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Abstract

The coordination of food intake, energy storage, and expenditure involves complex interactions between hypothalamic
neurons and peripheral tissues including pancreatic islets, adipocytes, muscle, and liver. Previous research shows that
deficiency of the transcription factor Alx3 alters pancreatic islet-dependent glucose homeostasis. In this study we carried
out a comprehensive assessment of metabolic alterations in Alx3 deficiency. We report that Alx3-deficient mice exhibit
decreased food intake without changes in body weight, along with reduced energy expenditure and altered respiratory
exchange ratio. Magnetic resonance imaging reveals increased adiposity and decreased muscle mass, which was associated
with markers of motor and sympathetic denervation. By contrast, Alx3-deficient mice on a high-fat diet show attenuated
weight gain and improved insulin sensitivity, compared to control mice. Gene expression analysis demonstrates altered
lipogenic and lipolytic gene profiles. In wild type mice Alx3 is expressed in hypothalamic arcuate nucleus neurons, but
not in major peripheral metabolic organs. Functional diffusion-weighted magnetic resonance imaging reveals selective
hypothalamic responses to fasting in the arcuate nucleus of Alx3-deficient mice. Additionally, altered expression of proo-
piomelanocortin and melanocortin-3 receptor mRNA in the hypothalamus suggests impaired regulation of feeding behav-
ior. This study highlights the crucial role for Alx3 in governing food intake, energy homeostasis, and metabolic nutrient
partitioning, thereby influencing body mass composition.
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Introduction energy expenditure. Dysfunction of any of these mecha-
nisms frequently results in two of the most common meta-
The regulation of energy homeostasis requires the coor-  bolic disorders, obesity, and diabetes, which in turn trigger

dinated interaction of central and peripheral mechanisms  the development of important complications.
to control food intake, fuel storage and distribution, and
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In the periphery, pancreatic islets are key players in meta-
bolic regulation due to their primary role in the maintenance
of glucose homeostasis. Fluctuations in blood glucose con-
centrations are detected by B and a cells to secrete insulin
or glucagon in response to increased or decreased glucose
levels, respectively. In the first case, insulin promotes glu-
cose uptake by target organs such as the liver, muscle, and
adipose tissue, whereas in the second case, glucagon stimu-
lates hepatic glucose release into the bloodstream.

Glucose-dependent hormone secretion in pancreatic
islets requires the maintenance of complex cell-specific
protein networks that are assembled during embryonic
development. During this process, transcription factors act-
ing coordinately in a hierarchically organized manner acti-
vate lineage-specific gene expression programs to define
cell-specific functions. In previous studies, we identified
the transcription factor Alx3 as a contributor to the regula-
tion of insulin gene expression [1] and we found that, in
turn, A/x3 gene expression is under the control of Pdx1, a
key B-cell-specific transcription factor essential for insu-
lin gene expression and B-cell survival [2]. On the other
hand, increased glucose levels result in stimulation of Alx3
synthesis [3], and in pancreatic a cells, this response has
important consequences for the regulation of glucagon
gene expression. Increased expression of Alx3 induced by
glucose promotes interactions with the transcription fac-
tor PAX6, thus preventing its binding to the glucagon gene
promoter and resulting in downregulation of glucagon gene
expression [4].

The importance of Alx3 in the regulation of pancreatic
islet function is underscored by the observation that 4/x3-
deficient mice exhibit mild hyperglycemia and glucose
intolerance related to decreased insulin content, dysfunc-
tional glucose-dependent insulin secretion, and increased
B cell apoptosis, although these animals do not become
overtly diabetic [5].

The contribution of Alx3 as a regulator of metabolic
homeostasis has been associated to date with the pancre-
atic islet dysfunction observed in adult A/x3-deficient mice,
and fittingly, no other readily detectable metabolic defects
have been described in these animals. During development,
Alx3 has important roles in the formation of craniofacial
structures and skin pigmentation patterns [3, 6-—8]. Indeed,
Alx3 deficiency in mice can lead to lethal neural tube clo-
sure defects, and in humans, mutations in the ALX3 gene
are associated with inborn facial midline defects and fron-
tonasal dysplasia [7, 9]. However, the expression of 4/x3 in
the head mesenchyme and neural crest cells associated with
these phenotypes occurs transiently in the embryo, so adult
mutant mice unaffected due to low penetrance of the 4/x3
inactivation are apparently normal except for the presence
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of mild hyperglycemia and glucose intolerance described
above.

Here, we investigated in more detail the metabolic phe-
notype generated as a consequence of Alx3 deficiency
using mice subjected to standard and hypercaloric dietary
conditions. We report that adult Alx3-deficient mice exhibit
reduced food intake, decreased energy expenditure, and
altered body mass composition. As this phenotype is unre-
lated to pancreatic islet function, we tested the hypothesis
that Alx3 could be expressed in hypothalamic nuclei regu-
lating feeding and energy balance. We localize the expres-
sion of Alx3 in neurons of the arcuate nucleus and suggest
new functions possibly related to the central regulation of
metabolic homeostasis.

Methods
Mice

Alx3 mutant mice [6] from a colony maintained in our insti-
tute on a hybrid FVBxC57BL/6J background [4] or back-
crossed into a pure C57BL/6J background for more than
12 generations were used and genotyped as described [7].
FVBxC57BL/6J mice were used for all experiments except
for those described in Supplementary Fig. 7, which were
carried out with mice on a pure C57BL/6J background. All
mice from either background were males of 16-20 weeks
of age. Mice were housed under a 12:12-h dark/light cycle
at 22+2 °C. Experimental protocols were approved by
institutional ethics committees (IIBM Ethics Committee
on Human and Animal Experimentation and CSIC Ethics
Committee) and comply with European Union (63/2010/
EU) and Spanish (RD 53/2013) legislation.

Fat mass

The relative amount of fat in each animal was calculated
using magnetic resonance imaging (MRI) [10]. Mice were
anaesthetized with 2% isoflurane and MRI was performed
with a 7.0T 16 cm bore Bruker Biospect MRI system
equipped with a quadrature 40 mm coil and a 90 mm gradient
coil insert (maximum intensity 360 G/cm) (Bruker Medical
Gmbh, Ettlingen, Germany). T2-weighted spin echo images
were obtained using respiratory triggering and a rapid
acquisition with relaxation enhancement (RARE) sequence.
Axial and coronal images were taken from each animal. For
axial planes, non-fat suppressed and fat suppressed images
were acquired from each animal. For coronal planes, the
fat signal was obtained by applying a frequency selective
radiofrequency pulse with an irradiation offset of 1000 to
1100 Hz with respect to water to excite a spectral band of
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fat protons only. The acquisition parameters were: repeti-
tion time, 3200 ms; echo time 44 ms; number of averages
2; matrix, 256 X 256 within a field of view of 50 x50 mm,;
number of slices, 14 for axial and 36 for coronal; slice thick-
ness, 1.5 mm, without gap. Image analysis was carried out
using NIH ImageJ. For each animal, the total fat volume was
calculated and converted to grams by assuming a density of
adipose tissue of 0.9 g/ml [11]. Fat mass was expressed as a
percentage relative to the total weight of the animal.

In vivo proton magnetic resonance spectroscopy
('H-MRS)

Non-localized "H-MRS was performed using stimulated
echo acquisition mode spectroscopic sequence without
pulse water suppression, repetition time 1 second, 128 aver-
ages. Spectroscopic data were acquired using 2018 points
and 7.5 kHz spectral width. The intensities of the water and
fat signals were calculated using the Mnova software (Mes-
trelab Research, Santiago de Compostela, Spain).

Blood glucose determinations

Glucose in blood obtained by tail puncture was measured
using a glucometer. For glucose tolerance tests (GTT),
determinations were performed at baseline after fasting
overnight and 15, 60 and 120 min after the injection of glu-
cose (2 g/kg, i.p.). For insulin tolerance tests (ITT), glucose
concentrations were determined at baseline after a 4-hour
fast and then at the indicated times after the injection of
insulin (Actrapid; Novo Nordisk, Bagsvaert, Denmark; 0.75
U/kgi.p.).

Noradrenaline content

Mice were decapitated and epididymal visceral white adi-
pose tissue (VWAT) and the gastrocnemius muscles were
rapidly removed and frozen in liquid nitrogen. The mus-
cles were homogenized in 0.4 N perchloric acid contain-
ing 0.2 mM EDTA and 0.5 mM Na,S,0s, and centrifuged
at 10,000 g at 4 °C for 20 min. Noradrenaline levels were
determined from the resulting supernatant by HPLC using
an ESA Coulochem detector [12].

Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted using Trizol (Thermo Fisher Sci-
entific, Madrid, Spain) from the following tissues: a dis-
sected hypothalamic block containing the arcuate nucleus, a
fragment of the spinal cord corresponding to the lumbar and
part of the thoracic levels, one gastrocnemius muscle, brown
adipose tissue (BAT), liver or vWAT. The dissection of the

hypothalamus was performed as described [13]. Briefly, the
brain was placed on ice with the ventral surface facing up
and coronal cuts made at the level of the caudal edge of the
optic chiasm and the rostral edge of the mammillary bodies.
From the resulting slice, the ventral hypothalamus was sep-
arated by two parasagittal cuts located 1 mm at either side
of the midline, and a horizontal cut located at half the dorso-
ventral length of the third ventricle. The arcuate nucleus was
separated from this block within a piece of tissue generated
by converging bilateral 45° cuts with lower ends separated
I mm on the median eminence. RT-qPCR was performed
in the Core Facilities of the Genomics Unit at the Scientific
Park of Madrid (http://fpcm.es). TagMan primers (Applied
Biosystems, Alcobendas, Madrid, Spain) or SYBR Green
detection (Applied Biosystems) with specific primers indi-
cated in Supplementary Table 1 were used. Reactions were
performed in triplicate and values were normalized to 2
microglobulin (hypothalamus), Hprt (liver, adipose tissue
and muscle) or Gapdh (spinal cord) mRNA levels [13, 14]
using the double delta Ct method [15].

a-MSH content

Arcuate nuclei dissected as described above were immedi-
ately frozen in dry ice. A mild RIPA buffer (50 mM Tris-
HCI, pH 7.5; 150 mM NaCl; 1 mM EDTA; 1% sodium
deoxycholate; 0.1% SDS) was used to homogenize and
then sonicate the samples. After centrifugation at 14,000 g
at 4 °C for 5 min, the supernatants were used for determi-
nation of a-MSH levels using a mouse aMSH ELISA Kit
(ref. EM1454; Wuhan Fine Biotech Co., Wuhan, China) fol-
lowing the instructions provided by the manufacturer. The
intra- and inter-assay coefficients of variation are 4.82% and
4.8%, respectively, for samples in the range of ~39 pg/ml.
The assay standard curve was prepared with concentrations
of aMSH ranging from 4.69 to 300 pg/ml, and our lineal
range was between 10 and 150 pg/ml. The kit is based on
double antibody-sandwich detection method specific for
oMSH with no obvious cross reaction with other analogues.

Indirect calorimetry

Indirect calorimetry was performed as described [13] using
a PhenoMaster monitoring system (TSE Systems GmbH,
Bad Homburg, Germany). Oxygen consumption and CO,
production were directly measured over a period of 48
to 72 h, and from these values respiratory exchange ratio
(RER) and energy expenditure were calculated. Locomotor
activity was monitored by counting infrared photocell beam
breaks on the X and Y axes.
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Food intake

Food intake was automatically monitored for four consecu-
tive days while the mice were in the metabolic chambers
using specific weight sensors connected to the hanging food
basket in each cage. For re-feeding experiments, singly
housed mice were acclimatized with food provided ad /libi-
tum for one week. Food was then withdrawn at 20:00 h and
mice were fasted until 08:00 h. At this time food was pro-
vided ad libitum and intake was measured every 15 min for
aperiod of 5 h, after which the arcuate nucleus was removed
for determination of Pomc and cocaine- and amphetamine-
regulated transcript (Carf) mRNA expression by RT-qPCR.

To test the effects of D-Trp8-yMSH [16], mice were accli-
matized for three days prior to the beginning of the experi-
ments, and then they were injected with saline (i.p.) for two
consecutive days. On the following day, either saline or
D-Trp8-yMSH (0.2 mg/kg i.p.) (Santa Cruz Biotechnology)
were injected. Treatments took place 30 min before lights
were off, and food intake was determined 3, 6 and 12 h later.

Muscle volume

We performed MRI as described [17] using the equip-
ment described above. T2-weighted spin echo images
were acquired with a rapid acquisition with relaxation
enhancement sequence in axial and coronal orientations
with the following parameters: TR =3000 ms, TE=11.57
ms, RARE factor=8, Av=12, FOV=2.5 cm, acquisition
matrix =256 X256 corresponding to an in plane resolution
0f 97x97 um?, slice thickness = 1 mm without gap between
slices. Hind limb images were analyzed with NIH Imagel
software on five consecutive slices and values from both
limbs were added to generate a single value for each mouse.
For coronal planes, the first slice was located in the dor-
sal direction following the one showing the entire length of
the tibia. For axial planes, the stack started at the third slice
distal to the tibial plateau. In each slice, regions of inter-
est were manually traced in each projection, and areas of
hyper- or hypointense signal corresponding to fat or bone,
respectively, were excluded.

Rota-rod
Motor performance on an accelerating rota-rod apparatus
(Hugo Basile, Italy) was tested as described [12]. Rotation

accelerated from 4 to 40 rpm within 5 min and the time to
fall was measured. Inter trial interval was 15 min.
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Muscle strength test

Fore limb and all limb strength tests were performed using a
digital grip dynamometer (PCE-FM 50 N, PCE Instruments,
Torralba, Albacete, Spain) with a range of 0 to 50 N and
a resolution of 0.01 N as described [18]. Values (in grams
force) were recorded and the average of three trials spaced
at 2 min intervals was used for analysis.

Treadmill

Motor performance during acute exercise was monitored
in a closed treadmill chamber (TSE Systems GmbH, Bad
Homburg, Germany) tilted at an angle of 12.5 °[19]. The
treadmill speed was initially adjusted to 0.15 m/s for 2 min,
and then increased at 0.2 m/s for another two minutes. After
this, an acceleration protocol was introduced at a rate of
0.05 m/s every two minutes. An electrode located at the
lower end of the treadmill delivered a small electric dis-
charge (1 mA) to encourage mice to run. The elapsed time
to the first shock was recorded and scored as the latency
to fatigue. A cut-off time of 21 min equivalent to a speed
of 0.65 m/s was established. During exercise, oxygen con-
sumption was monitored at one minute intervals using a
TSE PhenoMaster monitoring system.

Muscle histology

Paraffin-embedded tissue sections (5 um) of the gastroc-
nemius muscle were cut and stained with hematoxylin and
eosin. Myofiber cross-sectional area was determined with
Image J software from digital images counting approxi-
mately 200 fibers per muscle section.

Western blots

Protein extracts were prepared from a small block of ventral
hypothalamic tissue containing the arcuate nucleus freshly
dissected on ice as described [13]. As positive controls for
expression of Alx3, we used protein extracts from primary
mouse embryonic mesenchyme (pMEM), MING6, or trans-
fected COS-7 cells [1, 3, 20], or from mouse embryo fore-
head mesenchyme obtained at 10.5 days of gestation [20].
For the preparation of muscle lysates, the gastrocnemius
muscles were readily dissected and immediately frozen in
liquid nitrogen. Samples were homogenized in 200 pl of
lysis buffer containing freshly added protease inhibitors as
indicated [21]. After centrifugation (14,000 rpm, 5 min at
4 °C), the supernatant was collected and stored at —20° C.
Immunoreactivity was detected with commercial antibod-
ies indicated in Supplementary Table 2. For Alx3, we used
a specific antibody directed against the N-terminal region
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(1:4000 dilution) [20]. Bands were visualized with ECL
(GE Healthcare, USA) and densitometry was performed
using ImagelJ (http://imagej.net).

Immunohistochemistry and immunofluorescence

Brains were fixed by transcardial perfusion with 4% para-
formaldehyde, removed and cryoprotected in PBS con-
taining 20% sucrose. After antigen retrieval (25 min at 80
°C in 10 mM citrate buffer, pH 8.5), free-floating coronal
cryostat sections (30 um) were incubated for 72 h at 4 °C
with the Alx3-specific antibody (1:2000 dilution) [20]. Pan-
creas immunohistochemistry was performed as described
[1]. For pre-absorption experiments, the Alx3 antibody was
previously incubated overnight at 4°C with control GST or
GST-AIx3AC fusion protein (500 ng/ml) [20]. Immunode-
tection was carried out with a secondary biotinylated goat
antirabbit antiserum using nickel-intensified immunoper-
oxidase staining. For immunofluorescence in the arcuate
nucleus, we used brains from POMC-GFP mice (C57BL/6J-
Tg(Pomc-EGFP)1Low/J) [16] and AgRP'Tomate mijce [22].
Coexpression of Alx3 with either POMC- or AgRP-neurons
was assessed using coronal sections (20 um) spanning the
entire arcuate nucleus (bregma — 1.1 to -2.6 mm), after incu-
bation with the Alx3 antibody and secondary Alexa Fluor-
555 or Alexa Fluor-488 rabbit antibodies (Invitrogen).
Sections from three different mice were visualized on a con-
focal LSM710 microscope (Zeiss). For brainstem immu-
nofluorescence, coronal sections (30 um) were incubated
with antibodies against Alx3 and tyrosine hydroxylase fol-
lowed by Alexa Fluor-546 or Alexa Fluor-647 mouse anti-
bodies (Invitrogen). For developmental studies, embryonic
day 13.5 (E13.5) mouse embryos were fixed in phosphate-
buffered 4% paraformaldehyde and cryoprotected. Sagittal
cryostat sections (8 pum) were processed for immunofluo-
rescence using [-galactosidase and adrenocorticotropin
hormone (ACTH) antibodies followed by Alexa Fluor-488
and Alexa Fluor-546. Brainstem and embryo sections were
visualized using a Stellaris 8 TauSTED super-resolution
confocal microscope (Leica). Specifications of the antibod-
ies used are indicated in Supplementary Table 2.

