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A B S T R A C T

Constitutive loss of the type 3 deiodinase (DIO3) causes abnormally increased levels of thyroid hormone action
in the developing and adult brain, leading to an array of behavioral abnormalities. To determine to what extent
those phenotypes derive from a lack of DIO3 in the adult brain, versus developmental consequences, we created
a mouse model of conditional DIO3 inactivation. Mice carrying “floxed” Dio3 alleles and a tamoxifen-inducible
cre transgene were injected with tamoxifen at two months of age. Compared to oil-injected controls, the brain
tissue of these mice showed a 75–80% decrease in DIO3 activity and 85–95% Dio3 mRNA was expressed from
recombinant alleles. Mice with adult DIO3 deficiency did not show significant differences in growth, serum
thyroid hormone parameters or behaviors related to anxiety and depression. However, female mice exhibited
elevated locomotor activity and increased marble-burying behavior. They also manifested relatively modest
alterations in the expression of T3-dependent genes and genes related to hyperactivity in a sex- and region-
specific manner. Upon thyroid hormone treatment, the expression response of T3-regulated genes was generally
more pronounced in DIO3-deficient female mice than in female controls, while the opposite effect of altered
genotype was noticed in males. The extent of the molecular and behavioral phenotypes of adult-onset DIO3
deficiency suggests that a substantial proportion of the neurological abnormalities caused by constitutive DIO3
deficiency has a developmental origin. However, our results show that DIO3 in the adult brain also influences
behavior and sensitivity to thyroid hormone action in a sexually dimorphic fashion.

1. Introduction

Thyroid hormones (THs) are crucial for brain development. They
regulate broad gene expression programs in the central nervous system
(CNS), influencing the proliferation, differentiation and migration of
neural cells and ultimately adult brain function and behavior (Bernal,
2005; Flamant et al., 2017). In humans, developmental deficits of THs
cause cretinism and mental retardation (Legrand, 1984), and altera-
tions in TH status during development and adulthood are also asso-
ciated with neurological conditions including schizophrenia
(Gyllenberg et al., 2016), autism (Andersen et al., 2014; Khan et al.,
2014; Molloy et al., 2006)), attention-deficit and hyperactive disorder
(ADHD) (Andersen et al., 2014; Modesto et al., 2015) and depression
(Kim et al., 2015; Medici et al., 2014).

Under the control of the hypothalamic-pituitary axis, the thyroid
gland secretes thyroxine (T4) and 3,5,3′- triiodothyronine (T3). The
latter exerts most of the biological actions of THs due to its higher

affinity for TH receptors, which are transcription factors capable of
binding DNA (Brent, 2012). Tissue T3 availability and action, especially
in the CNS, is also influenced by cell transporters and deiodinase en-
zymes (Richard and Flamant, 2018). In the brain, T4 is the major source
of T3 due to the presence in glial cells of the type II deiodinase (DIO2),
which is responsible for T4 to T3 conversion (Arrojo et al., 2013). Lack
of DIO2 function in glial cells leads to reduced brain T3-signaling and
abnormal behaviors in mice (Bocco et al., 2016). In humans, loss of T3

availability in the CNS due to deficiency in the MCT8 transporter leads
to severe mental retardation and motor function impairment
(Kersseboom et al., 2013; Schwartz et al., 2005). In contrast, brain T3
action is limited by the type 3 deiodinase (DIO3) (Hernandez and
Stohn, 2018), which converts both T4 and T3, respectively, to reverse T3

(rT3) and 3,3′-diiodothyronine (3,3′-T2), which have poor affinity for
thyroid hormone receptors.

Although the importance of THs for brain development and function
is well established, the neurological consequences of developmental
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excess of THs are not well understood. In neonatal rodents, the ad-
ministration of pharmacological doses of THs leads to adult brain ab-
normalities affecting neuroendocrine function (Bakke et al., 1974;
Walker and Courtin, 1985), behavior (Chen and Fuller, 1975;
Davenport and Gonzalez, 1973; Stone and Greenough, 1975) and
density of receptors for neurotransmitters in selected brain regions
(Roskoden et al., 2002). In addition, the prominent expression of DIO3
in the fetal and neonatal brain and, to a significant extent in the adult
CNS (Kaplan et al., 1981; Kaplan and Yaskoski, 1980), suggests that
DIO3-mediated modulation of T3 action is also an important regulatory
process for the normal CNS maturation and function. Mice con-
stitutively lacking a functional DIO3 exhibit systemic and brain thyr-
otoxicosis during development, and excessive T3 action in the adult
CNS despite a hypothyroid state in the circulation (Hernandez et al.,
2007, 2006). These alterations in brain T3 status lead to abnormal
patterns of gene expression and brain cytoarchitecture (Hernandez
et al., 2012, 2010), disrupted physiology of social neuropeptides (Stohn
et al., 2018) and aberrant behavior including reduced anxiety- and
depression-related behavior, increased locomotor activity, elevated
aggression and poor maternal behavior (Stohn et al., 2016, 2018).
Furthermore, a reduction in brain DIO3 have also been identified in
adult rats subject to fetal alcohol syndrome and in different rat strain in
association with behavioral and cognitive abnormalities (Sittig et al.,
2011; Tunc-Ozcan et al., 2018).

