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Prolonged breastfeeding protects from obesity by
hypothalamic action of hepatic FGF21
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Early-life determinants are thought to be a major factor in the rapid increase of obesity. However, while maternal nutrition
has been extensively studied, the effects of breastfeeding by the infant on the reprogramming of energy balance in childhood
and throughout adulthood remain largely unknown. Here we show that delayed weaning in rat pups protects them against
diet-induced obesity in adulthood, through enhanced brown adipose tissue thermogenesis and energy expenditure. In-depth
metabolic phenotyping in this rat model as well as in transgenic mice reveals that the effects of prolonged suckling are medi-
ated by increased hepatic fibroblast growth factor 21 (FGF21) production and tanycyte-controlled access to the hypothalamus
in adulthood. Specifically, FGF21 activates GABA-containing neurons expressing dopamine receptor 2 in the lateral hypotha-
lamic area and zona incerta. Prolonged breastfeeding thus constitutes a protective mechanism against obesity by affecting

long-lasting physiological changes in liver-to-hypothalamus communication and hypothalamic metabolic regulation.

decades to reach pandemic status, is a multifactorial pathol-

ogy, influenced by environmental, genetic and epigenetic
factors'. In keeping with the essential role that neonatal events are
thought to play in neurodevelopment and behavioural responses
later in adulthood, this rapid increase in the prevalence of obesity
may also result from early-life determinants’. Among these deter-
minants are maternal diet and neonatal feeding.

The effect of nutritional alterations in the dam during the lac-
tation-suckling period on obesity programming in the offspring
has been widely studied in animal models. Maternal high-fat diet
(HFD) during lactation modifies the composition of maternal
milk and predisposes the offspring to obesity and impaired glucose
homeostasis in adulthood**. This metabolic dysfunction has been
associated with an impairment of white adipose tissue (WAT) func-
tion™, an inhibition of the thermogenic activity of brown adipose
tissue (BAT)® and damaged hypothalamic circuits®.

In contrast, while animal studies have suggested that neonatal
overfeeding is a critical parameter influencing long-term metabolic
outcomes’™’, studies concerning the influence of feeding/suckling
by the offspring themselves on the long-term reprogramming of
energy balance have been inconclusive so far. Some epidemiological

O besity, whose prevalence has increased over the last few

studies have reported that breastfeeding has a protective effect
against obesity in childhood/adulthood'*-">. However, many of
these studies are based on descriptive associations and limited by
low sample size or confounding factors, while others have failed
to find a correlation between breastfeeding and adiposity in chil-
dren"*-7. Nevertheless, breast milk is enriched in several bioactive
factors that may be involved in the modulation of different mecha-
nisms controlling energy homeostasis. For instance, leptin ingested
as a component of breast milk is recognized to play a role in the
postnatal programming of a healthy phenotype in adulthood'?, and
the duration of breastfeeding is also associated with epigenetic alter-
ations in the leptin gene in children”.

To determine whether the reprogramming of energy homeosta-
sis by breastfeeding is transient or lasts into adulthood and what
molecular factors could underlie these putative metabolic changes,
we designed a model of prolonged breastfeeding or suckling in rats,
followed by feeding with chow diet (CD) or HFD until adulthood.
With the aid of in-depth metabolic phenotyping in this model as
well as in transgenic mice, and using local or systemic injections of
metabolic hormones or the local knockdown of molecules involved
in their signalling, we investigated the peripheral and central
effects of prolonged suckling on HFD-induced long-term changes.
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Our data show not only how prolonged suckling modifies metabolic
parameters in offspring subjected to a normal diet or HFD, but also
elucidate the hypothalamic mechanisms triggered by peripheral sig-
nals to effect these changes in energy balance.

Results

Prolonged suckling reduces high-fat diet-induced weight gain. To
determine whether extended suckling in rats, modelling prolonged
breastfeeding in human infants, could exert a long-term influence
on the management of energy intake, litters born to chow-fed dams
were weaned either at 3 weeks after birth (postnatal day 21, standard
weaning or SW) or at 4 weeks (delayed weaning or DW). SW and
DW pups were subsequently maintained on a CD or HFD until they
were 18 weeks old (Fig. 1a).

Rats subjected to DW and given a chow diet (DW-CD) did not dif-
fer in terms of body weight from those subjected to SW and the same
diet (SW-CD; Fig. 1b and Extended Data Fig. 1a). However, when DW
rats were fed an HFD (DW-HED), their body weight was substantially
lower than that of SW animals that were kept on an HFD (SW-HFD)
for the same period of time (Fig. 1b and Extended Data Fig. 1a).

