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Abstract

Thyroid hormone increases energy expenditure. Its action is mediated by TR, nuclear receptors present in peripheral tissues and in the central
nervous system, particularly in hypothalamic neurons. Here, we address the importance of thyroid hormone signaling in neurons, in general for
the regulation of energy expenditure.

We generated mice devoid of functional TR in neurons using the Cre/LoxP system. In hypothalamus, which is the center for metabolic
regulation, mutations were present in 20% to 42% of the neurons.

Phenotyping was performed under physiological conditions that trigger adaptive thermogenesis: cold and high-fat diet (HFD) feeding. Mutant
mice displayed impaired thermogenic potential in brown and inguinal white adipose tissues and were more prone to diet-induced obesity. They
showed a decreased energy expenditure on chow diet and gained more weight on HFD. This higher sensitivity to obesity disappeared at
thermoneutrality. Concomitantly, the AMPK pathway was activated in the ventromedial hypothalamus of the mutants as compared with the
controls. In agreement, sympathetic nervous system (SNS) output, visualized by tyrosine hydroxylase expression, was lower in the brown
adipose tissue of the mutants. In contrast, absence of TR signaling in the mutants did not affect their ability to respond to cold exposure.

This study provides the first genetic evidence that thyroid hormone signaling exerts a significant influence in neurons to stimulate energy
expenditure in some physiological context of adaptive thermogenesis. TR function in neurons to limit weight gain in response to HFD and
this effect is associated with a potentiation of SNS output.
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Abbreviations: AMPK, AMP-activated protein kinase; BAT, brown adipose tissue; CTRL, control mice; D2, type 2 deiodinase; DI0, diet-induced obesity; EE,
energ7y expenditure; HFD, high-fat diet; ICV, intracerebroventricular; iWAT, inguinal WAT; LA, locomotive activity; NE, norepinephrine; NTRKO, mutant mice
(Cre3™*xThra®™M"* Thrp'*”'*); PTU, propylthiouracil; RO, region of interest; RT-gPCR, quantitative reverse transcription—polymerase chain reaction; SNS,
sympathetic nervous system; T3, triiodothyronine; T4, thyroxine; TH, thyroid hormones; UCP1, uncoupling protein 1; VMH, ventromedial hypothalamus;
WAT, white adipose tissue; WT, wild-type.

As obesity and associated metabolic disorders became pan-
demic (1), the metabolic activities of thyroid hormone
(3,3',5-triiodo-L-thyronine, or T3), the active metabolite of
thyroxine (T4) gained renewed interest. Indeed, in humans,
hyperthyroidism often results in weight loss, whereas hypo-
thyroidism tends to favor weight gain. Most importantly, ex-
ogenous T3 increases energy expenditure (EE) both in humans
and rodents (2). As a result, an excess of T3 induces weight
loss despite an increase in food intake (3).

T3 can increase EE either directly or indirectly. Its direct
metabolic action takes place in brown adipose tissue (BAT),
white adipose tissue (WAT), muscle and liver, where it stimu-
lates the mitochondrial metabolism. In BAT, T4 can be deio-
dinated to produce T3. This local production of T3 triggers
the expression of UCP1, the protein responsible for the un-
coupling between oxidative phosphorylation and ATP pro-
duction, which has an important function in thermogenesis
(4, 5). After hormonal stimulation, several enzymes involved
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in lipid synthesis and calories production are also induced in
BAT (6), and EE increases in muscle (7, 8). T3 also triggers
WAT browning, that is, the conversion of some white adipo-
cytes into thermogenic adipocytes producing UCP1 (9).

In addition to its direct influence on peripheral tissues, T3 is
also involved in the central control of adaptive thermogenesis
(10, 11), a process that is activated to face 2 types of external
stress: cold exposure and excess of food intake (12).
Perception of cold exposure by skin receptors is sensed by the
hypothalamus and results in an increased activity of the sympa-
thetic nervous system (SNS). The subsequent stimulation of ad-
renergic synapses in adipose tissues triggers immediate BAT
thermogenesis, and late browning of WAT (13, 14). SNS stimu-
lation leads to both UCP1-dependent and UCP1-independent
thermogenesis in BAT (15-17) and muscle (18). How a high-fat
diet (HFD) provokes a thermogenic response is less docu-
mented. While the involvement of the SNS in this response is
well established, the contribution of BAT seems limited (19,
20). Importantly, stimulation of BAT via the SNS results in in-
creased expression of the Dio2 gene and a concomitant increase
in type 2 deiodinase (D2) activity (21). The resulting local con-
version of T4 into T3 contributes to an increased thermogenic
activity. Dio2 knock-out mice are more sensitive to cold (20)
and more prone to diet-induced obesity (DIO) (22).

Hypothalamic glial cells including astrocytes and tanycytes
contain D2, which allows a local conversion of T4 into T3
(23). The fact that this local conversion is involved in adapta-
tive thermogenesis is supported by experiments that show
that an intrahypothalamic excess of T3 is sufficient to stimulate
BAT activity (10). As all cell types in the hypothalamus express
the nuclear receptors of T3, either TRal encoded by the Thra
gene, or TRB1/2 encoded by Thrb (24), they all have the cap-
acity to respond to a local increase in T3. However, the link be-
tween the intrahypothalamic T3 concentration and the increase
in sympathetic tone remains unclear. Elevation of intrahypo-
thalamic T3 concentration is characterized by rapid activation
of the AMP-activated protein kinase (AMPK)-ER stress-JNK1
pathway in neurons (10, 25). Although their T3 response is not
documented, neuronal populations located in other areas of the
brain, notably the brainstem, also participate in EE (26).