Considering the presence of active DIO3 in the CNS both in devel-
opment and in adult age, it is not possible to discern whether the broad
neurological phenotypes of global DIO3 deficiency result from devel-
opmental effects or from the lack of DIO3 in the adult CNS. To delineate
the developmental and adult-onset origin of the broad neurological
phenotypes associated with global DIO3 deficiency, we created a
transgenic mouse model with a conditional Dio3 allele and examined
the neurobehavioral consequences of adult-onset DIO3 deficiency. We
observed that these mice exhibit sexually dimorphic changes in brain
gene expression, increased sensitivity to T3 and increased locomotor
activity, but no abnormalities in anxiety- and depression-related be-
haviors, suggesting significant roles for DIO3 in the adult CNS as well as
the developing mammalian brain.

2. Material & methods

2.1. Animals

To generate a conditional Dio3 allele, we constructed a targeting
vector containing loxP sites flanking the selenocysteine insertion se-
quence (SECIS) of the Dio3 gene. We then used homologous re-
combination in mouse embryonic stem cells, as described previously
(Hernandez et al., 2002). Targeted clones were identified by restriction
enzyme digestion, injected into C57BL/6 blastocysts, and re-implanted
in CD1 foster mothers. Chimeric males that showed germ-line trans-
mission were mated to C57BL/6 females expressing flp DNA re-
combinase to remove the neomycin cassette from the locus. The het-
erozygous male offspring were mated with C57Bl/6 females for 4 more
generations to establish a colony on a C57Bl/6 genetic background.
Primers used for genotyping were: Forward 5′-GGAGTCCTGCTGCTTT
TGTG-3′, Reverse 5′-CGAGCCTCTCTGCAATTCAG-3′. We then crossed
the resulting mutant mice with mice carrying a transgene expressing cre
DNA recombinase under the control of the tamoxifen-inducible β-actin
promoter (Actin-cre or B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J, Stock No:
004682, Jackson Lab). These animals were also on a C57Bl/6 genetic
background. Animals positive for cre were mated again with the newly
generated mutant mouse to obtain mice that were homozygous for the
floxed allele and cre positive (KO/Act+). At two months of age these
animals were injected intraperitoneal either two times with 2mg ta-
moxifen in sesame oil or vehicle only. At four and a half months all
animals underwent behavioral testing as follows: Day 1: elevated plus
maze, day 4: elevated zero maze, day 5; light/dark box, day 6: open

field trial, day 7: tail suspension test, day 8: marble burying test. At five
months of age, 3–5 animals received 0.25ug/ml T3 in their drinking
water for three weeks before tissue collection. All mice were kept in a
12 h light/dark cycle and fed regular chow ad libitum. Adult animals (6
months old) were sacrificed by CO2 asphyxiation. The Institutional
Animal Care and Use Committee of Maine Medical Center Research
Institute approved all procedures and behavioral tests.

2.2. Quantitative real time RT-PCR (qRT-PCR)

Tissues were harvested and frozen on dry ice, and total RNA was
extracted using the RNeasy kit from Qiagen (Valencia, CA). Total RNA
(1 μg) was reverse transcribed with M-MLV reverse transcriptase in the
presence of random decamers (both from Thermo Fisher Scientific,
Waltham, MA) at 25 C for 10min, then 37 °C for 50min. Reverse
transcription reactions were diluted by to a total volume of 250 μl with
DNase and RNase free water. An aliquot of each sample was mixed
together for an internal standard and diluted fourfold. Real-time PCR
reactions were set up in duplicate with gene-specific primers and SYBR
Select Master Mix (Thermo Fisher Scientific, Waltham, MA) and run on
the CFX384 from Bio-Rad (Hercules, CA). Real time PCR reactions
underwent an initial 10min denaturing step, followed by 36 cycles of a
denaturing step (94 °C for 30 s) and an annealing/extension step (60 °C
for 1min). The sequences of the primers used were (5′ to 3′): Rn18s,
GGAGTATGGTTGCAAAGCTG and TCGCTCCACCAACTAAGAAC;
Aldh1a1, CCTTGCATTGTGTTTGCAGATG and GCTCGCTCAACACTCCT
TTTC; Bdnf, TGCAGGGGCATAGACAAAAGG and CTTATGAATCGCCA
GCCAATTCTC; Cnr1, GGGCAAATTTCCTTGTAGCA and GGCTCAACGT
GACTGAGAAA; Dio2, CCTCCTAGATGCCTACAAACAGG and CATTCG
GCCCCATCAGCGGTC; Hr, AGCACTGTGTGGCATGTGTT and AACCCT
GCATCCAAGTAGCA; Itih3, GCACGTTCAGTTGGCTAGAC and CCATCT
CCAAAGGACACCAC; Klf9, GGCTGTGGGAAAGTCTATGG and AAGGG
CCGTTCACCTGTATG; Sema7a, AAGTGGTCGTTCACCGCATG and CCA
CCACCTTGTGAATGGTG; Shh, TTCTGTGAAAGCAGAGAACTCC and
GGACGTAAGTCCTTCACCAG; Slc17a7, CCAACGTGCGAAAGCTCATG
and CGATGTCCAAGTGGTTCACG; Snap25, GGGCAATAATCAGGATG
GAG and GCTCCAGGTTCTCATCCATC; Trh, GGCTCAGCATCTTGGAA
AGCTCTGC and CAAGGCGCAGGATTTGGGGATACCA; Ugt8, ACTCCA
TATTTCATGCTCCTGTG and AGGCCGATGCTAGTGTCTTGA.
Expression was normalized using Rn18s as a reference gene. Data are
shown in arbitrary units relative to the level of expression observed in
control females (control females were assigned an arbitrary average
expression of 1 unit). In data representing response to T3, the data
represented is relative to baseline expression levels in the corre-
sponding untreated animals (untreated groups for all genotypes and
sexes were assigned an arbitrary expression value of 1 and the gene
expression values in T3-treated mice were adjusted accordingly). To
appreciate baseline differences in gene expression across brain regions,
gene expression data for the most common genes used, relative to the
cortex is represented in Supplementary Fig. 3 for control tissues.