Positron emission tomography and
computerized tomography (PET-CT) imaging

Mice were fasted overnight and then blood glucose levels
were measured from the tail vein using a glucometer (Gluco-
trend Soft Test System, Boehringer Ingelheim, Mannheim,
Germany). Each mouse received an injection of the radio-
tracer (11.1 MBq) 2-deoxy-2-('*F)fluoro-D-glucose (‘*F-
FDG, 300 puCiin 0.2 mli.p.). The animals were anaesthetized
45 min later with 2% isofluorane for image acquisition. A

PET-CT Albira ARS hybrid tomograph (Oncovision, Valen-
cia, Spain) with a PET resolution of 1.5 mm (axial and trans-
axial fields of view, 4 and 8 cm, respectively) was used. PET
acquisition was performed during 20 min and was followed
by a CT scan. Image reconstruction was carried out using an
ordered subset expectation maximization (OSEM) iterative
algorithm (3 iterations), and data were corrected for random
events, scatter and decay.

To evaluate '*F-FDG uptake in different brain regions,
image analysis was carried out using the PMOD 3.0 suite
(Pmod Technologies, Zurich, Switzerland). Volumes of
interest (VOI) were defined on a magnetic resonance image
template [23] that was made to coincide with the PET-CT
co-registered images and the tracer activity (kBq/ml) was
determined. For quantification, the standardized uptake
value (SUV) was calculated as the ratio between radioac-
tivity concentration (kBq/ml) and the injected dose (kBq)
divided by body weight. Values were normalized to whole
brain.

Functional diffusion weighted magnetic resonance
imaging (fDWI)

Mice fed ad libitum of after a 16 h overnight fast were
anaesthetized with 2% isofluorane. For fDWI a 7.0T Bruker
Biospect scanner equipped with a 23 mm mouse head reso-
nator within a 90 mm gradient coil (36G/cm) was used as
described [24], and images were acquired with a Linux-based
console using Paravision 5.1 software (Bruker BioSpin MRI
GmBH, Ettlingen, Germany). Briefly, serial consecutive
images of an axial slice containing the hypothalamus were
obtained using nine “high b” (300 <b <2000 s/um?) values
in three orthogonal directions: Head-Foot (H-F), Left-Right
(L-R) and Antero-Posterior (A-P). Acquisition parameters
were: Repetition time, 3200 ms; echo time, 31 ms; number
of averages, 4; duration of the diffusion gradients, 6 =4 ms;
and separation between the diffusion gradients, A=20 ms.

Hypothalamic arcuate, ventromedial and dorsomedial
nuclei were identified by superimposing the magnetic res-
onance images to those of a mouse brain atlas [25], and
regions of interest corresponding to each nucleus were
selected manually. Images were analyzed using a monoex-
ponential model of attenuation of the DWI signal. Parame-
ters were determined with the non-linear least-square fitting
Trust-Region algorithm, restricting the goodness of fit to be
higher than 0.8 for optimization [26].

Leptin sensitivity tests
Mice were acclimatized by subjecting them to handling and

sham injections, and on the day previous to the test they
were fasted overnight. After this, vehicle (0.9% NaCl) or
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recombinant mouse leptin (3 pg/g) (Peprotech catalogue
n°® 450—-31) was injected i.p. One or two hours after the
injection samples from the arcuate nucleus were prepared
for determination of STAT3 phosphorylation by western
blot or SOCS3 expression by RT-qPCR, respectively.

Statistics

Data are expressed as mean +s.e.m. Unless otherwise indi-
cated, data were analyzed by two-way ANOVA followed by
Bonferroni transformation or by two-tailed unpaired Stu-
dent’s t-test as appropriate, using Package GraphPad Prism
9 software.

Indirect calorimetry data for body mass-dependent vari-
ables were further analyzed by ANCOVA/GLM (General-
ized Linear Model) as described [27] using CalR (https://
calrapp.org/) to test for possible interactions between mass
and genotype, whereas mass independent variables such as
RER and locomotor activity were tested by ANOVA.

Apparent diffusion coefficient (ADC) data obtained in
fDWI experiments were analyzed using R software (https://
www.r-project.org/) by an ad hoc-designed fitting to linear
mixed-effects (LME) models as previously described in
detail [28]. Briefly, ADC values were fitted to several LME
regression models using the /me function of nlme package
and following a multilevel selection strategy on linear com-
binations of each genetic condition (WT or KO), feeding
status (fed or fasted), hypothalamic nucleus (arcuate, ven-
tromedial or dorsomedial), and the corresponding double
(genetic condition: feeding status, genetic condition: nuclei
or feeding status: hypothalamic nuclei) and triple interac-
tions, as fixed effects or predictor variables. The nested
experimental design with intra-animal measures of the three
hypothalamic nuclei in two feeding conditions was mod-
elled by adding a random term to the model “animal over
nuclei over feeding status”. On the best fitting model, type
IIT ANOVA tests were performed with the Anova function of
the car package, and differences between feeding conditions
were assessed for each genotype and hypothalamic nucleus
using the emmeans package.

Results

Alx3-deficient mice show contrasting responses to
dietary regimens on body composition and energy
balance

Our initial observations indicated that although A/x3-
deficient mice exhibit body weight curves that are simi-
lar to those of wild type animals, the amount of food that
they eat is significantly reduced relative to control mice
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(Supplementary Fig. 1). This apparent discrepancy sug-
gested that Alx3 may be important for the regulation of fuel
storage or utilization and energy homeostasis so that lower
food intake and similar body weight in Alx3-deficient mice
could reflect altered body composition. Indeed, 'H-MRS
showed a higher proportion of total lipids associated with
Alx3 deficiency (Fig. 1A and B). To specifically address
this question, we performed MRI on coronal planes and
confirmed that the percentage of total fat mass relative to
body weight was higher in A/x3-deficient mice (Fig. 1C
and D). Analyses of images on axial planes showed that the
proportional amount of visceral adipose tissue relative to
body weight was higher in A/x3-deficient mice (Fig. 1E and
F). Confirming these results, we determined the absolute
weight of visceral fat depots and found that it was signifi-
cantly increased in Alx3-deficient mice as compared with
wild type animals (2.10 +0.13 versus 1.35+0.17 g, respec-
tively; P<0.01, Student’s ¢-test; n=_8 per group).

To determine whether these differences were maintained
in animals subjected to overnutrition, we placed mice after
weaning on a high-fat diet (HFD, 60% fat content) for 12
weeks and compared the results with animals fed a stan-
dard chow diet (SCD). Surprisingly, body weight gain was
significantly lower in A/x3-deficient than in control mice
(Fig. 2A), consistent with decreased food intake under the
HFD regime (Fig. 2B). MRI confirmed that the accumula-
tion of fat mass induced by HFD was higher in wild type
mice than in Alx3-deficient animals in proportional terms
relative to the fat mass present in the SCD condition in
either genotype (Fig. 2C and D). Importantly, the abso-
lute weight of visceral adipose depots accumulated after
the HFD regime was similar in both genotypes (wild type,
3.38+£0.22 g; Alx3-ko 3.51£0.16 g).

Taken together, these results indicate that animals of both
genotypes accumulate fat until they reach a similar maxi-
mum when exposed to HFD even though the 4/x3-deficient
mice store more fat than their wild type counterparts under
a SCD regime. Thus, the proportional increment of fat accu-
mulation from a SCD to a HFD condition is smaller in Alx3-
deficicient mice, as indicated in Fig. 2C.