We address here the importance of T3 signaling in neurons
for the regulation of EE under thermogenic stresses. To this
end, we used the Cre/loxP methodology to produce a mouse
model in which the T3 response is selectively eliminated
from a significant fraction of neurons, notably in 20% to
42% of the neurons in the hypothalamus depending on the nu-
cleus. We evaluated the ability of these mice to face thermo-
genic stress. Mice were exposed either to an intense cold or
fed for several months with an HFD. Mutant mice display
an intact thermogenic response after exposure to cold at
4 °C but were more prone to DIO. The decrease in SNS tone
in the mutants mimics what was observed after virogenetic in-
hibition of TR signaling in the hypothalamus and mirrors the
increase triggered by intracerebroventricular (ICV) T3 admin-
istration (10, 25). Overall, our data show that endogenous T3
signaling exerts a significant influence on neurons involved in
the regulation of energy metabolism.

Methods

Chemicals

Triiodothyronine (T3) and thyroxine (T4) were from
Sigma-Aldrich (I’Isle D’Abeau, France).
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Mice Lines

Mutant mice were obtained by crosses in the C57BL6/] genetic
background to introduce different recombinant alleles. Thra*™
allows the production of the TRa1***°*® mutant, which has
dominant-negative properties, after Cre/loxP-mediated excision
of a stop cassette (27). Despite the persistence of an intact Thra
allele in Cre3™*xThra®™"* mice, the dominant negative action
of TRa 1R eliminates the capacity of cells expressing Thra to
respond to T3. Thrb™®* has 2 tandem-arranged loxP sequences,
allowing Cre-mediated excision of exon 3, which encodes the
DNA binding domain of the TRB1/TRB2 receptor, resulting in
a frameshift and a loss of function (28). Cre37¢ (29) is a random-
ly integrated transgene that drives the expression of the Cre re-
combinase expression in neurons of the central nervous
system, but also the peripheral nervous system. The fraction of
neurons with active Cre differs in the different areas and is mark-
edly higher in hypothalamus as compared to other areas of the
brain (30). Cre activity was not detected in astrocytes or non-
neuronal cell types (29, 30). We previously verified this specific
neuronal expression using the rosa YFP reporter line (31).
Furthermore, in the present study, using the ROSA tdTomato
reporter transgene (32), we verified the absence of recombin-
ation activity outside the nervous system, except for a small frac-
tion of cardiomyocytes (Supplementary Fig. $1) (33). Cre3™*x
ROSAtdTomato mice were also used to highlight with red fluor-
escence the hypothalamic cells in which Cre-mediated recombin-
ation occurred and compare the percentage of neurons that
present Cre activity in the different part of the hypothalamus
(Supplementary Fig. S2 (33)). Mice with the Cre3™
*xThra™M* Thyb!o<"* genotype are called Neuron TRKO
(NTRKO). Thra®™ " Thrb'o*"° littermates were used as con-
trols (CTRL).

All experiments were carried out in accordance with the
European Community Council Directive of September 22,
2010 (2010/63/EU) regarding the protection of animals used
for experimental and other scientific purposes. The research
project was approved in the different institutions. In Lyon, it
was approved by a local animal care and use committee
(C2EA015) and subsequently authorized by the French
Ministry of Research, in Santiago by the USC Ethics
Committee (Project ID 15010/14/006) and in Miinchen by
the Animal Ethics Committee of the government of Upper
Bavaria, Germany. A total of 180 mice have been used for
this study.

Animal Procedures and Preparation of Tissue
Samples

Housing

Mice were fed an ad libitum LASQC Rod16 R diet (Altromin,
Germany) (16.9% proteins; 4.3% fat and 79,2% carbohy-
drates, hereafter called CHOW), housed 2 per cage when pos-
sible, or otherwise mentioned, at 23 °C, under a 7:30 am: 8:30 pm
light/dark cycle. 3- to 5-month-old male mice were used for
experiments.

Cold exposure and thermography

The cold response was assessed in mice implanted with
IPTT-300 transponders (Plexx BV, The Netherlands) by ex-
posing them to 4 °C for 58 hours. Infrared thermography
was performed at different time points in awake and free run-
ning animals. To capture static dorsal thermographic images,
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thermal videos of 2 minutes duration each were recorded using
an infrared camera (FLiR Systems, Inc.). Thermal images were
analyzed using the FLiR Research IR program. Regions of
interest (ROI) were drawn so that each type of ROI was over-
laid on all thermal images at once. This allowed for identical
sizing of each type of ROI across all mice. An ROI on the basis
of the tail served as the temperature control, while an ROI sur-
rounding the interscapular region served to evaluate BAT
thermogenesis. The temperature difference between these 2
ROI was calculated and used as a proxy of BAT activation.
For each time point, 4 images per mouse were analyzed. Four
mice per genotype were included in the experiment.

When mentioned, the experiments were performed at ther-
moneutrality in thermoregulated chambers.

Induction of hypo/hyperthyroidism

T3 deficiency in adult animals was induced as previously de-
scribed with a diet containing PTU (propylthiouracil)
(Harlan Teklad TD95125, Madison, WI) (25.3% protein,
10% fat, 64.8% carbohydrates and 0.15% PTU) and fol-
lowed or not by thyroid hormones (TH) (mix of T4 and T3)
daily injections (34) for 5 consecutive days. Mice ate between
3.75 and 5.25 mg/day of PTU (2.5 and 3.5 g of diet per day).
Serum concentrations of free T3 and free T4 were measured as
described in “Plasma Biochemistry” and were approximately
1 pmol/l for both free T3 and free T4 in all genotypes in the
PTU-treated groups and, respectively, above 50 pmol/l and
100 pmol/l (the maximum concentrations detectable by the as-
say) in all genotypes in the PTU/TH treated groups. As ex-
pected, PTU leads to hypothyroidism whereas TH injection
leads to hyperthyroidism.