2.3. Hormone determinations

Blood was collected from the descending vena cava and allowed to
coagulate at room temperature for 30min. Serum was obtained by
centrifugation and stored at −70 °C until further analysis. Serum
thyroid hormone levels were determined with the T3 AccuBind and T4

AccuBind ELISA kits from Monobind Inc (Lake Forest, CA). Serum TSH
determinations were performed by Samuel Refetoff at the University of
Chicago using a sensitive, heterologous, disequilibrium, double-anti-
body precipitation RIA as previously described (Pohlenz et al., 1999).

2.4. Behavioral tests

Behavioral tests were conducted in a specifically equipped room
following standard procedures as described (Stohn et al., 2016, 2018).
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The test apparatuses were purchased from Stoelting (Wood Dale, IL)
and experiments were recorded with the ANY-maze™ video tracking
system v5.14 (Stoelting, Wood Dale, IL) or a camcorder (Samsung
HMX-F90). Videos were analyzed offline with The Observer XT v12.5
from Noldus (Leesburg, VA). Mice were generally group-housed (2–4
animals per cage) after weaning. The experimental animals were placed
in the testing room for two to three hours prior to the test and left
undisturbed during this period to acclimate.

2.4.1. Elevated plus maze test
The test was performed using the elevated plus maze (EPM), which

has a cross shape. Opposing arms of the EPM were either walled or
open. Mice were placed either in the center (neutral square) to start the
test and were recorded for 5min, while exploring the maze freely. Mice
falling of the maze were excluded from the tests and analysis.

2.4.2. Light/dark box test
The light-dark box (LDB) has a square shape and is divided in half,

using clear acrylic glass walls for the light area and black acrylic glass
for the dark area including a top cover. The two areas are connected
through an opening in the middle of the dividing wall allowing the
animal to move freely from one half into the other. At the beginning of
the test the animal is placed in the light area with its back against the
wall facing the opening in the dividing wall. The animal is allowed to
explore the arena freely for 10min.

2.4.3. Open field test
We used the square setup with opaque walls for the open field test

(OFT). The center area was defined as a 20 cm by 20 cm, while the
remaining area was referred to as periphery. At the beginning of the test
the animal was placed in the periphery facing the center and allowed to
explore the maze freely for 5min.

2.4.4. Marble burying test
A cage with the dimensions 45 cm by 23 cm was used and filled with

a 5–6 cm deep layer of corncob bedding (Envigo, South Easton, MA). 28
black marbles were spaced out equally on top of the bedding in five
alternating rows of six and five. The mouse was placed in the cage and
allowed to explore it freely for 30min under low lighting. The mouse
was removed gently from the cage at the end of the test to avoid dis-
turbing the bedding and marbles buried by at least two thirds of their
diameter or more were counted as buried.

2.4.5. Tail suspension test
Mice were suspended and by their tail and fixed with adhesive tape

to a shelf, so their heads would be located approximately 8 cm above a
flat surface. Animals caged together were tested in parallel. Mice were
video recorded for 5min. An investigator blind to the genotype of the
mice analyzed the recordings and scored the latency to become im-
mobile, the episodes of immobility, the duration of these episodes and
the total time that the mice spent immobile during the test.

2.5. DIO3 enzymatic activity

D3 enzymatic activities were determined as previously described
(Hernandez et al., 2006). In brief, tissues were homogenized in a 10-
mM Tris−HCl, 0.25 sucrose buffer (pH 7.4). A suitable volume of tissue
homogenate was used in the enzymatic reaction to ensure that deio-
dination do not exceed 40% and was proportional to the amount of
protein content. Tissue homogenates were incubated at 37 °C for an
hour with 2 nM125I-labeled T3 (PerkinElmer) in the presence of 25mM
dithiothreitol. Deiodination was determined based on the percentage of
125I-3,3_-diiodothyronine produced. The latter was determined by
measuring the amount of radioactivity associated with the reaction
products after separation by paper chromatography as described
(Galton and Hiebert, 1987).

2.6. Statistical analysis

Statistical analysis was performed using Student’s t-test (paired or
unpaired), one-way ANOVA or two-way ANOVA followed by Tukey’s
test, which corrects for multiple comparisons between experimental
groups using the statistical tools of GraphPad Prism 6 (GraphPad
Software, Inc.). Statistical significance was defined as P < 0.05. *, **,
*** indicate P < 0.05, 0.01 and 0.001 statistical differences, respec-
tively, between genotypes (black asterisks) or sexes (red asterisks). #,
##, ### indicate P < 0.05, P < 0.01, P < 0.001 statistical differ-
ences, respectively, between T3-treated and untreated mice within a
given genotype and sex.