Since Alx3-deficient mice fed with a SCD are known
to exhibit hyperglycemia and glucose intolerance [5], we
assessed whether disparities in adiposity relative to control
animals differentially affect insulin sensitivity. As expected,
GTT and ITT showed that wild type mice fed with a HFD
developed glucose intolerance and insulin resistance
(Fig. 2E and H). On the contrary, glucose intolerance in
Alx3-deficient mice reversed when animals were fed with
HFD (Fig. 2F), showing blood glucose levels similar to
those observed in SCD-fed wild type mice (compare Fig. 2F
with 2E) and significantly lower than those observed in
wild type mice fed on a HFD (Fig. 2QG). In parallel, insulin
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Fig. 1 Alx3-deficient mice show
increased proportion of fat mass
A) Quantification of the total
proportion of body lipids by
"H-MRS (n =12 wild type and

16 Alx3-deficient mice). B) Rep-
resentative spectra from which
measurements were carried out.
C) Total fat mass relative to body
weight calculated from coronal
MRI planes (»=6 mice per geno-
type). D) Representative MRI
coronal planes used for quantifi-
cation. The distance between the
ventral and dorsal planes shown
was 7.5 mm. E) Visceral fat mass
relative to body weight calculated
from axial MRI planes (n=8
mice per genotype). F) Represen-
tative MRI axial planes used for
quantification corresponding to
the abdominal region. *p <0.05;
**p<0.01, Student’s z-test
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Fig. 2 Altered response of A/x3-deficient mice to feeding with a high
fat diet A) Body weight curves of 4/x3-deficient and wild type mice
fed with standard chow (SCD) or high-fat (HFD) diets (8—10 animals
per group). B) Daily high-fat food intake determined at an age of 12
weeks. Values represent the mean of the total amount of grams per day
taken by each mouse during a four-day period (n=13 per group). C)
Percentage of fat mass calculated from coronal or axial MRI planes
relative to the amount of fat present in mice fed with SCD in each gen-
otype (n=6-9 mice per group). D) Representative MRI coronal planes
used for quantification. E-J) Blood glucose levels observed during
glucose tolerance tests performed after an overnight fast (E-G) or dur-
ing insulin tolerance tests performed after a 4-hour fast (H-J) (n=6

resistance, that was evident in HFD-fed wild type mice rela-
tive to SCD-fed controls, was less pronounced in HFD-fed
Alx3-deficient mice, which were more sensitive to insulin
than controls (Fig. 2I and J). These data are in consonance
with the observed increase in genes encoding the glucose
transporter Glut2 and the glycogenic enzymes Pckl and
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graphs have been plotted to facilitate comparisons. K-O) Expression
of mRNAs from visceral white adipose tissue corresponding to genes
encoding inflammation markers (K), lipid metabolism enzymes (L-
N) and adiponectin (O) (n=6-11 group). P) Left panel, western blots
showing levels of tyrosine hydroxylase (TH) and vinculin (Vin) as a
loading control. The numbers on top of each lane indicate individual
mice from which samples were obtained. Right panel, densitometric
quantification of the intensities of the bands. Q) Noradrenaline (NA)
content in VWAT determined by HPLC (n» =8 per genotype). Data rep-
resent the mean+ SEM. *p <0.05, **p <0.01 and ***p <0.001, two-
way ANOVA (A, C and E-N) or Student’s ¢-test (B, P-Q)

Gysl in the liver of HFD-fed A/x3-deficient mice relative to
HFD-fed wild type controls (Supplementary Fig. 2).

The expression of the proinflammatory genes I1-12b,
TNFa and TGFP was similarly increased in the vWAT of
Alx3-deficient and control animals fed with HFD (Fig. 2K).
In this tissue, the HFD-induced expression of the lipogenic
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gene Fasn was less pronounced in Alx3-deficient than in
wild type mice (Fig. 2L), whereas the HFD-induced expres-
sion of the lipolytic genes Hs/ and Atgl was relatively higher
in mutant mice (Fig. 2M). No differences in the expression
of lipolytic or lipogenic genes were found between A4/x3-
deficient and control mice fed with SCD. Interestingly, in
Alx3-deficient mice, the expression of the glyceroneogenic
gene Pckl [29] was higher than in wild type mice regardless
of whether the animals had been fed with standard chow or
with HFD (Fig. 2N). In addition, the expected decrease in
adiponectin mRNA expression in vWAT induced by HFD
was less pronounced in A/x3-deficient mice than in controls
(Fig. 20). Consistent with the predominant expression of
lipolytic relative to lipogenic genes, suggesting increased
sympathetic tone [30], the levels of the catecholamine syn-
thesizing enzyme tyrosine hydroxylase, as well as noradren-
aline content in vWAT, were higher in 4/x3-deficient mice
(Fig. 2P and Q).

Based on these data, we investigated whether Alx3 defi-
ciency affects energy metabolism by performing indirect
calorimetry experiments. We found that 4/x3-deficient mice
exhibited decreased O, consumption, CO, production, RER,
and energy expenditure relative to control animals (Fig. 3A-
D, Supplementary Fig. 3A-D and Supplementary Table 3).
These differences were more clearly observed during the
night, coinciding with the period of the 24-hour cycle in
which the animals are more active. However, no differences

were observed in locomotor activity between A/x3-mutant
and wild type animals (Fig. 3E, Supplementary Fig. 3E and
Supplementary Table 3). During these trials, reduced food
intake but similar body weight were confirmed (Fig. 3F-H).
In HFD-fed mice, oscillating O, consumption, CO, produc-
tion, energy expenditure and locomotor activity were lower
in Alx3-deficient than in wild type mice. RER values did
not display significant diurnal rthythms as expected in mice
subjected to a HFD regime [31], but also remained lower in
Alx3-mutant mice (Supplementary Figs. 4 and 5 and Sup-
plementary Table 4).

Alx3-deficient mice show muscle atrophy and motor
dysfunction with impaired neurotransmission

The discrepancies between fat mass and body weight
observed in A/x3-deficient mice fed with standard chow and
their unusual response to HFD led us to hypothesize a pro-
portional reduction in lean mass in these animals. To test
this, we performed MRI and found that muscle volume in
hind limbs was reduced in A/x3-deficient mice relative to
wild type mice (Fig. 4A and B). This reduction in muscle
mass was not due to decreased body length, as indicated by
the absence of significant differences in bone length mea-
sured on the tibia from magnetic resonance images (Fig. 4C
and D). Consistently, histological analysis of the gastrocne-
mius muscle revealed decreased mean fiber cross-sectional
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Fig. 3 Aix3-deficient mice show altered energy expenditure and food
intake, but not body weight A-E) Indirect calorimetry measurements
showing O, consumption, CO, production, RER, energy expenditure
and locomotor activity values corresponding to a complete 24-hour
cycle. The data represent the mean values obtained at each time point
over a period of three days for each mouse. Extended data showing
the values corresponding to the entire three-day period are shown in

Supplementary Fig. 3. F) Cumulative quantification of the amount of
food eaten during four consecutive days. The dark phase of the 24-h
cycle is represented in gray. G and H) Body weight and daily food
intake (four days). Data represent mean + SEM. *p <0.05, **p <0.01,
**%p <0.001, two-way ANOVA followed by Bonferroni transforma-
tion (A-E) or Student’s ¢-test (G and H) (n="7 wild type and 8 4/x3-ko
mice)
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Fig. 4 Decreased muscle volume and presence of motor dysfunction
in Alx3-deficient mice A) Muscle volume relative to body weight
calculated from coronal or axial images generated by MRI from hind
limbs of wild type or Alx3-ko mice (n=7-9 mice per genotype). B)
Representative MRI coronal and axial planes used for quantification.
hl, hind limb; t, tibia; r, rectum; sp, spine. The brackets indicate the
muscle region analyzed, corresponding to the length of the tibia. C)
Tibia length measured from coronal images generated by MRI from
wild type (n=8) or Alx3-ko (n=7) mice. D) Representative MRI coro-
nal planes used for tibia length measurements. The brackets indicate
the region analyzed corresponding to the length of the tibia. E) Mean
myofiber cross-sectional area (CSA) determined in gastrocnemius
muscle from wild type or 4/x3-deficient mice stained with hematoxy-

area (Fig. 4E and F). This was accompanied by reduced grip
strength relative to control animals (Fig. 4G). When tested
for motor performance, A/x3-deficient mice scored signifi-
cantly lower than wild type controls on the rotarod motor
coordination test (Fig. 4H) and showed decreased time
to fatigue (Fig. 41) and reduced oxygen consumption and
energy expenditure on the treadmill acute enduring exercise
test (Fig. 4J and K).