HFD feeding

The response to HFD (Research Diets, New Brunswick, USA,
D12331) (16.4% proteins; 58% fat and 25.5% carbohy-
drates) was evaluated after acute feeding periods (3.5 days)
or prolonged feeding periods (3 to 7 months).

Indirect calorimetry

A calorimetric system (LabMaster; TSE Systems; Bad
Homburg, Germany) was used to assess EE and locomotor ac-
tivity. Animals were placed 1 per cage with controlled condi-
tions of air and temperature (24 °C). Mice were in adaptation
for a week before starting the measurements. After calibrating
the system with the reference gases (20.9% O,, 0.05% CO,,
and 79.05% N,), the metabolic rate was measured for
48 hours as previously described (35). EE, RQ (VCO,/VO,)
and Locomotive Activity (LA) were recorded every 30 mi-
nutes. Mice were injected subcutaneously with 1 mg/kg of
norepinephrine  bitartrate salt monohydrate (Sigma,
Germany) to analyze the response to norepinephrine (NE).
The O, consumption was then measured for another
120-160 minutes every 10 minutes.

Tissue sampling

At the end of the experiments, mice were anesthetized at 2 pm (in-
traperitoneal injection of a mixture of xylazine and ketamine) to
collect blood from the inferior vena cava in heparin coated tubes.
Plasma was obtained after centrifugation at 3500 rpm for 15 mi-
nutes. Tissues were dissected and snap-frozen in liquid nitrogen
and stored at —80 °C for later RNA preparation or fixed in zinc

formal Fixx (ThermoFisher Scientific, Waltham, MA, USA) for
histology and immunohistochemistry.

For neuroanatomy experiments, the thorax was opened and
each mouse was perfused with 4% paraformaldehyde in 0.1M
phosphate buffer at room temperature and the brain proc-
essed as previously described (30).

RNA Extraction and Expression Analyses by
Relative Quantitative Reverse Transcription—
Polymerase Chain Reaction

Total RNA was prepared using the TRI Reagent
(ThermoFisher Scientific) protocol followed by a RNAse free
DNase treatment (Qiagen, Hilden, Germany). Concentration
and purity were quantified with a Nanodrop. One pg of RNA
was used for reverse transcription with M-MLV reverse tran-
scriptase (Promega, Madison, Wi, USA).

For quantitative reverse transcription—polymerase chain re-
action (RT-qPCR), protocols were as described before (36)
Duplicates were run for each sample. The results were analyzed
according to the AACq method (37). Hprt was used as the ref-
erence gene, and the control group was CHOW fed, HFD fed,
or PTU CTRL groups. The numbers of mice used for each ex-
periment are reported in each figure legend. All the primer se-
quences are listed in Supplementary Table S1 (33).

More details on the procedure are provided in supplemental
data file SI1 (33).

Western Blot

The proteins were extracted from the hypothalamus in lysis
buffer (50mM Tris-HCI, 10mM EGTA, 1mM EDTA, 16mM
Triton X-100, TmM sodium orthovanadate, 50mM sodium
fluoride, 10mM sodium pyrophosphate, and 250mM sucrose).
Western blots were transferred to PVDF membranes (PVDF;
Millipore; Billerica, MA, USA) and probed with antibodies
against pACCo (Ser79) (Cell Signaling Cat# 3661; RRID:
AB_330337; Danvers; MA, USA), pAMPKa (Thr172) (Cell
Signaling Cat# 2535S; RRID: AB_331250) or B-actin
(Sigma-Aldrich Cat# A5316; RRID: AB_476743; St. Louis,
MO, USA) as described (8, 9). Adequate secondary antibody:
anti-mouse (Agilent Cat# P0260, RRID: AB_2636929; Santa
Clara, CA, USA) or anti-rabbit (Agilent Cat# P0450, RRID:
AB_2630354) was added. Signal of autoradiographic films
was quantified by densitometry using Image]-1.33 software
(NIH; Bethesda, MD, USA). Values were expressed in relation
to B-actin. Data are expressed as a percentage of CTRL vehicle
and NTRKO vehicle. Representative images for all proteins are
shown with all bands for each picture derived from the same
gel, although they may be spliced for clarity (represented by ver-
tical black lines). The pACCa and pAMPKa were assayed in the
same membranes, therefore, some of the B-actin bands are com-
mon in their representative panels; this has been specified in the
appropriate figure legend.

Plasma Biochemistry

Plasma was assayed on a Cobas 6000 automats for free T3 and
free T4 with the Cobas e601module (Roche, ECL analyzers),

D2 Activity

Hypothalamic block or 50 mg BAT tissue was homogenized in
lysis buffer (100 mM sodium phosphate,2 mM EDTA, 50 mM
DTT). D2 activity was measured in fresh homogenates. D2
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activity was measured in duplicate using 50 pL undiluted hom-
ogenate (50-100 pg protein) that was incubated for 3 hours
(hypothalamus) or 2 hours (BAT) at 37 °C in a final volume
of 100 pL in the presence of 0.25M sucrose, ImM PTU (to
block D1 activity in the hypothalamus), 500nM of T3 (to block
D3 activity in the hypothalamus), 1nM T4, and approximately
1.10° cpm '*’I-T4 (in-house, single labeled tracer according to
(38) Wiersinga et al in phosphate-EDTA buffer (PE buffer,
100mM sodium phosphate, 2nM EDTA, pH 7.2). D2 activity
was expressed as '2°I-fmol released per minute per gram of pro-
tein. The assay is based on the protocol previously described by
Werneck-de-Castro et al (39).