3. Results

3.1. Generation of a mouse model for conditional DIO3 deficiency

To investigate whether the previously reported changes of behavior
in Dio3-/- mice are due to developmental effects or increased thyroid
hormone action in the brain of adult animals, we established an ex-
perimental model of conditional DIO3 deficiency by generating a mouse
carrying a “floxed” Dio3 allele. The Dio3 gene was targeted by homo-
logous recombination in ES cells with a Dio3 mutant whereby the se-
lenocysteine insertion sequences (SECIS) in the 3′-untranslated region
of the mRNA is flanked by loxP sites and followed by a Neomycin
cassette flanked by frt sequences (Supplementary Fig. 1A). The SECIS
stem-loop structure in the Dio3 mRNA is essential for the insertion of
selenocysteine in the polypeptide chain, and this aminoacid is critical
for deiodinase activity (Low et al., 1995). Selenocysteine is encoded by
a UGA codon, which functions as a stop codon in the absence of the
SECIS.

ES cells showing successful targeting (Supplementary Fig. 1B) were
used to generate mutant mice with a floxed SECIS in the Dio3 gene.
Postnatal day 1 tissues of mice homozygous for the SECIS-floxed allele
exhibited a decreased in DIO3 enzymatic activity compared to tissues of
wild type mice (Fig. 1C). This reduction in enzymatic activity did not
affect all tissues equally. After the neomycin cassette was excised by
breeding these mice with transgenic mice expressing frt DNA re-
combinase, DIO3 enzymatic activity in mice homozygous for the floxed-
SECIS allele were fully normalized in most tissues, with the exception of
the brain and the testis, that showed a 20 and 30% reduction in DIO3
enzymatic activity, respectively, when compared to that in WT mice
(Supplementary Fig. 1C). These results suggest that the neomycin cas-
sette was interfering with the mechanisms of SECIS-mediated seleno-
cysteine translation. They also demonstrate that the newly created
mutant mice are largely DIO3-sufficient in the native state.

3.2. Effects of adult onset DIO3 deficiency on the thyroid status

To inactivate DIO3 in adulthood, we crossed our conditional
Dio3SECIS f/f mouse with tamoxifen-inducible actin-cre mice to generate
Actin-cre/Dio3SECIS f/f (KO/Act+) experimental animals (see methods
for more details). The experimental timeline is outlined in Fig. 1A. The
animals were randomly divided in two groups for both males and fe-
males and allowed to develop normally. At two months of age mice
were injected with tamoxifen (tam) to initiate recombination and
abolish DIO3 activity or with sesame oil (oil) as a control. Bodyweight
was monitored for two and a half months before the behavioral tests for
anxiety and depression were conducted. At 5 months of age some of the
animals of both groups were treated with T3 in the drinking water until
all animals were sacrificed at 6 months of age.

We analyzed the olfactory bulb and the adrenal gland (not shown)
to assess the level of recombination and found that the remaining DIO3
activity in KO/Act+ (tam) mice was significantly reduced by 64–83%
compared to the control animals (Fig. 1B). The mutant versus wild type
allele expression ratio in brain tissue of KO/Act+ (tam) mice of both
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sexes was approximately 8–30 times higher than in KO/Act+ (oil) mice
(Fig. 1C). This indicates that more than 88% of the Dio3 mRNA ex-
pressed in the brain of KO/Act+ (tam) mice is generated by re-
combined DNA and produces an inactive enzyme.

Dio3-/- mice show reduced growth post weaning, which persists
throughout their life (Hernandez et al., 2006). In contrast, adult onset
of DIO3 deficiency in adulthood had no significant effect on the
bodyweight in females or males during adulthood; however, there was
a trend in the male KO/Act+ (tam) mice to gain less weight than the
control animals as they age (Fig. 1D). The thyroid status in the KO/Act
+ (tam) animals of both genders was not significantly different from
the KO/Act+ (oil) control mice. Serum T4, T3 and TSH level were not
significantly different from the controls in KO/Act+ (tam) mice of ei-
ther sex (Fig. 1E-G), indicating normal thyroid hormone status. Serum

TSH trended lower in the KO/Act+ (tam) females and higher in the
males compared to control animals (Fig. 1G), but no statistical sig-
nificance was achieved.

To determine if leaking of the cre-transgene in the absence of ta-
moxifen was causing a baseline change in the neurological phenotype of
our control group (KO/Act+ (oil) mice), we determined a set of phy-
siological endpoints to compare KO/Act+ (oil) mice with tamoxifen-
treated mice homozygous for the floxed Dio3 allele but not carrying the
inducible cre transgene (KO/Act− (tam) mice). We observed no sig-
nificant changes in growth, thyroid hormone parameters or behavior
(Supplementary Fig. 2A, 2B and 2C). Gene expression profile in brain
regions was largely unchanged except for modest changes in the striatal
expression of Itih3 and Dio2 (Supplementary Fig. 2D).

