells treated with ControlCO or proportion of GFP⫹ NPCs and an increase
T3CO. Scale bar, 50 m. C, D, T3CO significantly increased dendritic branch tip number (C) and total dendritic arbor branch length in the proportion of GFP⫹ neurons be(D) over the 3 d of imaging. Data are normalized to day 0 (repeated-measures ANOVA and Sidak’s multiple comparison test, *p ⬍ tween 7 and 9 d after the onset of treatment.
0.05, ***p ⬍ 0.001). n ⫽ 7–11 arbors per group.
The delayed effect on differentiation suggests that T3 affects NPC fate differently over
show that endogenous TH locally regulates cell fate and neuronal
time; initially T3 maintains NPCs in the cell cycle, after which T3
development during early brain development.
triggers a change in cell fate to generate differentiated neurons. The
Several lines of evidence indicate that TH regulates multiple
mechanisms underlying the different responses of tectal NPCs to TH
aspects of neurogenesis, including cell proliferation, survival, miover time remain to be elucidated.
gration, and neuronal differentiation in the later stages of mamHyperthyroidism affects dendritic arbor growth in mammalian brain development, as shown in rodent cerebellum,
malian neurons, as is well documented in Purkinje cells both

A
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Figure 13. T3 induces genes relevant to TH signaling and brain development. A, Tadpoles were
placedintoeithercontrolbathorT3 bathforeither2or4dandkilled.mRNAwasextractedfrombrains
andanalyzedviaqPCR.B,Two-wayANOVAshowedasignificantinteractioneffectfortimeandtreatment for tr␣ expression, but post hoc analysis did not return specific differences between groups. T3
treatment significantly increased tr␤ expression on days 2 and 4 relative to controls. C, T3 treatment
significantly increased expression of nrep, pcna, and mcm5 on days 2 and 4 relative to control. Also of
noteisthatexpressionofpcnaandmcm5incontrolbathtadpolessignificantlydecreasedfromday2to
day 4. D, Two-way ANOVA showed a significant interaction effect for hormone treatment; T3 treatment increased expression of putative reference genes gapdh, ywhaz, and nrpt1 relative to control.
Post hoc analysis showed significant differences between specific groups for expression of ywhaz and
nrpt1. n ⫽ 8 brains per group.

in vivo and in vitro (Nicholson and Altman, 1972b; Legrand,
1979; Heuer and Mason, 2003; Koibuchi, 2013). Furthermore,
treatment of hypothyroid animals with TH increases dendritic
arbor growth (Legrand, 1979). Our in vivo imaging demon-
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strated that T3 treatment increased dendritic arborization
nearly twofold in tectal neurons that were already 6 d old,
which normally have relatively stable arbors (Wu and Cline,
1998; He et al., 2016). Many studies have demonstrated a correlation between increased dendritic arbor complexity and
increased synaptic inputs. For instance, electron microscopic
studies have shown that virtually all terminal dendritic
branches in optic tectal neurons receive synaptic inputs (Li et
al., 2011), and electrophysiological studies show that mature
tectal neurons with complex dendritic arbors have more synaptic inputs (Wu et al., 1996; Niell et al., 2004; Akerman and
Cline, 2006; Haas et al., 2006; Sanchez et al., 2006; Shen et al.,
2009, 2011). Together, these studies suggest that the T3mediated increase in dendritic arborization may correlate
with increased synaptic connectivity within the tectal circuit.
Another interesting possibility is that the TH-mediated increase in tectal cell dendrite arbor size may retrogradely increase elaboration of retinal ganglion cell axon arbors, similar
to the effects of CPG15 expression in tectal neurons (Cantallops et al., 2000). Therefore, TH signaling is expected to affect
several aspects of retinotectal circuit function that are sensitive to dendritic arbor size and synaptic connectivity, including the size of visual receptive fields, visual information
processing and visually guided behavior, as well as multisensory integration (Tao and Poo, 2005; Bestman and Cline,
2008; Bestman et al., 2008; Deeg et al., 2009; Pratt and Aizenman, 2009; Shen et al., 2011, 2014).