We did not find significant differences in the expression
of genes regulating glucose transport and metabolism or
mitochondrial function in the gastrocnemius muscle (Sup-
plementary Fig. 6), indicating that an intrinsic metabolic
dysfunction is unlikely to be responsible for the muscle phe-
notype in Alx3-deficient animals. Importantly, the availabil-
ity of Alx3-deficient mice on a pure C57BL/6J background
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Time (m)

lin and eosin (=5 wild type and 4 A/x3-deficient mice). F) Represen-
tative images of transverse sections of gastrocnemius muscles from
which CSA was determined. Scale bar =100 pm. G) Muscle strength
as assessed by the grip test (n="7 mice per genotype). H) Decreased
motor performance of Alx3-ko mice relative to wild type animals
as assessed by the rotarod test (n=8 wild type and 7 Alx3-deficient
mice). I) Decreased latency to fatigue in Alx3-deficient mice during
acute enduring exercise on a treadmill (n=8 per genotype). J and K)
Oxygen consumption and energy expenditure during acute exercise on
the treadmill (n =8 per genotype). *p <0.05; **p < 0.01; ***p <0.001,
Student’s t test (A, E, G and I) or two-way ANOVA followed by Bon-
ferroni transformation (H, J and K)

allowed us to determine that these mice do not exhibit
hyperglycemia or glucose intolerance, but retain increased
adiposity and decreased muscle mass and strength (Supple-
mentary Fig. 7), indicating that the muscle phenotype is
unrelated to dysfunctional glucose homeostasis.

Since reduced muscle mass can be associated with
denervation or decreased neural input on the neuromuscu-
lar junction, we tested for the expression of genes known
to be upregulated in response to denervation [32-34]. We
found that in the gastrocnemius muscle, the expression of
myogenin, the acetylcholine receptor (AChR) subunits o
and f3, and acetylcholinesterase was higher in A/x3-deficient
that in control mice (Fig. 5A). In contrast, expression of
Gdnf [35, 36], myostatin [37] and Smnl [38] was similar
in both genotypes (Fig. 5B), suggesting that changes of
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Fig. 5 Altered neurotransmission and decreased noradrenergic input
in muscles of A/x3-deficient mice (A) Expression of mRNAs from
gastrocnemius muscle encoding the denervation markers myogenin
(Myog), o and  subunits of the acetyl choline receptors (AChRo and
AChRB) and acetylcholinesterase (AChE) (n=9 per genotype except
for Myog, n=6). (B) Expression of mRNAs from gastrocnemius
muscle encoding the endogenous trophic factors survival of motor
neuron-1 (Smnl), glial cell-derived neurotrophic factor (Gdnf) and
myostatin (Mstn) (n=>5 per genotype). (C) Lack of expression of 4/x3
in the spinal cord of wild type mice. Expression of choline acetyltrans-
ferase (ChAT) detected with two different primer sets (psl and ps2)

neuromuscular junction proteins were not myogenic in ori-
gin. To test whether these changes were possibly due to a
direct effect of Alx3 deficiency in motor neurons, we tested
for expression of Alx3 in the spinal cord of wild type mice
using the acetyl choline-synthetizing enzyme choline acet-
yltransferase (ChAT) and the selective motor neuron mark-
ers Rbfox3, Esrrg and Gfarl [39] as controls, but we found
no expression of Alx3 in these animals (Fig. 5C). Addi-
tional evidence supporting reduced muscle innervation was
indicated by decreased levels of ChAT and the presynaptic
vesicle-associated protein synaptobrevin-2 (Fig. 5D and E).

are shown as positive controls. Rbfox3, Esrrg and Gfarl are selective
markers of motor neurons (n=4). (D) Western blots with lysates from
the gastrocnemius muscle showing levels of choline acetyltransfer-
ase (ChAT), synaptobrevin-2 (Syb2), tyrosine hydroxylase (TH) and
vesicular monoamine transporter 2 (VMAT2). The numbers on top of
each lane indicate individual mice from which samples were obtained.
(E) Densitometric quantification of the intensities of the bands from
panel D. (F) Levels of noradrenaline in gastrocnemius homogenates
from wild type (WT) and Alx3-ko mice (n =8 per genotype). *p < 0.05;
**p<0.01, ***p <0.001; Student’s #-test

We hypothesized that the observed effects in Alx3-defi-
cient mice could be related to decreased sympathetic input
regulating motor innervation at the neuromuscular junction
[40, 41]. To test this, we determined the levels of markers
of the presynaptic noradrenergic terminals in the gastroc-
nemius muscle. We found that the levels of noradrenaline-
synthetizing enzyme tyrosine hydroxylase and the vesicular
monoamine transporter 2 (VMAT2) were lower in Alx3-
deficient than in control mice (Fig. 5D and E). In addition, in
these muscles, we found decreased levels of noradrenaline
(Fig. 5F). These results indicate the presence of decreased
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sympathetic innervation of muscles associated with A/x3
deficiency.

The lack of expression of Alx3 in the spinal cord (see
Fig. 5C) indicated that the observed alteration of the sym-
pathetic innervation is not due to a direct effect of Alx3
deficiency in neurons of the intermediolateral cell column.
Therefore, we tested for expression of Alx3 in the area
containing the rostral ventrolateral medulla and the lateral
paragigantocellular nucleus, two important brainstem cen-
ters controlling sympathetic output [42]. Noradrenergic
neurons in these nuclei and in the nucleus tractus solitarius
were readily identified using tyrosine hydroxylase immu-
nostaining, but Alx3 immunolabeling was undetectable
(Supplementary Fig. 8). Therefore, we argued that altered
sympathetic outflow is likely due to a defect located within
higher structures in the central nervous system.

Alx3-deficient mice exhibit hypothalamic
dysfunction and altered responses to fasting and
feeding

Together, our data strongly suggest that the observed phe-
notype of A/x3-deficient mice is of central origin reflecting
hypothalamic dysfunction. Therefore, we sought to deter-
mine whether Alx3 is expressed in hypothalamic nuclei
involved in the regulation of food intake and energy balance
[43—45]. We detected the expression of AIx3 mRNA in the
basal hypothalamus of wild type but not in Alx3-deficient
mice (Fig. 6A). The levels of Magel2 mRNA, used as a pos-
itive control since it is prominently expressed in the arcuate
nucleus and its deficiency results in phenotypic alterations
with strong similarities to those observed in Alx3-defi-
cient mice [46, 47], were not affected by A/x3 deficiency
(Fig. 6A). In wild type mice, expression of A/x3 was not
found in organs directly involved in peripheral metabolic
regulation such as vVWAT, BAT, muscle, or liver (Fig. 6B). In
the hypothalamus, we confirmed the presence of Alx3 pro-
tein by western blot (Fig. 6C). Immunohistochemical stain-
ing revealed abundant Alx3-positive cells preferentially
located within the arcuate nucleus (Fig. 6D). The specificity
of the signal was confirmed by pre-absorption of the anti-
body (Fig. 6E and Supplementary Fig. 9) and by the absence
of staining in other brain areas including the cortex, thala-
mus, and hippocampus (Supplementary Fig. 10). Immuno-
fluorescence labeling confirmed co-expression of Alx3 in
orexigenic NPY/AgRP neurons expressing Agrp-tdTomato
(Fig. 6F) and in anorexigenic POMC/Cart neurons express-
ing Pomc-GFP (Fig. 6G).

We next investigated whether Alx3 expression in the
hypothalamus is initiated during embryonic development.
As a consequence of the targeting strategy used to delete the
Alx3 locus, which inserted a lacZ coding sequence in-frame
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in the Alx3 exon 2 gene [6], A/x3-deficient mice express
an Alx3-B-galactosidase fusion protein during embry-
onic development. Although it is transcriptionally inactive
as it lacks part of the amino terminus, the DNA-binding
homeodomain and the carboxyl terminus, this fusion pro-
tein retains an expression pattern practically identical to
the Alx3 expression pattern observed in wild type animals
[6, 7]. Taking advantage of this observation, we detected
Alx3-B-galactosidase immunofluorescence in the hypotha-
lamic primordium of E13.5 mouse embryos (Supplemen-
tary Fig. 11). A number of these cells also expressed ACTH,
used as a marker for Pomc [48].