Fig. 1. Effects of adult onset DIO3-deficiency on body weight and the thyroid status.
Timeline and overview of study (A). Genomic DNA recombination efficiency and remaining DIO3 activity in the olfactory bulb four months after tamoxifen (tam) or
vehicle (oil) injection (B). Recombined vs intact mRNA allele expression ration in brain regions of experimental animals (C). Bodyweight was measured for two and a
half month after injection (D). Serum T4 (E), T3 (F), and TSH (G) level of six month old mice Data are shown as mean ± SEM with n= 6–8 mice per experimental
group. *, **, *** indicate P < 0.05, P < 0.01 and P < 0.001 statistical differences, respectively, between genotypes (black asterisks) or sexes (red asterisks), as
determined by Student’s t-test for each gender.
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3.3. Loss of Dio3 activity during adulthood increases hyperactivity in
females

We have shown that the lack of active DIO3 in mice results in T3
excess in the brain, both during development and in adulthood
(Hernandez et al., 2006, 2010). This is associated with decreased an-
xiety- and depression-like behaviors, and increased hyperactivity

(Stohn et al., 2016). To test whether these abnormal behavioral phe-
notypes are of developmental origin or derived from increased thyroid
hormone levels in the adult brain, experimental animals underwent
behavioral testing for anxiety and depression-like behaviors two and a
half months after tamoxifen or vehicle injection. We did not observe
any significant changes for the time spent in the open arms of the
elevated plus maze (EPM), time spent in the center of the open field

Fig. 2. Anxiety- and depression-like behavior
in mice with adult onset DIO3-deficiency.
KO/Act+ (oil) and KO/Act+ (tam) mice un-
derwent behavioral testing at 4 ½ months of
age. Shown here are the percentages of the
time spent in the maze’s open arms and the
total time immobile in the elevated plus maze
(A), time spent in the center and total time
immobile in the open field trial (B), total time
and time immobile spent in the light area of
the light/dark box (C) as well as the latency to
stop moving and total time still in the tail
suspension test (D), the percentage of marbles
buried in the marble burying tests (E) and the
physical activity in female mice (F). Data re-
present the mean ± SEM of results from 8 to
12 mice (per genotype and sex). *, **, *** in-
dicate P < 0.05, 0.01 and 0.001 statistical
differences, respectively, between genotypes
(black asterisks) or sexes (red asterisks), as
determined by two-way ANOVA and Tukey’s
test for multiple comparisons or Student’s t-test
(last panel).
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trial (OFT), time spent in the light area in the light/dark box (LDB),
latency to being still, or total time being still in the tail suspension test
in either the female or male KO/Act+ (tam) mice (Fig. 2A-D). This
indicates that the loss of DIO3 activity in the adult mouse had no effect
on anxiety- or depression-like behaviors. However, the overall time
spent immobile in the EPM was significantly reduced in the KO/Act+
(tam) females (Fig. 2A), suggesting increased locomotor activity. In
addition, the total time immobile trended lower in the OFT (Fig. 2B)
and in the LDB, and the percentage time spent immobile in the light
area was almost significantly reduced (p= 0.068) (Fig. 2C), suggesting
hyperactivity in female mice with adult onset DIO3 deficiency. In the
marble burying test, the female KO/Act+ (tam) mice buried significant
more marbles than the control animals. In the males, this behavior
appeared to be reversed, but did not reach any statistical significance
(Fig. 2E).

Studies in metabolic cages indicated no differences in distance run
(Fig. 2F), but DIO3-deficient females consistently showed a marked
increase in voluntary running in the wheel during the night period
(Fig. 2F). This phenotype could not be observed in the males available
for the study.

3.4. Gene expression in the cortex, hypothalamus, and striatum

To evaluate the degree of thyroid hormone signaling in the brain,
we determined the expression of several T3-dependent genes in the
cortex, hypothalamus, and striatum, including hairless (Hr), inter-
alpha-trypsin inhibitor heavy chain 3 (Itih3), kruppel-like factor 9
(Klf9), sonic hedgehog (Shh), semaphoring 7a (Sema7a), aldehyde de-
hydrogenase 1 family member a1 (Aldh1a1), solute carrier family 17
member 7 (Slc17a7), UDP glycosyltransferase 8 (Ugt8a), and thyro-
tropin-releasing hormone (Trh). Adult-onset DIO3 deficiency had little
effect on the expression of these genes in the different brain regions
(Fig. 3A-C). Only the striatal expression of Itih3 was modestly reduced
as a result of DIO3 inactivation (Fig. 3C). However, we observed several
instances of sexually dimorphic gene expression, both in DIO3-suffi-
cient and insufficient animals. These genes included the cortical ex-
pression of Aldh1a1 and Dio2, the hypothalamic expression of Hr
(Fig. 3B), and the striatal expression of Aldh1a1, Itih3, Sema7a and Dio2
(Fig. 3C), an important determinant of brain T3 action (Bocco et al.,
2016; Dietz et al., 2012). DIO2 enzymatic activity, which is post-tran-
scriptionally regulated by its own substrate T4, was not determined as
serum levels of T4 were unchanged.

3.5. Response to T3 treatment

To test whether the brain of mice with adult onset DIO3 deficiency
is more sensitive to a hyperthyroid status than the brain of control mice,
we added T3 to the drinking water to cause hyperthyroidism in the
mice. Consistent with previous findings serum T4 level in all T3-treated
experimental mice were markedly reduced or not detectable compared
to untreated animals due to suppression of the thyroid axis. T3 treat-
ment markedly increased serum levels of T3 to a similar extent in KO/
Act+ (tam) and KO/Act+ (oil) animals (Fig. 4A). TSH level were not
detectable in any of the T3-treated experimental groups (data not
shown).