Histology, Immunohistochemistry

Adipose tissues

Fixed adipose tissues were embedded in paraffin. Tissue sec-
tions (4 pm for BAT; 8 pm inguinal WAT (iWAT) were stained
with hematoxylin and eosin (H&E). Rabbit polyclonal anti-
bodies directed against UCP1 (Abcam Cat# ab10983, RRID:
AB_2241462, Cambridge, UK) and tyrosine hydroxylase
(Abcam Cat# ab112, RRID: AB_297840) were diluted in
PBS/2.5% goat serum for immuno-histochemistry, (1:400
and 1:750 dilution respectively). Sections were deparaffinized
and incubated overnight at 4 °C with a primary antibody.
Sections were then incubated with an HRP-labeled anti-rabbit
(1:300) (Promega Cat# W4011, RRID: AB_430833) for 1 hour
at room temperature. Peroxidase activity was visualized with
diaminobenzidine staining (DAB, D5905 Sigma-Aldrich) and
counterstained with hematoxylin. The images were acquired
using an AxioObserver Zeiss microscope at a 16X magnifica-
tion. Data were collected and the average intensity of the
DAB signal was quantified after color deconvolution was per-
formed to separate the relative contributions of DAB and hema-
toxylin, using Image] software. Background correction was
performed using a negative control slide, in which the primary
antibody was omitted. Three slides per animal were processed.

Brain

For neuroanatomy experiments, immunohistochemistry was
performed on free-floating brain sections as previously de-
scribed (30). Brain coronal sections (50 um) were cut with a
vibrating microtome (Integraslice 7550 SPDS, Campden
Instruments, Loughborough, UK), and stored at —20 °C in
cryoprotectant (30% ethylene glycol and 20% glycerol in
10mM PBS) prior to immunohistochemistry.

The following primary antibodies were used: mouse
anti-NeuN (1:500) (Merck Millipore Cat# MAB377, RRID:
AB_2298772, Burlington, MA, USA), and rabbit anti-GFAP
(1:2000) (Agilent Cat# Z0334, RRID: AB_10013382).
Secondary antibodies were made in donkey (ThermoFisher
Scientific, anti-rabbit DyLight 488 Cat# SA5_10038, RRID:
AB_2556618, anti-mouse DyLight 650 Cat# SA5_10169,
RRID:AB_25556749) and used at a 1:1000 dilution.
Sections were imaged using an inverted confocal microscope
(Zeiss LSM 780). Image] software was used to estimate the
proportion of NeuN+ cells that were also tdTomato+ at differ-
ent levels of the rostrocaudal hypothalamus.

Quantification and Statistical Analyzes

For mouse experiments, the data presented represent the aver-
age values of different animals from the same genotype given
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the same treatment. The number of animals () used is indi-
cated in the figure legends. For RT-qPCR, each sample was
run in duplicate. The error bars represent standard error of
the mean, since it is more appropriate than SD when 7 > 6.
Statistical relevance was determined using the one-way
ANOVA or the T-Test method as indicated in the figure
legends. * or $ or £ indicates P <.05, ** or $$ for .005 <
P <0.05, *** or $$$ for .0005 < P <.005, **** or $$$$ for
P <.0005 (ns indicates nonsignificant). This method is appro-
priate since the size of the compared groups is similar and the
distribution of the samples normal. Given the variability of the
phenotype that we observed, we used 7 > 6 to obtained statis-
tically significant results. For only 2 groups, # = 5, because the
animals died during the experimentation procedures.

Results

Generation of Mice With Selective Elimination of T3
Signaling in Neurons

Recombination with the Cre/LoxP system was used to gener-
ate somatic mutations in the Thra and Thrb genes. The
Cre3™, Thra®™™!, and Thrb'** alleles were combined to obtain
Cre3T* Thra®™* Thrb'**1°* mice, called NTRKO mice (see
“Methods”). These mice are heterozygous for the Thra*™!
mutation and express the TRa1**°*® in neurons as a result
of Cre/loxP mediated recombination. This mutant receptor
exerts a dominant-negative activity toward the remaining in-
tact TRal receptor. As mice are also homozygous for a
Thrb floxed allele, Cre/loxP recombination eliminates the re-
ceptors encoded by Thrb (27, 28). Therefore, the T3 response
is selectively eliminated from all Cre-expressing cells.

The efficacy of Cre-dependent recombination in the Cre3™#
transgenic mice was first described to be pan-neuronal in both
the central and peripheral nervous systems (29). Later studies
from our lab showed that the efficiency of recombination was
the highest in hypothalamus as compared to other brain areas
(30). Here we used a Rosa-tdTomato'®* reporter (32) to show
that Cre activity is merely absent in non-nervous tissues
(Supplementary Fig. S1 (33)) and to better evaluate the recom-
bination pattern in the hypothalamus (Supplementary Fig. S2
(33), Fig. 1). The red fluorescence systematically colocalized
with the neuronal NeuN marker and did not overlap with
the glial marker GFAP (Fig. 1) as previously described in other
area of the brain (30). The density of red fluorescent neurons
was high in all hypothalamic nuclei (Fig. 1B, Supplementary
Fig. S2 (33)), except the suprachiasmatic nucleus (not shown),
representing 20% to 42% of all neurons in the counted area
(Supplementary Fig. S2 (33)). Therefore, mutations take place
in a large fraction of neurons but not in glial cells or other cell
types of the brain. We also used TRB1 mRNA level as a mark-
er for Cre-mediated recombination in NTRKO mice and
found that it was only decreased in the hypothalamus but
not in the peripheral tissues (Fig. 2A). As TRH is produced
by the hypothalamic neurons and involved in the feed-back
control of TH production by the hypothalamus-pituitary
axis, we measured the expression of TRH. In NTRKO TRH
levels were unchanged under either CHOW or HFD (Fig. 2B
left panel) and repression of TRH by TH in hypothyroid ani-
mals was also normal (Fig. 2B right panel). In agreement free
T3 and free T4 concentrations in serum were normal in the
mutants under all physiological conditions tested in the paper
(Supplementary Fig. S3A (33)).
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Figure 1. Neuron-specific Cre-mediated recombination in the hypothalamus in mice that carry the Cre3 transgene (Cre3'%*/RosatdTomato* mice). All
cells expressing tdTomato (Cre-mediated recombination reporter) also expressed NeuN (neuronal marker), while none of them expressed GFAP (glial
cell marker). For each field, 4 images of confocal fluorescence microscopy are shown: tdTomato, combination of tdTomato and GFAP, NeuN,