Based on these results, we assessed whether Alx3 defi-
ciency alters the metabolic activity of the ventral hypothala-
mus using PET. We found that the uptake of '*F-FDG was
significantly reduced in the hypothalamus of 4/x3-deficient
mice, but not in any other cerebral region tested (Fig. 7A and
B), suggesting that Alx3 is important for hypothalamic func-
tion. To confirm these results, we performed fDWI, which
detects water molecule diffusion changes induced by neural
activity in response to fasting with a higher degree of reso-
lution in hypothalamic nuclei [24, 26] (Fig. 7C). We found
that fasting resulted in lower diffusion coefficients in the
arcuate nucleus of wild type mice, but the arcuate nucleus
of Alx3-deficient animals was unresponsive (Fig. 7D). Fur-
thermore, fasting had no effects on the ventromedial or dor-
somedial hypothalamic nuclei of wild type or 4/x3-deficient
mice, indicating the specificity of the response (Fig. 7D).
Because decreased diffusion coefficients are thought to be
associated with cell swelling events concomitant to aug-
mented neuronal activity [49, 50], the absence of detectable
diffusion coefficient changes in the arcuate nucleus of 4/x3-
deficient mice led us to hypothesize the existence of hypo-
thalamic dysfunction, suggesting that Alx3 is involved in
the regulation of responses to fasting in this nucleus.

To address this question, we determined the expression
of genes encoding orexigenic and anorexigenic peptides in
the arcuate nucleus [51] in mice fed ad libitum or subjected
to fasting overnight. We found that the increased expression
of the orexigenic genes Npy and Agrp in response to fasting
was similar in wild type and Alx3-deficient mice (Fig. 8A).
In marked contrast, the expression of Pomc mRNA was
lower in Alx3-deficient mice than in control animals fed
ad libitum, and did not respond with the expected decrease
upon fasting (Fig. 8A). The expression of Cart was similar
in mice of both genotypes fed ad libitum, but contrary to
what was observed in control animals, it did not respond
with the expected decrease in 4/x3-deficient mice after fast-
ing (Fig. 8A). Thus, Pomc/Cart-dependent mechanisms
regulating satiety are altered in Alx3-deficient mice.

To further investigate this, we determined the amount
of food eaten upon re-feeding after an overnight fast. No
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Fig.6 Expression of Alx3 in the hypothalamic arcuate
nucleus (A) RT-qPCR showing expression of Alx3 mRNA
in the hypothalamus of wild type but not Alx3-ko mice.
Magel2 was used as a positive control (n=5 per geno-
type). (B) RT-qPCR showing lack of expression of Alx3
mRNA in peripheral organs of wild type mice. Leptin
(Lep), myogenin (Myo), fatty acid synthase (Fasn) and
uncoupling protein 1 (Ucpl) were used as internal controls
in each tissue. (C) Western blot showing expression of
Alx3 in the mouse hypothalamus. As positive controls,
lysates from MING pancreatic 3 cells, mouse embryonic
day 10.5 forebrain (MEF), primary mouse embryonic mes-
enchyme (pMEM) cells and COS cells transfected with an
Alx3 expression plasmid were used. As a negative control,
note the absence of Alx3 immunoreactivity in COS cells
transfected with empty vector. (D) Representative coronal
section of a wild type mouse brain showing Alx3-specific
immunostaining enriched in the arcuate nucleus (ARC)
and much weaker signal in the ventromedial hypothalamus
(VMH). The antibody had been incubated in the presence
of GST. (E) A similar section processed for immunohis-
tochemistry using an Alx3 antibody pre-absorbed with
GST-AIx3AC fusion protein. F and G) Confocal micros-
copy images, taken at low (upper panels) or high (lower
panels) magnification, of coronal sections of brains from
mice expressing Agrp-tdTomato (F) or Pome-GFP (G) and
labeled with an Alx3 antibody. Examples of arcuate Agrp
or Pomc neurons co-expressing Alx3 are indicated by
arrows. Scale bars represent 50 um. V, third ventricle
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Fig. 7 Alx3 deficient mice show a
altered hypothalamic function
(A) Representative PET scan
(upper panels), MRI template
(middle panels) and merged
(lower panels) images cor-
responding to coronal sections

of mouse brains. The region of
interest corresponding to the
hypothalamic area used for quan-
tification is indicated with a blue
line. (B) Relative standard uptake
value (SUV) of '8F-FDG detected
in different brain regions relative
to whole brain. CTX, cortex; HIP,
hippocampus; STR, striatum;
THL, thalamus; HYP, hypo-
thalamus; MdB, midbrain; CER,
cerebellum. **p <0.01; Student’s
t-test (n=_8 mice per genotype).
(C) Representative axial images
obtained by fDWI showing voxel
apparent diffusion coefficient
(ADC) intensity distribution in
the hypothalamic area. The sche-
matic depiction on the right panel
represents the hypothalamic map
indicating the relative location

of the dorsomedial hypothalamic
nucleus (DMN), ventromedial
hypothalamus (VMH) and d
arcuate nucleus (ARC) regions
from which f{DWI measurements
were taken. (D) Fitted appar-

ent diffusion coefficient (ADC)
values obtained from the arcuate
nucleus (ARC), the ventromedial
hypothalamus (VMH) or the
dorsomedial nucleus (DMN)
using fDWI in fed or fasted mice
(blue dots, wild type; red dots,
Alx3-ko). Box-and-whisker
plots show median values, first
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differences in food intake were observed during the first
30 min of food availability (Fig. 8B), but then Alx3-defi-
cient mice ceased eating for approximately two hours,
whereas wild type mice went on feeding so that cumula-
tive food intake increased progressively during this period
(Fig. 8B). After this time, A/x3-deficient mice resumed feed-
ing, although the amount of food intake was lower than that
observed in control mice during the rest of the experiment
(Fig. 8B). In line with this observation, Cart expression was
higher in Alx3-deficient than in control mice at the end of
this period, whereas Pomc expression was not significantly
altered (Fig. 8C).

Since Cart mRNA expression is regulated by circulat-
ing leptin [52], we measured the levels of this hormone in
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the blood and found that they were not significantly dif-
ferent in Alx3-deficient and control mice (Supplementary
Fig. 12A). In addition, STAT3 phosphorylation and expres-
sion of SOCS3 in the arcuate nucleus after leptin treatment
were similar in both genotypes (Supplementary Fig. 12B-
E), indicating no alterations in leptin function. Further-
more, we found no significant differences in the expression
of the receptors for leptin, ghrelin (GHSR), adenosine Al
[53], a-MSH MCA4R, glucagon-like peptide 1 (GLP1R) [54]
or erythropoietin (EpoR) [55], but the expression of the
a-MSH receptor MC3R [56, 57] was higher in A/x3-defi-
cient than in control animals (Fig. 8D). We then tested the
effect on food intake of D-Trp8-yMSH, a selective agonist
of MC3R whose administration has been shown to stimulate
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Fig. 8 Altered food intake and gene expression in the arcuate nucleus
of Alx3-deficient mice (A) Expression of orexigenic and anorexigenic
genes in the arcuate nucleus of wild type (WT) or Alx3-deficient (KO)
mice fed ad libitum or after an overnight fasting (n =8 per genotype).
(B) Cumulative quantification of food intake upon refeeding after
an overnight fasting in mice (n=14 wild type and 16 Alx3-deficient
mice). (C) Expression of Pomc and Cart mRNA in the arcuate nucleus
of wild type or Alx3-ko mice measured 5 h after the start of refeeding
following an overnight fast (=28 per genotype). (D) Expression of
receptor genes in the arcuate nucleus of wild type or 4/x3-deficient

feeding [16, 58, 59]. We found that at the dose used (0.2 mg/
kg i.p.), this peptide did not affect wild type animals but
transiently stimulated feeding in Alx3-deficient mice dur-
ing the first three hours after treatment (Fig. 8E). This effect
had disappeared 6 h after the onset of treatment, and after
12 h food intake in A/x3-deficient animals returned to values
below those observed in control mice. Since the effect of
D-Trp8-yMSH on food intake is transient and does not last
for more than a few hours [58, 59], and the data in Fig. 8E
represent cumulative food intake from the time of agonist
administration, the differences observed at 12 h reflect the
constitutive decrease in food intake of 4/x3-deficient mice
as compared with wild type animals observed in previous
experiments (see Supplementary Fig. 1C and Fig. 2B) and
in all likelihood are independent of the effect of the pep-
tide at an earlier time. Thus, these results indicate increased
sensitivity of Alx3-deficient mice to the transient effect of
the MC3R agonist D-Trp8-yMSH, consistent with increased
expression of MC3R. In a different set of experiments, we
found decreased arcuate nucleus levels of aMSH associated
with Alx3 deficiency (Fig. 8F). Thus, the observed increase
in MC3R in the arcuate nucleus could reflect a compensa-
tory mechanism to reduced levels of aMSH.