For a majority of the genes tested, T3-treatment led to expression
changes in one or more brain areas of both experimental groups of mice
(Fig. 4B-D). Some of the gene responses to T3 treatment were sex-spe-
cific, region-specific or specific to DIO3 inactivation. Changes specific
to Dio3 inactivation included a Kfl9 expression decrease in the cortex
and hypothalamus of males; a reduction in cortical and striatal Dio2
expression in females (Fig. 4A and 4C), while the hypothalamus showed
an increase in Dio2 (Fig. 4B); and increase in Sema7a expression in the
hypothalamus of females; and changes in the hypothalamic expression
of Hr (Fig. 4C), which increased in females and decreased in males.
Additional sexually dimorphic patterns of gene expression were noted.

These findings reveal a sexual dimorphism in how mice with adult-
onset DIO3 deficiency respond to T3.

3.6. Expression of genes related to hyperactivity

The behavioral tests showed that females exhibit hyperactivity
when DIO3 deficiency was achieved during adulthood. We determined
the activity of some genes that have been described as related to hy-
peractivity or ADHD including Brain-derived neurotrophic factor 1
(Bdnf1) (Rios et al., 2001), cannabinoid receptor 1 (Cnr1) (Franke et al.,
2009), glutamate metabotropic receptor 5 (Grm5) (Elia et al., 2011),
and synaptosomal-associated protein 25 (Snap25) (Grunblatt et al.,
2012). At baseline, we found no gene expression differences in females
(Fig. 5A), but we observed a significant increase in Grm5 expression in
the cortex of KO/Act+ (tam) male mice (Fig. 5A). In addition, we noted
several sexual dimorphisms in gene expression that were independent
of DIO3 inactivation and affecting Bdnf, Cnr1, Snap25 and Grm5.

To test whether hyperthyroidism has an effect on these genes, we
also measured their expression levels after T3-treatment. T3-treatment
induced hypothalamic Cnr1 and Snap25 expression in KO/Act+ (tam)
females but not in KO/Act+ (oil) females (Fig. 5B), suggesting in-
creased sensitivity to T3 in DIO3-deficiency. In contrast, the opposite
was observed in the female striatum, where Cnr1 and Grm5 expression
was induced or not changed, respectively, in KO/Act+ (oil) females,
but was unaltered or reduced in KO/Act+ (tam) females (Fig. 5B). We
observed no changes in gene expression in the cortex of females of any
genotype (Fig. 5B). Concerning the expression of these genes, KO/Act+
(oil) males were overall more responsive to T3 than KO/Act+ (tam)
males (Fig. 5B), showing expression increased cortical Bdnf and Grm5,
and hypothalamic and striatal Cnr1, while only striatal Cnr1 was in-
duced in KO/Act+ (tam) males.

3.7. Brain expression of Dio3os

Dio3os is a long non-coding RNA expressed from the DNA strand
opposite to Dio3 (Hernandez et al., 2002). Dio3os expression is highly
sensitive to T3 and strongly correlates with that of Dio3 in rodent brain
tissue and brain human cell lines (Dietz et al., 2012; Kester et al., 2006).
We examined Dio3os expression in experimental animals, treated or not
with T3, to further assess T3 signaling and sensitivity in brain tissue.
Compared to untreated KO/Act+ (oil) male mice, untreated KO/Act+
(tam) male mice exhibited a 6-, 2- and 3-fold increase in Dio3os ex-
pression in cortex, hypothalamus and striatum, respectively (Fig. 6A).
In KO/Act+ (tam) female mice, Dio3os expression was increased only
3- and 2-fold in cortex and striatum, but not significantly different in
the hypothalamus (Fig. 6A). When animals were treated with T3, Dio3os
expression was markedly increased in all brain tissues of KO/Act+
(tam) and KO/Act+ (oil) mice of both sexes. However, T3-response in
Dio3os expression relative to the corresponding baseline level differed
between sexes, genotypes and brain regions. The magnitude of the re-
sponse to T3 varied within 4 to 6-fold in female brain tissues and was
similar between KO/Act+ (tam) and KO/Act+ (oil) female mice
(Fig. 6B). In KO/Act+ (oil) male mice, the magnitude of the T3 re-
sponse was markedly higher than in KO/Act+ (oil) females in all tis-
sues examined (12-30-fold increases 4-6-fold increases in Dio3os ex-
pression), while T3 responses in KO/Act+ (tam) mice were comparable
between males and females, except in the striatum, where the male
response was higher (Fig. 6B). T3 responses were similar between
genotypes for all female issues, but were higher in KO/Act+ (oil) male
tissues that in KO/Act+ (tam) ones, suggesting that the dynamic range
of response to T3 is reduced in males with adult onset DIO3 deficiency.

4. Discussion

Timely regulation of T3 action in different regions of the CNS is
critical to ensure normal brain function (Bernal, 2005). A global deficit
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in the principal enzyme that limits T3 action, DIO3, leads to an excess of
T3 signaling in the brain during development and in adulthood
(Hernandez et al., 2010) that is associated with altered brain gene ex-
pression and behaviors (Stohn et al., 2016, 2018). However, it is un-
clear to what extent these abnormalities have a developmental origin
and result from thyrotoxicosis in early life, or are the consequence of
increased T3 action in the adult brain. To address this question, we have
initiated studies in a mouse model of conditional inactivation of DIO3
in adulthood.