combination of tdTomato and NeuN. (A) In the rostral hypothalamus, about 20% of NeuN+ cells also expressed tdTomato. (B) In images with higher
magnification, which were taken in the dorsomedial hypothalamus, arrows have been added to help verify that all tdTomato+ cells were also NeuN+.
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Figure 2. Characterization of the NTRKO mice: a model of selective blockade of T3 signaling in neurons. The selective activity of Cre recombinase in the
Cre3' transgenic line was evaluated by immunohistochemistry using the Cre3"¥*/RosatdTomato* reporter line (Fig. 1, Supplementary Fig. S1).
Different experiments were done to demonstrate neuronal blockade of T3 signaling in NTRKO mice. (A) Thrb expression was analyzed by relative RT-
gPCR in different tissues of 3- to 4-month-old NTRKO (black n=6) and CTRL (white n = 6) males fed a CHOW diet. (B) 6-month-old male mice CTRL or
NTRKO fed a CHOW (n=5 and n=7) or an HFD for 3 months (n="5 and n=7) (left panel), or 3- to 4-month old males from NTRKO and CTRL rendered
hypothyroid by propylthiouracil (PTU) and treated (n = 6 per genotype) or not by T3/T4 (TH) (n = 6 per genotype) (right panel) were sacrificed and
hypothalami sampled for RNA preparation. The white and black columns, respectively, represent CTRL and NTRKO. Expression of TRH was measured
by relative RT-gPCR in the hypothalamus. (C) Expression of well characterized T3 target genes (KIf9, Shh) was also measured in the hypothalamus of the
same PTU/PTUTH treated animals by relative RT-gPCR. CTRL PTU, NTRKO PTU, CTRL PTUTH, and NTRKO PTUTH are, respectively, represented by
white, black, light gray, and dark gray bars. (D) 3- to 4-month-old CTRL (white bars n= 10) and NTRKO (black bars n = 9) male mice were on CHOW diet
and injected daily with T3/T4 (TH) for 5 days from DO. Food intake was measured every day. CTRL animals CHOW fed (A, B left panel and D) or PTU fed
(B right panel and C) were taken as the reference group. Statistical ANOVA tests were used for pairwise comparisons of CTRL and NTRKO mice. Stars
indicated a significant difference between CTRL and mutants in a given condition, dollars a significant difference in a given genotype between 2
conditions. Abbreviation: ns, nonsignificant.

In order to address the capacity of neurons to respond to
T3, we treated NTRKO with PTU to make them hypothy-
roid. In response to TH the expression of the Shh and KIf9
genes, previously described to be targets of T3 in neurons

(36-40) was blunted in the hypothalamus of the mutants
(Fig. 2C). Moreover, whereas administration of TH in-
creased food intake in CTRL mice (41), this response was re-
duced in the NTRKO mice (Fig. 2D), supporting an
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Figure 3. T3 signaling in neurons regulates EE. The different metabolic parameters were determined in 4-month-old CTRL (n=12) and NTRKO (n=12)
male mice housed at 23°C on a CHOW diet. We measured (A) Body weight (B) Body Temperature (C) EE measured by indirect calorimetry (D),
locomotor activity and (E) daily food intake. The gray-shaded areas represent nighttime. (F) Six-month-old male mice CTRL and NTRKO fed a CHOW diet
(n=5and n=7) at 23°C were sacrificed to sample BAT, iWAT. UCP1 immunostaining was performed on BAT and iWAT slices and quantified by image
analysis. (G). The expression of genes involved in nonshivering thermogenesis was measured in the skeletal muscle of the same mice for RT-gPCR. The
white and black columns, respectively, represent CTRL and NTRKO. Statistical T-tests were used for pairwise comparisons of CTRL and NTRKO mice in
(A, B, C, and D), statistical ANOVA tests for pairwise comparisons of CTRL and NTRKO mice. Abbreviation: ns, nonsignificant.

inactivation of TH signaling in hypothalamic neurons. In
contrast, a normal TH response was observed in all periph-
eral tissues that we tested. This was ascertained by measuring
the mRNA levels for KIf9 and Hr in inguinal WAT (iWAT),
BAT, and heart, or Hr and Thrsp in liver (Supplementary
Fig. S3B (33)).

In summary, NTRKO mice are euthyroid with functional
T3 signaling in all cell types except for a fraction of neurons.

T3 Signaling in Neurons Regulates EE

The NTRKO phenotype was first analyzed under standard
conditions of food and temperature. Their body weight
(Fig. 3A) and temperature (Fig. 3B) were normal. Their EE
(Fig. 3C) measured by indirect calorimetry was lower than
that of CTRL mice. Their locomotor activity (Fig. 3D) was
similar, but NTRKO food intake (Fig. 3E) was slightly lower.
RT-qPCR analyses did not reveal any major alteration of nei-
ther the thermogenic program in BAT (Dio2, Ucpl, mCKB,
and mAlpl mRNA) (Supplementary Fig. S4A (33)) nor the
browning program in iWAT (Ppargcla, Ucpl, Cidea,
Cox7¢, and Prdmé6) (Supplementary Fig. S4B (33)).
However, UCP1 protein level was lower in BAT of NTRKO
mice (Fig. 3F). We also assessed UCP1-independent nonshivering
thermogenesis in skeletal muscle, by measuring the expres-
sion of the genes involved in Ca®* cycling (Serca2A,
Serca2B, Sln, Ryr1l, Ryr2) (18). We found an increase in
Ryr2 expression in NTRKO muscles (Fig. 3G). Thermogenic
mechanisms might be turned on in muscle to compensate de-
fective BAT activity.