Time after treatment

mice fed ad libitum. Receptors for leptin (LepR), ghrelin (GHSR),
adenosine (AdRA1), melanocortin (MC3R and MC4R), glucagon-like
peptide 1 (GLP1R) and erythropoietin (EpoR) were tested (n=8 per
genotype except for EpoR, 5 wild type and 6 A/x3-deficient mice). (E)
Cumulative measurement of the amount of food eaten after treatment
with either saline or the MC3R agonist D-Trp8-yMSH (n=7 per geno-
type). (F) Levels of aMSH in arcuate nucleus homogenates from wild
type or Alx3-deficient mice (n=4 per genotype). *p <0.05, **p <0.01
and ***p <0.001; two-way ANOVA followed by Bonferroni transfor-
mation (A, B and E) or Student’s t test (C and D)

Discussion

Our work demonstrates the selective expression of Alx3 in
the arcuate nucleus, which plays a fundamental role in the
hypothalamic regulation of feeding and energy expendi-
ture by integrating nutritional and hormonal signals from
the periphery. Thus, the arcuate nucleus contributes to the
maintenance of energy balance depending on the metabolic
needs of the organism [13, 45]. Fittingly, we show that
Alx3 deficiency correlates with altered energy homeosta-
sis, reduced food intake, and decreased muscle mass at the
expense of increased adiposity.

Our previous studies on the function of Alx3 in pancre-
atic islet cells indicated a role in the regulation of insulin and
glucagon gene expression in a glucose-dependent manner [ 1,
4]. Using Alx3-deficient mice on a hybrid FVBxC57BL/6J
background we found altered glucose homeostasis due to
dysfunctional pancreatic islets resulting in mild hypergly-
cemia, glucose intolerance and impaired insulin secretion
[5]. Since blood glucose fluctuations and insulin can affect
food intake and lipid deposition, it is possible that pancre-
atic dysfunction may contribute to the phenotype described
in this study. However, if present, that contribution would
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be expected to be small, because on a pure C57BL/6J back-
ground Alx3-deficient mice retain the reduced food intake
and decreased muscle mass phenotype in the absence of
altered body weight, but exhibit normal glycemic regulation
indicating unaffected pancreatic function. The finding that
Alx3-deficiency does not affect pancreatic islet function in
C57BL/6J mice is not entirely unexpected, since it is well
established that metabolic alterations in response to specific
genetic manipulations or to submission to hypercaloric diet
regimes can differ widely depending on the genetic back-
ground of the strain used in each case [60, 61].

On the other hand, the undetected expression of A/x3 in
major peripheral organs directly involved in metabolic reg-
ulation indicates that a primary dysfunction in these organs
is unlikely to generate the observed phenotype. Rather, the
presence of Alx3 in neurons of the arcuate nucleus and the
existence of systemic metabolic dysfunctions associated
with altered hypothalamic responses to fasting and refeed-
ing in Alx3-deficient mice likely reflects an important role of
this transcription factor in the hypothalamus.

As hypothalamic Alx3-deficiency appears to affect pri-
marily the melanocortin system, the reduced food intake
observed in mutant mice could be related to a prema-
ture response to induce satiety, as suggested by dysregu-
lated Pomc/Cart expression upon fasting and abnormally
increased Cart expression upon refeeding. Normally, Pomc/
Cart neurons respond to leptin generated from the adi-
pose tissue upon feeding [16], and as a consequence, they
release aMSH to activate MC4R expressed in the paraven-
tricular nucleus to promote satiety signals [62], to which co-
released CART also contributes. However, the premature
satiety response observed in Alx3-deficient mice appears to
be unrelated to differences in the circulating levels of leptin
or to altered activation of leptin receptors in the hypothal-
amus as assessed by STAT3 phosphorylation and SOCS3
expression, since they were similar in wild type and 4/x3-
deficient mice.

The importance of the arcuate nucleus POMC system in
the control of appetite and satiety is indicated by experimen-
tal and clinical observations showing that deficits in some
of its components are associated with obesity [63—65]. In
this regard, some of the main features of the A/x3-deficient
mice phenotype including increased adiposity, decreased
lean mass and decreased food intake are similar to those
observed in mice deficient for Magel2, a gene whose muta-
tions are associated with Prader-Willi syndrome in humans
[46]. However, although the Magel2-deficient phenotype is
also associated with hypothalamic Pomc neuron dysfunc-
tion [47], it is unlikely that both phenotypes are directly
related since we did not detect altered hypothalamic expres-
sion of Magel2 in Alx3-deficient mice.

@ Springer

An important observation in our study is the increased
expression of hypothalamic MC3R but not MC4R. Both
receptors, stimulated by aMSH synthesized in Pomc neu-
rons, are key components of the central circuits regulating
food intake and energy expenditure [66]. MC4R, predomi-
nately expressed in the paraventricular nucleus that receives
projections from the ARC, is known to regulate food intake,
body weight, and energy homeostasis, and consistently, lack
of function of this receptor in mice and humans results in
hyperphagia and obesity [66]. In turn, MC3R is primar-
ily expressed in the ventromedial hypothalamus and in the
arcuate nucleus, where it is present in pre- and post-synap-
tic terminals modulating the activity of Pomc/Cart neurons
via autoinhibitory feed-back loops [16, 67]. The enriched
expression of Alx3 in the arcuate nucleus of control ani-
mals, and the altered cellular activity in response to fast-
ing detected by fDWI only in this nucleus in A/x3-deficient
mice, suggest that the decreased levels of aMSH and the
elevated expression of MC3R in A/x3-deficient mice reflects
a role of Alx3 in the regulation of the intrinsic Pomc/Cart-
NPY/AgRP circuitry.

Remarkably, the phenotype observed in Alx3-deficient
mice shares key features with the phenotype of Mc3r-
deficient mice, including increased adiposity without a
proportional increase in body weight, reduced lean mass,
and normal or decreased food intake [56, 57]. An additional
similarity is that both 4/x3- and Mc3r-deficient mice show
reduced energy expenditure and RER [56], indicating the
utilization of a higher proportion of lipids as a source of
fuel. The comparison between both phenotypes is rel-
evant because both are consistent with decreased aMSH-
dependent signaling in the hypothalamus, the former due to
reduced levels of the ligand, and the latter due to absence
of receptors.

Despite these striking similarities, we observed that A/x3-
deficient mice exhibit increased expression of Mc3r in the
hypothalamus, and confirmed that these receptors are func-
tional as indicated by the transient increase in food intake
observed after administration of the selective MC3R ago-
nist D-Trp8-yMSH, consistent with previous observations
[58, 59]. Nonetheless, as MC3R is stimulated by aMSH
and antagonized by AgRP, a possible reduction in the lev-
els of aMSH as a consequence of decreased Pomc expres-
sion could contribute to decreased function of this receptor.
Indeed, the elevated levels of MC3R mRNA expression and
increased sensitivity to D-Trp8-yMSH in A/x3-deficient ani-
mals could reflect a compensatory mechanism to reduced
aMSH content detected in the arcuate nucleus.

Studying the effects of the D-Trp8-yMSH agonist on arcu-
ate nucleus neurons, Cowley et al. [16] proposed that MC3R
acts as a negative feed-back autoreceptor to decrease POMC
neuronal activity in response to elevated aMSH, a notion
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also supported by more recent studies [67]. Accordingly, the
transient increase in food intake observed in our own and
other studies after administration of D-Trp8-yMSH could
be interpreted as the consequence of transiently decreased
satiety signals due to autoreceptor-induced inhibition of
Pomc neuron activity. Nonetheless, given the complexity of
the hypothalamic neuronal circuits involving activation and
blockade of aMSH receptors located both at pre- and post-
synaptic levels, the demonstration of a primary involve-
ment of MC3R in the phenotype of A/x3-deficient animals
awaits further investigations, and the involvement of other
currently unidentified regulatory mechanisms cannot be
excluded at the present time. Of note, the predominant func-
tion of MC3R appears to be associated with the regulation
of energy rheostasis, rather than with the control of food
intake, by contributing to the adjustment of homeostatic
set points affecting energy intake and storage to adapt the
organism to changing metabolic requirements [67, 68].

The changes in adiposity and muscle mass independently
of decreased food intake suggest a role for Alx3 in the cen-
tral regulation of peripheral nutrient partitioning, possibly
involving modulation of the activity of the sympathetic
nervous system as suggested in the case of melanocortin
receptors [65, 69]. Sympathetic activity regulated by the
hypothalamic POMC system promotes lipolysis and glu-
cose uptake in white and brown adipose tissues, respectively
[69, 70]; enhances hepatic glucose production and glucose
uptake in muscle [71, 72], and modulates pancreatic islet
function by affecting insulin and glucagon secretion [72].
The higher levels of expression of lipolytic genes and the
relatively reduced increment in the accumulation of visceral
fat in HFD-fed Alx3-deficient mice are in agreement with
increased sympathetic tone [30], a notion further supported
by the observed increase of tyrosine hydroxylase levels and
noradrenaline content in the vVWAT of these mice.