Mice homozygous for the floxed Dio3 allele exhibit normal DIO3
activity in most tissues testes, but a 20% decrease in expression was
noted in the brain. This modest decrease is unlikely to exert significant
neurological effects, especially most tissues contributing to systemic
thyroid hormone clearance show normal DIO3 activity. Thus, our
control mice do not exhibit any significant phenotype. In this regard,
we show that these animals, when carrying the inducible cre transgene,
exhibit no alterations in behavior and minimal changes in brain gene

expression compared to animals lacking the cre transgene. This in-
dicates negligible leaking of cre expression and a comparably normal
phenotype in the control animals used in our studies. The marked re-
duction in DIO3 activity and in the relative abundance of the functional
Dio3 mRNA upon tamoxifen injection demonstrate a large degree of
DIO3 deficiency in the brain of these mice.

Adult-onset DIO3 deficiency did not significantly affect body
weights, although a sexually dimorphic tendency for a leaner pheno-
type was noted in DIO3-deficient males. This is consistent with ob-
servations in mice with constitutive DIO3 deficiency showing that the
brain T3 excess exerts effects on energy balance that could be sexually
dimorphic and partially compensate each other in the regulation of
body weight (Wu et al., 2017). Mice with adult DIO3 deficiency did not
show any abnormalities in thyroid function tests. Since mice with
constitutive DIO3 deficiency exhibit marked abnormalities in the serum
thyroid hormone parameters and in the function of the hypothalamic-
pituitary-thyroid axis (Hernandez et al., 2007, 2006), our present

Fig. 3. Gene expression in the cortex, hypothalamus, and striatum.
Mice were injected with tamoxifen (KO/Act+ (tam)) or vehicle (KO/Act+ (oil)) at two months of age, and tissues were collected at six months of age. Cortical (A),
hypothalamic (B), striatal (C) expression of the genes indicated in male and female mice as determined by qPCR. Data were normalized to values in KO/Act+ (oil)
females and are shown as mean ± SEM with n=6–8 mice per experimental group. *, **, *** indicate P < 0.05, P < 0.01, P < 0.001 statistical differences,
respectively, between genotypes (black asterisks) or sexes (red asterisks), as determined by two-way ANOVA and Tukey’s post hoc test for multiple comparisons for
the effect of sex and genotype.
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results suggest that the thyroid axis phenotype resulting from con-
stitutive DIO3 deficiency is primarily the consequence of abnormal
programming during development and does not result from altered
factors in adult life. Alternatively the absence of a thyroid axis

phenotype may be due to the fact that DIO3 is not a 100% inactivated.
Also, preliminary results from our laboratory indicate a partial sup-
pression of serum T3 and T4 in adult animals two weeks Dio3 in-
activation. As we have currently studied animals several months after

Fig. 4. Changes in brain gene expression in response to T3-treatment.
Serum T4 and T3 level in treated animals compared with non-treated ones (dotted line) (A), dotted line indicates level of untreated animals. Cortical (B), hy-
pothalamic (C), striatal (D) expression of selected genes in female or male of either genotype expressed as a fold increase over the levels found in the corresponding
group of untreated animals (dotted line). All data are shown as mean ± SEM with n=3–5 mice per experimental group. *, **, *** indicate P < 0.05, P < 0.01,
P < 0.001 statistical differences, respectively, between genotypes (black asterisks) or sexes (red asterisks). #, ##, ### indicate P < 0.05, P < 0.01, P < 0.001
statistical differences, respectively, between T3-treated and untreated mice within a given genotype and sex. Statistical significance was determined by two-way
ANOVA followed by Tukey’s test for multiple comparisons.
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tamoxifen injection, this observation suggests that DIO3 inactivation
may cause a short term change in the thyroid axis that is later com-
pensated by other mechanisms. This intriguing possibility warrants
further studies.

DIO3 inactivation during adulthood did not lead to major altera-
tions in behavior. However, KO/Act+ (tam) female – but not male -
mice showed increased physical activity, as determined by several be-
havioral tests. These results suggest that adult onset DIO3 deficiency
increases locomotor activity, which is consistent with the hyperactivity

in systemic hyperthyroidism (Levine et al., 2003) and models of brain
T3 excess (Stohn et al., 2016; Wu et al., 2017). The lack of marked
behavioral phenotypes associated with anxiety and depression, as those
observed in mice with constitutive DIO3 deficiency (Stohn et al., 2016,
2018), suggests these behaviors are more susceptible to be influenced
by T3 excess during development than in adulthood.

The relatively modest behavioral phenotype cause by adult-onset of
DIO3 deficiency correlated with few significant changes in the expres-
sion of T3-dependent genes across brain regions, consistent with