T3 Signaling in Neurons is not Involved in Severe
Cold-induced Thermogenesis

As increased D2 activity and local production of T3 in the
BAT are critical to the cold response in wild-type mice (WT)
(21), the activity of D2 was checked in the hypothalamus of
WT mice. It was not modified during cold exposure in the

hypothalamus but, as expected, was strongly induced in the
BAT (Fig. 4A).

To test whether despite the unchanged D2 activity in hypo-
thalamus, impaired T3 signaling in neurons prevents the
cold-induced process of adaptive thermogenesis, mice were ex-
posed to 4 °C. Their body weight (Fig 4B) and body tempera-
ture (Fig. 4C) were monitored for 2.5 days. Both NTRKO and
CTRL mice managed to maintain their body temperature by
increasing their food intake (Fig. 4D). Thermogenesis of BAT
was observed by infrared thermography after 24 and 48 hours
at 4 °C. The temperature of this tissue was similar in the 2 gen-
otypes at both time points (Supplementary Fig. SSA (33)).
Accordingly, the UCP1 protein was expressed at the same level
in NTRKO and CTRL in both BAT (Fig. 4E) and in iWAT
(Supplementary Fig. S5B (33)) at 4 °C. Moreover RT-qPCR
analyses did not reveal any major alteration of either the
thermogenic program in BAT (Dio2, Ucpl, mCKB, and
mAlpl mRNA) (Fig. 4E) or the browning program in iWAT
(Ppargcla, Ucpl, Cidea, Cox7c, and Prdm6) at this tempera-
ture (Supplementary Fig. S5B (33)).

The general response of BAT tissue to SNS stimulation, es-
timated by the level of expression of Dio2, Ucp1, and Elovl6,
is similar in the NTRKO BAT at 4 °C compared to CTRL
(Fig. 4F). However, the expression of the Adrb3 gene encoding
the adrenergic receptor beta 3 the main sensor in BAT for cold-
triggered SNS activation, and of one of the genes upregulated
after this activation (Ppargcla) were higher in the NTRKO
BAT under the same condition. A possible interpretation of these
results would be that a slight increase in BAT sensitivity to SNS
stimulation allows NTRKO mice to face a cold challenge.

Inhibition of T3 Signaling in Neurons Alters the
Response to DIO

When fed an HFD, NTRKO mice gained more weight than
CTRL (Fig. 5A). This resulted from higher body fat accumu-
lation (Fig. 5B) without any significant changes in food intake

GZ0Z YoJe|\ 20 UO Jasn usyousnpy wniuaz zjjoywiaH Aq 60SS0./7S0Peba/y/y9 L /elonie/opus/woo-dno-oiwepeoe)/:sdiy wolj papeojumoq



Endocrinology, 2023, Vol. 164, No. 4

A _ B CG
E 0,6 - 30 P40 0 CTRL
= = o35 H NTRKO
€ 04 %25 E
s g 20
o
£ 02 >20 2 .
Z R .
2 00 15— Z200 ——T——
® 0 10 20 30 40 50 & 0 10 20 30 40 50
a Time (h) at 4°C Time (h) at 4°C

o
S~ °
D_ 5, Sg BAT S35, BAT
g =T |88 CICTRL
=3 el | g0 B NTRKO
220 S $E2
© =) (G
£ 4 < 9
5 10 2, Z 31
8 S Es .
>0 E 0 'g 0 H : H H
= c 2B
a 23°C 4°C - 5 S S 9\& &0 \)d?\’ V\Q\ & &‘;’ \o\“b
200um c = T & & <

Figure 4. Blocking T3 signaling in neurons does not affect cold-induced thermogenesis. (A) D2 activity was assayed in hypothalamus (Hy) and BAT of
2-month-old C57bl6 males maintained for 58 hours at 4 °C (n = 6) (gray bars) or 23 °C (n = 6) (white bars). Five 4-month-old CTRL (n=6) and NTRKO (n=
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temperature as measured by telemetry, and (D) food intake were measured during cold exposure. BAT was sampled after cold exposure for histology
and RT-gPCR analyses. (E) (left panel) UCP1 immunostaining was performed on BAT slices and quantified by image analysis. Markers of B adrenergic
response/BAT activity in the BAT were analyzed by relative RT-gPCR (right panel). Statistical ANOVA tests were used for pairwise comparisons of 2
temperatures in a given organ in (A), of CTRL and NTRKO mice in (B, C, D, E). Abbreviation: ns, nonsignificant.
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Figure 5. Blocking T3 signaling in neurons prevents adequate response to diet-induced obesity (DIO). CTRL (n=9) and NTRKO (n=9) male mice (2- to
3- months old) were fed a CHOW diet and then switched to an HFD (time 0). Their body weight was measured once a week. (A) Body weight gain (A
body weight) was calculated between any time point and the day diet was switched to HFD. (B) Body fat mass was evaluated by echoMRI at 3 time
points. (C) Daily food intake was measured and locomotion (D) was studied for 4 consecutive days on HFD. (E) D2 activity was measured in the BAT and
hypothalamus (Hy) of 2-month-old C57bl6 mice fed either a CHOW diet (n=5) or an HFD (n= 6) for 3.5 days. Tissues were sampled from 6-month-old
male mice either CTRL or NTRKO fed an HFD for 3 months (n=5 and n=7). (F) iWATs were used for histology or RNA preparation. UCP1
immunostaining was performed on iWAT slices (left panel). The expression of markers of browning in iWAT (right panel) were assessed by relative
RT-gPCR. The white and black columns, respectively, represent CTRL and NTRKO. CTRL animals were taken as the reference group. Statistical T-tests
were used for pairwise comparisons of CTRL and NTRKO mice in (A, B, C, and D). Statistical ANOVA tests were used for pairwise comparisons of 2
temperatures in a given organ in (E), of CTRL and NTRKO mice in (F). C, D, E). Abbreviation: ns, nonsignificant.