Although no differences in the expression of lipolytic
or lipogenic genes were found between Alx3-deficient and
control mice fed with SCD, a significant increase in the
expression of Pckl in the adipose tissue of mutant animals
was observed. PCK1 is the rate-limiting enzyme of glyc-
eroneogenesis for the synthesis of triacylglycerol in the
adipose tissue. Consequently, overexpression of Pckl in
adipocytes results in obesity [29, 73]. In vWAT, the activ-
ity of PCK1 is directly regulated by the sympathetic tone,
as assessed by reduced levels of triacylglycerol in adipo-
cytes after sympathectomy [74]. Thus, increased fat mass
in SCD-fed A/x3-deficient mice is consistent with increased
levels of noradrenaline and enhanced expression of tyro-
sine hydroxylase, indicating increased sympathetic tone,
as well as with enhanced expression of Pckl. Despite hav-
ing a higher fat proportion under SCD, Alx3-deficient mice
accumulate proportionally less fat when fed under a HFD

regime. A possible explanation for this observation is that,
when submitted to a HFD regime, the induced expression of
the lipogenic gene Fasn in Alx3-deficent mice is lower rela-
tive to the induction observed in wild type mice, whereas
that of the lipolytic genes Hs/ and Azgl is higher. Thus, under
a HFD, in Alx3-ko mice lipogenesis would be lower than in
wild type animals, whereas lipolysis would be higher, and
as a consequence fat accumulation would be expected to be,
in relative terms, lower in Alx3-ko than in wild type mice.

Interestingly, glucose tolerance and insulin sensitivity
improved in 4/x3-deficient mice subjected to HFD despite
similar levels of inflammatory markers in the adipose tis-
sue as compared with wild type animals, although the exis-
tence of a direct association between inflammation and
insulin resistance has recently been put into question [75].
This apparently paradoxical response may be related to the
higher vWAT adiponectin expression in A/x3-deficient mice
fed under a HFD regime as compared with similarly fed
wild type mice [76], and is in agreement with the observed
increase in the expression of genes associated with hepatic
glucose uptake and glycogenesis.

Wild type and Alx3-decicient mice accumulated similar
absolute amounts of adipose tissue when fed with HFD.
Despite having the same amount of fat, 4/x3-deficient mice
showed lower body weight than wild type animals when both
were fed with a HFD. Thus, the content of accumulated fat
is unlikely to account for these differences in body weight.
Also, the absence of differences in the measurements of the
tibia indicates that body length is unlikely to account for dif-
ferences in body weight either. Thus, a possible explanation
for the lower body weight in Alx3-deficient mice relative to
control animals fed with HFD is likely to be related to the
decreased muscle mass observed in these animals.

The lower energy expenditure observed in Al/x3-defi-
cient mice is also consistent with the reduced muscle mass
[77, 78]. Lower energy expenditure in mutant mice was
observed during the entire 24 h daily cycle when fed with
HFD, whereas when fed under a SCD regime, lower energy
expenditure was observed predominantly during the night
phase coinciding with increased locomotor activity or dur-
ing forced exercise on a treadmill. These observations are
in agreement with studies showing that energy expendi-
ture is directly correlated with the amount of muscle mass,
and that decreased muscle mass is associated with lower
energy expenditure and increased visceral fat accumula-
tion [77-79]. Thus, the relatively higher accumulation of
fat observed in Alx3-deficient mice under SCD conditions
could be a consequence of primarily reduced muscle mass.

Since the expression of AIx3 was undetectable in muscle,
a primary myogenic defect is unlikely to be responsible for
decreased muscle mass in A/lx3-deficient mice, consistent
with the absence of significant differences in the expression
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of endogenous muscle trophic factors between both geno-
types. Instead, our data strongly suggests that reduced
muscle mass is associated with denervation. Whether motor
neuron dysfunction plays a primary role in neuromuscu-
lar junction denervation in A/x3-deficient mice cannot be
completely ruled out at this time, although the undetectable
levels of Alx3 expression in the spinal cord indicates that
denervation was not due to a direct effect of Alx3 deficiency
in motor neurons. Nonetheless, electrophysiological record-
ings could be used to test motor neuron activity in the ante-
rior horn of the spinal cord.

We favor the hypothesis that the reduced muscle mass
in Alx3-deficient mice may be related to the possible exis-
tence of altered sympathetic output, since evidence for an
important role of the sympathetic nervous system in the
maintenance of skeletal muscle mass and function has been
accumulating in recent years [80, 81]. The sympathetic
innervation reaches the neuromuscular junction and is cru-
cial for the maintenance of motor function, to the extent
that selective skeletal muscle sympathectomy results in
muscle weakness, impaired cholinergic neurotransmission
and fragmentation and dispersion of the AChR clusters [40,
41, 82, 83]. The recent introduction of sympathomimetic
drugs to treat chronic myasthenic syndromes characterized
by muscle weakness and fatigue in humans further supports
the importance of sympathetic stimulation of the neuromus-
cular junction for adequate function [84, 85]. Furthermore,
in vivo experiments have demonstrated that postganglionic
sympathetic neurons directly regulate neuromuscular trans-
mission by activating B1-adrenergic receptors expressed in
motoneuron axonal terminals [86].

The gastrocnemius is one of a number of skeletal mus-
cles for which a direct innervation of the neuromuscu-
lar junction by sympathetic fibers has been demonstrated
[41, 82]. The existence of reduced sympathetic innerva-
tion in the gastrocnemius muscle of Alx3-deficient mice is
indicated by reduced noradrenaline content as well as by
decreased levels of tyrosine hydroxylase and VMAT?2, two
proteins present in sympathetic nerve endings. In addition,
the existence of reduced muscle innervation is supported
by decreased levels of Syb-2, a presynaptic vesicle marker.
As Syb-2 is a general component of the SNARE complex
mediating vesicle exocytosis from nerve terminals, reduced
gastrocnemius innervation may involve both sympathetic
and motor neuron terminals, as attested by the observed
decrease in the levels of ChAT, a protein that is specific for
cholinergic neurons. Finally, reduced muscle strength and
exercise performance as well as increased expression of
myogenin, AChR subunits and AChE, considered as mark-
ers of decreased cholinergic neurotransmission [32, 34, 87],
are also consistent with decreased skeletal muscle innerva-
tion in 4/x3-deficient mice.

@ Springer

In humans, since the original identification of ALX3
by Twigg et al. [9] as the causative gene for a character-
istic form of congenital frontonasal dysplasia, it has been
described that this disease can include intellectual disability,
ankyloglossia, hearing loss, and agenesis of the corpus cal-
losum. To date, no metabolic alterations have been reported
in these patients. However, it is important to bear in mind
that ALX3-dependent frontonasal dysplasia is a rare disease
with only a relatively small number of cases reported, and
that patients are usually children within the first few years
of life.

Limitations of the study

Our data indicate that Alx3 coordinately regulates food
intake, energy expenditure and nutrient partitioning affect-
ing adiposity and muscle mass. We identify the arcuate
nucleus as a potential site from which Alx3 exerts at least
some of these functions. Although Alx3 expression in adult
tissues appears to be relatively restricted to discrete loca-
tions, the use of a constitutive knock out model represents
a limitation, and the confirmation of a specific role for Alx3
in the regulation of Agrp and Pomc neurons in the arcu-
ate nucleus awaits neuron-specific inactivation of the A/x3
gene. As our study was carried out using only male mice, it
will be important to determine whether a similar phenotype
is observed in females.

An important question that remains to be addressed
is the exact mechanism by which MC3R expression is
increased in Alx3-deficient mice, as alterations in the func-
tion of this important receptor, key for the function of the
internal arcuate nucleus neuronal circuitry, have important
consequences for the regulation of food intake and energy
homeostasis. Since the MC3R receptors act predominantly
regulating feed-back loops between Agrp and Pomc neurons
with the arcuate nucleus, this question will require specific
approaches to determine their functions relative to their spe-
cific neuronal type and location.

Finally, another important question that remains to be
addressed in future studies is the origin of the decreased
muscle mass and the adipose tissue disbalance. Although
our data support the involvement of dysfunctional sym-
pathetic innervation of these tissues, the contribution of a
developmental defect possibly affecting myogenesis during
embryonic development cannot be entirely ruled out, since
the importance of the transient expression of Alx3 in previ-
ously unrecognized discrete embryonic cell types is starting
to emerge [88].

Despite these limitations, since the contribution of dys-
functional nutrient partitioning to the development of obe-
sity and diabetes remains poorly understood, our work
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opens new avenues for the study of the pathophysiology of
these metabolic disorders.
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