Fig. 5. Expression of hyperactivity-related genes.
Mice were injected with tamoxifen (KO/Act+ (tam)) or vehicle (KO/Act+ (oil)) at two months of age, and tissues were collected at six months of age. Baseline
cortical, hypothalamic and striatal expression of Bdnf1, Cnr1, Grm5, and Snap25 in untreated females or male mice with or without Dio3 inactivation (A) or in animals
treated with T3 (B). Data were normalized to values in KO/Act+ (oil) female mice. Data in (B) are represented as a fold change over the corresponding group of
untreated animals (dotted line). Data are shown as mean ± SEM with n= 6–8 mice per experimental group (A) or 3–5 mice (B) per experimental group. *, **, ***
indicate P < 0.05, P < 0.01, P < 0.001 statistical differences, respectively, between genotypes (black asterisks) or sexes (red asterisks). #, ##, ### indicate
P < 0.05, P < 0.01, P < 0.001 statistical differences, respectively, between T3-treated and untreated mice within a given genotype and sex. Statistical significance
was determined by two-way ANOVA followed by Tukey’s multiple comparison test for multiple comparisons.
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observations that many genes regulated by T3 in the brain exhibit a
developmental window of maximal sensitivity that is later reduced in
adulthood (Bernal et al., 2003). However, the response of these genes to
T3 treatment was generally enhanced in the brain tissue of mice with
DIO3 deficiency, suggesting that adult inactivation of DIO3 does in-
crease brain sensitivity to T3. The increased sensitivity may be partly
due to the well-established observation that Dio3 expression is greatly
induced by an excess of T3 (Hernandez et al., 2012; Tu et al., 1999).
Thus, upon T3 treatment, the DIO3 status of control animals will be
elevated, while that of experimental animals will largely remain the
same. Interestingly, the increased sensitivity to T3 of animals with adult
Dio3 inactivation was observed in females, not in males, in which no
effect or the opposite effect was observed. Suppression of the brain
expression of Dio2, the gene that locally generates T3 from T4, may also
have mitigated, in part, the effects of T3 treatment. Thus, local changes
in Dio2 expression may be a general compensatory mechanism for the
lack of Dio3 in this animal model.

We observed similar profiles of expression in a subset of genes as-
sociated with hyperactivity, with only cortical expression of Cnr1 and
Grm5 being affected in males with adult-onset DIO3 deficiency. Again,
T3 treatment regulated the expression of this gene subset in a genotype-,
tissue- and sex-dependent manner. This is best illustrated by the varied
response to T3 of Cnr1 expression across female brain tissues with or
without DIO3 inactivation. The observation of differential regulation
between brain regions of T3-regulated genes is well established, for
example by the striatal-specific T3-regulation of Nrgn (Iñiguez et al.,
1996).

The observed sexual dimorphisms in gene expression are best

illustrated by the results of the expression and T3-response of Dio3os,
which is very sensitive to T3 regulation (Dietz et al., 2012). These re-
sults suggest that not only KO/Act+ (tam) mice are more sensitive to
DIO3 deficiency, but also that the dynamic range of Dio3os response to
T3 is sexually dimorphic in both DIO3 sufficiency and deficiency. The
mechanisms underlying sex-specific differences in the context of brain
T3 action remain to be elucidated. However, we speculate that thyroid
hormone may have a role in the sexual differentiation of the brain. This
is supported by the observation that during a transient neonatal period
Dio3 is very highly expressed in the amygdala and hypothalamic and
preoptic areas (Escamez et al., 1999), which are well known for their
ultimate sexual dimorphism and role in brain sexual differentiation. In
addition, unpublished results from our laboratory suggest that Dio3
expression is sexually dimorphic in many areas of the adult brain. Thus,
Dio3 may be involved in both brain sexual differentiation and in the
sex-specific regulation of brain T3 availability.

Were our findings fully applicable to humans, they would suggest
that in the absence of overt thyroid hormone pathologies the lack of
DIO3 activity in the adult brain has limited impact on behavior and
brain gene expression and potentially on neurological outcomes.
However, our findings suggest that development is the most critical
period during which an excess of thyroid hormone, due to maternal
pathology or epigenetic dysregulation of human DIO3, may lead to
neurodevelopmental disorders. A large body of literature in humans
and rodents has also defined the developmental period as critically
period during which the central nervous system is most sensitive to a
deficit of thyroid hormone (Gyllenberg et al., 2016; Lavado-Autric
et al., 2003; Roman, 2007; Rovet, 2014). Taken together, these

Fig. 6. Brain expression of Dio3os.
Cortical, hypothalamic and striatal expression
of Dio3os in untreated (A) or T3-treated mice of
either sex and Dio3 inactivation status (B).
Data in (B) are represented as a fold change
over the corresponding group of untreated
animals (dotted line). Data are shown as
mean ± SEM with n=6–8 mice per experi-
mental group (A) or 3–5 mice (B) per experi-
mental group. *, **, *** indicate P < 0.05,
P < 0.01, P < 0.001 statistical differences,
respectively, between genotypes (black aster-
isks) or sexes (red asterisks). #, ##, ### in-
dicate P < 0.05, P < 0.01, P < 0.001 sta-
tistical differences, respectively, between T3-
treated and untreated mice within a given
genotype and sex. Statistical significance was
determined by two-way ANOVA followed by
Tukey’s test for multiple comparisons.
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observations support the idea that timely balanced thyroid hormone
action is required for normal brain development.

It is interesting to note the more severe consequences of the T3

excess derived from a developmental deficit in DIO3, compared with
the reported lack of effect of exogenously administered T3 in rodent
fetuses (Grijota-Martinez et al., 2011; Schwartz et al., 1997). This
suggests an important role for DIO3 during this critical period for the
preventing neurodevelopmental disorders. Since the prevalence of
these exhibits a marked sex bias, our sexually dimorphic results suggest
that alterations in thyroid hormone action may contribute to the
etiology of these disorders.

In summary, our results show that adult-onset DIO3 deficiency leads
to increased locomotor activity and influences brain gene expression,
rendering the CNS more sensitive to T3 action. These behavioral and
molecular effects demonstrate the functional relevance of DIO3 in the
adult brain and indicate that an important component of the neurolo-
gical phenotypes associated with constitutive DIO3 deficiency has a
developmental origin. Additional studies are needed to further define
the role of DIO3 in different brain regions and across developmental
stages.
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