One mechanism that may facilitate T3-induced dendritic
growth is a change in activity of the small GTPases, including
RhoA (Van Aelst and Cline, 2004). Our qPCR data show that
nrep expression increased nearly sixfold within 2 d of T3 treatment, consistent with previous results (Das et al., 2006). nrep
is ubiquitously and highly expressed during the late stages of
fetal brain development in mice and decreases postnatally except in the cerebellum, hippocampus, and subventricular
zone, all areas where cell proliferation persists after birth
(Studler et al., 1993). NREP promotes neurite outgrowth in
PC12 cells and in cultured rodent hippocampal neurons by a
mechanism that is blocked by activation of Rho kinase, a
downstream effector of RhoA (Fujitani et al., 2004). Timelapse in vivo imaging studies indicate that Xenopus tectal cell
dendritic arbors elaborate by decreasing RhoA activity and
increasing Rac1 and cdc42 activity downstream of visually
driven glutamatergic activity (Li et al., 2000, 2002; Sin et al.,
2002). Together, these data suggest that a T3-induced increase
in NREP may contribute to tectal neuron dendritic arborization by decreasing Rho kinase activity and modulating cytoskeletal rearrangements downstream of glutamatergic
synaptic input (Van Aelst and Cline, 2004). A similar mechanism may operate in Purkinje cells; RhoA and Rac1 are highly
expressed in Purkinje cells in fetal brain, but RhoA expression
in Purkinje cells decreases postnatally (Richard et al., 2008),
correlating with increased dendritic arbor elaboration.
The spatial and temporal control of TH signaling during
brain development is tightly regulated by changes in expression of TRs, deiodinases, and TH transporters (Chatonnet et
al., 2011; Peeters et al., 2013). DIO3 is highly expressed in
neurogenic regions of the tadpole midbrain (Morvan Dubois
et al., 2006) and at early stages of mammalian brain development (Chatonnet et al., 2011). Furthermore, DIO3 expression
is homeostatically regulated by T3, such that high T3 increases
DIO3 expression, which effectively decreases local T3 levels
(Chatonnet et al., 2011). We show that TH acts locally in the
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midbrain to increase tectal NPC proliferation, neuronal differentiation, and dendritic arbor elaboration. T3CO injected
into the midbrain ventricle increased proliferation locally but
did not affect the eye, and vice versa. Moreover, electroporating DIO3 morpholinos into the tectum increased tectal cell
proliferation. Conversely, the goitrogen MMI reduced tectal
cell proliferation by decreasing circulating T4. Our observation that tectal DIO3 knockdown reverses the effects of 5 d
MMI treatment indicates that local DIO3 knockdown increased tectal T3 levels sufficiently to affect NPC fate, despite
systemic MMI-dependent decreased T4 levels. This combination of treatments demonstrates the potency of DIO3 in regulating local TH signaling. By contrast, stage 41 tadpoles (2–3
d younger than tadpoles our experiments) treated with TH do
not exhibit increased neural cell proliferation, even though
chemically blocking TH signaling at these stages decreased
proliferation (Fini et al., 2012). These experiments emphasize
the dynamic regulation of TH signaling in the brain. High
DIO3 expression during embryonic and premetamorphic tadpole stages (Morvan Dubois et al., 2006; Tindall et al., 2007)
indicates that TH signaling is tempered during early brain
development, as previously noted in mammalian development (Chatonnet et al., 2011). These results indicate that homeostatic control of local T3 action within the optic tectum
normally maintains tectal cell neurogenesis within certain tolerances. Although DIO3 expression is regulated by T3 levels
(Mann and Holt, 2001; Chatonnet et al., 2011), the identity of
feedback signals that trigger homeostatic control of cell proliferation remains an important open question.
In conclusion, we demonstrated that local TH signaling
affects brain development at tadpole stages when animals
must establish neural circuits necessary to forage for food and
avoid predators. Using spatial and temporal control over TH
signaling components, including targeted delivery of DIO3
morpholinos to the tectum and local delivery of T3 in coconut
oil, combined with time-lapse in vivo imaging to identify distinct responses to T3 in NPCs and neurons over the T3 exposure time, we show that TH signaling regulates neural cell
proliferation and differentiation and, separately, that T3 induces a large-scale increase in structural complexity in neuronal dendritic arbors that had already reached a growth plateau.
These data indicate that local exposure of the optic tectum to
T3 mediates distinct effects in target cells at different points in
the life of NPCs and neurons.
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