(Fig. 5C) or locomotor activity (Fig. 5D). Circulating levels of
total cholesterol and triglycerides were regulated on HFD to a
similar extent in both genotypes (Supplementary Fig. S3C
(33)). In WT animals, D2 enzymatic activity in the hypothal-
amus increased slightly but significantly after 3.5 days of HFD
(Fig. SE). To characterize the altered response of mutant mice
to DIO, we measured gene expression in the BAT of NTRKO
and CTRL mice after an HFD. The expression of genes

involved in the thermogenic program or the response to SNS
stimulation and the level of UCP1 protein were not affected
(Supplementary Fig. S6A (33)). The gene expression analysis
in muscle did not provide an indication of a defect in nonshiv-
ering thermogenesis in NTRKO mice (Supplementary Fig. S6B
(33)). By contrast, quantification of Ucpl mRNA and UCP1
protein (Fig. 5F) in iWAT showed that browning was less effi-
cient in the mutants under HFD. Therefore, an impairment in
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NTRKO NE and NTRKO, in (D) of CTRL T3 and CTRL VEH and in (F) of NTRKO T3 and NTRKO VEH. Abbreviation: ns, nonsignificant.

iWAT browning might explain the observed sensitivity to DIO
(Fig. SA).

Neuronal T3 Signaling Modulates SNS Signaling to
Regulate EE

Inefficient browning of iWAT under HFD, increased expres-
sion of the Adrb3 gene in BAT at 4 °C, and decreased levels
of UCP1 protein in both BAT and iWAT under different con-
ditions, all point to possible inadequate SNS signaling in
NTRKO mutants. We housed mice at 30 °C, to address the
sensitivity of mutant mice to DIO in the absence of thermo-
genic SNS stimulation (42). In this condition, obesity was
more pronounced in CTRL mice than at 23 °C (Abody weight
after 12 weeks of HFD, 9 g vs 5 gat 23 °C). Most importantly,
the difference between mutant and control mice disappeared
at 30 °C (Supplementary Fig. S7A (33)). The level of UCP1
protein in BAT was similar in both genotypes under the
CHOW diet (Supplementary Fig. S7B (33)) in contrast to
what was observed at 23 °C. Normalization of the NTRKO
phenotype at thermoneutrality provides a strong argument
suggesting that the sensitivity of NTRKO to DIO at 23 °C
originates from a defect in the tone of the SNS. To address
the alternative possibility, which would be that mutant
thermogenic organs are less sensitive to SNS stimulation, we
treated NTRKO and CTRL mice with NE to activate  adren-
ergic receptor in BAT and measured the induced change in EE
(Fig. 6A). Mutant and control mice responded equally well to

this stimulation, reinforcing our initial interpretation. This
was further reinforced by performing tyrosine hydroxylase
immunostaining in BAT and iWAT, which allows us to indir-
ectly assess the autonomic nervous input and adrenergic sig-
naling on both CHOW (Fig. 6B) and HFD (Fig. 6C) (43).
This revealed a slight alteration in the capacity of NTRKO
mice to produce catecholamines on HFD (Fig. 6C).

We then assessed more directly the capacity of the hypothal-
amus to respond to a local T3 stimulation by performing in-
tracerebroventricular (ICV) injections of T3 (Fig. 6D-6F).
This treatment reduced AMPK and acetyl-coA carboxylase
(ACC) phosphorylation levels in the hypothalamus of CTRL
mice, as previously described (9, 10, 44) (Fig. 6D). Notably,
the steady-state levels of pAMPKa and pACCa was higher
in NTRKO ventromedial hypothalamus (VMH) than in the
VMH of CTRL mice (Fig. 6E) and was not decreased after lo-
cal T3 injection (Fig. 6F). This supports the inhibitory effect of
T3 on AMPK signaling and the requirement for functional TR
in neuron to mediate this response.

Discussion

Data published in recent years provided distinct but comple-
mentary pieces of information on the mechanisms by which
exogenous T3 influences energy homeostasis (9-11, 44, 45).
ICV or intra-VMH injection of T3 for short term or up to
28 days increases SNS tone, BAT activity, and EE (9, 10,
44). Despite increased UCP1 expression in BAT and iWAT,
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Figure 7. Proposed model for the role of T3 in neurons for regulation of energy expenditure in response to cold and HFD. On the left panel, a scheme of
regulation of energy expenditure in response to cold and HFD in CTRL mice. Black arrows picture the regulation observed under either COLD or HFD
stimuli as compared respectively to 23 °C and CHOW diet (the amplitude of the response might be different under cold and HFD). The Blue arrows the
regulation observed only at 4 °C, the red the regulation observed only under HFD. The lightening sign stands for activation. On the right panel are

summarized 3 situations in the NTRKO. In green it shows, the difference of energy regulation pathways in the NTRKO as compared to CTRL on regular
conditions (CHOW and 23 °C). Black arrows picture the regulation observed in NTRKO under either COLD or HFD as compared respectively to 23 °C and
CHOW diet. Red arrows picture the regulation observed only under HFD as compared to CHOW in the NTRKO and the Blue arrows the regulation only

observed at 4 °C as compared to 23 °C in NTRKO as well.

systemic hyperthyroidism increases EE also via the activation
of thermogenic mechanisms in the muscle (8, 46). Our study
provides strong genetic support to previous hypotheses drawn
from these experiments and sheds light on the importance of
endogenous T3 signaling in neurons in facing thermogenic
stresses.

Here we generated NTRKO, a new mouse model in which
Cre-mediated mutations of TR in neurons induce a selective
blockade of T3 signaling in these neurons. In a previous
study, using the same Cre (Cre3™*Thra*M*) Richard
et al (30). described that the expression of hairless (Hr), a
T3 target gene, was deregulated in hypothalamus but not
in other cerebral areas such as the hippocampus, the cortex,
and the cerebellum. The hypothalamus must be one of the
brain areas that is the most impacted by the mutations.
Here we show that the decrease of Thrb expression was
only observed in the hypothalamus and not in peripheral tis-
sues. This decrease was only partial, since Thrb is also

expressed in glia and only 20% to 42% of neurons express
Cre. However, it was sufficient to observe a significant de-
crease of Shh and KIf9 expression, 2 well-described T3 target
genes, in response to T3. Importantly, the circulating levels
of TH in NTRKO mice are similar to CTRL in all
physiological conditions tested and so is the regulation of
TRH expression by TH. This suggests that TR are still
functional in TRH-expressing neurons to repress TRH ex-
pression in response to TH and that regulation of the
hypothalamo-pituitary-thyroid axis by TH remains un-
altered in NTRKO mice. Altogether these mice are euthyroid
with functional T3 signaling in all cell types except for a frac-
tion of neurons mainly in hypothalamus.

Selective blockade of T3 signaling in NTRKO neurons trig-
gers a decrease in EE that mirrors the increase of EE previously
described after T3 injection in the hypothalamus. Our data sug-
gest that EE is altered in NTRKO as a result of decreased un-
coupling of catabolism and ATP production in BAT. Calcium
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futile cycling in myotubes might produce heat at 23 °C to com-
pensate for the BAT defect and to maintain normal body tem-
perature in NTRKO mice under this mild cold stress.

Importantly, our data show that endogenous T3 signaling
in neurons is mainly relevant for an adequate response to
HFD, as NTRKO manage to maintain body temperature after
a cold challenge.

D2 activity is increased in the hypothalamus in response to
HFD but not cold. That suggests that the local production of
T3 in the hypothalamus does not change during cold exposure
and that the neuronal response to T3 is not recruited for
cold-induced adaptive thermogenesis. In contrast local pro-
duction of T3 in the hypothalamus would increase under
HFD and the inability of NTRKO to properly detect intrahy-
pothalamic production of T3 would be responsible for their
higher sensitivity to DIO.

Interaction with the SNS is involved in the NTRKO sensi-
tivity to DIO, as it is normalized at thermoneutrality.
Modulation of the hypothalamic AMPK pathway plays an im-
portant role in the central action of T3 on both BAT and liver
metabolism (9, 10, 44). Our data show that while central T3
decreases pAMPKoa and pACCa protein levels, the absence of
T3 signaling in neurons increases the basal level of these 2
phosphoproteins and blunts their regulation by T3. The ex-
pected result is a reduced SNS tone to BAT in NTRKO mice
at 23 °C on CHOW diet. Consequently, under these condi-
tions the level of UCP1 protein in BAT is reduced. The associ-
ated decreased in BAT activity might be responsible for the
decrease in EE and could be compensated by alternative
thermogenic mechanisms, which include the activation of
the Ca®* futile cycle in the skeletal muscle to maintain body
temperature of NTRKO at 23 °C. In any case, these results
confirm that T3-induced thermogenesis in the brain mostly re-
lies on stimulation of the BAT, while peripheral T3 adminis-
tration also stimulates not only BAT (6) but also muscle
thermogenesis (8, 46).

Thus, T3 signaling in neurons is an important player in the
regulation of EE. The interference with the AMPK regulation
for SNS activation, previously described after central adminis-
tration of T3, appears to be also relevant when a physiological
thermogenic stress stimulates the hypothalamic production of
T3. Importantly NTRKO mice efficiently maintained their
body temperature when exposed to an intense cold, displaying
normal BAT and WAT response, despite a suboptimal SNS
tone. We propose a model for the role played by T3 in neurons
for the regulation of EE in response to cold and HFD in Fig. 7.

This contrasts with data obtained in a mouse model that
ubiquitously expressed TRa1®**%*¢ another dominant nega-
tive TRal (47). Unlike NTRKO, these mice are hypermeta-
bolic and hypothermic, with a theoretical defended
temperature of 38 °C (48). In-depth phenotyping led to the
conclusions that this phenotype is primarily due to a chronic
vasodilatation, which increases heat dissipation. The defect
in vasoconstriction was found to reflect a reduced sensitivity
of blood vessels to SNS stimulation (49) that should not
take place in NTRKO mice.

Conclusions

We show that T3 does control EE under physiological stresses
via its action in neurons. Moreover, although selective inhib-
ition of T3 signaling in neurons leads to a less severe metabolic
phenotype than hypothyroidism, modulation of T3
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concentration and signaling in neurons definitively represents
a significant fraction of metabolic regulation by T3. Targeting
T3 to neurons in adult might help fight obesity.

Limitations to Our Study

First, the Cre-induced mutations occur in juveniles and are not
restricted to adult life. Therefore, we cannot rule out that the
postnatal maturation of neuronal circuits is altered in mutant
mice; even so, we did not observe any obvious behavioral ab-
normality. Similarly, while the hypothalamus is the area of
the brain that displays the highest percentage of Cre-mediated
recombination and that is known to control EE, the interven-
tion of other brain areas in the determination of the metabolic
phenotype of NTRKO is possible. Finally, only male mice were
included in the study. Since sex specificity can occur in metabol-
ic responses, similar experiments should be run on females.

Further analyzes using models with selective inhibition of
T3 signaling in other metabolic tissues, specific neuronal pop-
ulations, and other brain cell types would clarify the mechan-
ism by which T3 regulates energy balance.
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