In keeping with these results, an analysis of body composition
using quantitative nuclear magnetic resonance (NMR) revealed that
SW-CD and DW-CD rats had similar fat and non-fat mass values
(Fig. 1c,d), but DW-HFD rats accumulated notably less fat mass
than SW-HFD animals (Fig. 1c), while non-fat mass was unchanged
between the two HFD groups (Fig. 1d).

Similar results were obtained when visceral and gonadal adi-
pose tissues (VAT and GAT) were weighed (Extended Data Fig.
1b). In accordance with the lower fat content, energy expenditure
was also higher in DW-HFD than in SW-HFD rats in both light
and dark phases (Fig. le). These changes in energy expenditure
between SW-HFD and DW-HFD rats were not associated with dif-
ferences in locomotor activity, respiratory quotient (Extended Data
Fig. 1c,d) or food intake (Fig. 1f). DW-HFD rats also showed
reduced circulating levels of triglycerides, cholesterol, non-esterified
fatty acids and leptin (Extended Data Fig. 1e-h), as well as improved
glucose tolerance and enhanced insulin sensitivity when compared
to SW-HFD animals (Fig. 1g,h and Extended Data Fig. 1i).

Next, we evaluated the phenotype of SW-HFD and DW-HFD
rats in a thermoneutral environment (30°C) to eliminate the extra
metabolism necessary to maintain body temperature at lower ambi-
ent temperatures. Consistent with the results above, body weight
was reduced while food intake was unchanged in DW-HFD rats
(Fig. 2a,b). However, while body temperature was similar between
the two groups (Fig. 2c), DW-HED rats displayed a higher interscap-
ular temperature than SW-HFD rats (Fig. 2d). Under thermoneutral
conditions, energy expenditure was higher in DW-HFD rats, without
any difference in locomotor activity (Fig. 2e,f). We then conducted
a cold-exposure test to assess the thermogenic response of BAT and
found that DW-HFD rats preserved their whole-body and interscap-
ular temperatures better than SW-HFD rats at 4°C (Fig. 2g,h).

It should be noted that, an extra week of HFD feeding is
present in the SW-HFD group. To investigate whether the extra

week of HFD could have implications in the observed phenotype,
the body weight data were also reanalysed by comparing the body
weights of SW-HF and DW-HFD groups accordingly to the weeks
of exposure to an HFD instead of weeks of age. It was found that
DW-HED rats still presented lower body weight gain, and lower fat
mass than SW-HFD rats (Extended Data Fig. 2). Altogether, these
findings indicate that prolonged suckling increases the thermogenic
activity of BAT in HFD offspring, increasing energy expenditure and
ultimately reducing weight gain in a feeding-independent fashion.

Prolonged suckling increases leptin sensitivity in high-fat
diet-fed rats. To evaluate whether prolonged breastfeeding could
improve leptin sensitivity in obesity, both SW-HFD and DW-HFD
rats were given an intracerebroventricular (ICV) injection of either
vehicle or leptin at a dose of 3 ug, known to induce a decrease in
feeding and body weight in CD-fed rodents®.

Leptin ICV injection did not induce any change in body weight
(Fig. 1i) or food intake (Fig. 1j) in SW-HFD animals, in keeping
with the leptin resistance observed in animals and humans with
diet-induced obesity (DIO)**>. In contrast, when administered
to DW-HFD animals, leptin significantly decreased body weight
(Fig. 1i) and food intake over 24h (Fig. 1j). After collecting the
hypothalamus of the different groups of rats, we assessed the impact
of DW on the hypothalamic leptin receptor signalling pathway,
expected to be impaired in HFD rats. In the mediobasal hypothal-
amus (MBH) of DW-HFD rats, but not SW-HFD animals, leptin
increased the ratios of pSTAT3/STAT3, pPI3K/PI3K, pAKT/AKT
and pERK/ERK (Fig. 1k), indicating the activation of leptin receptor
signalling. Altogether, these results indicate that prolonged suckling
enhances the responsiveness to leptin of HFD-fed rats.

Prolonged suckling activates brown adipose tissue thermogen-
esis. In keeping with the lower body weight and increased energy
expenditure seen in DW-HFD rats, these animals also displayed
increased interscapular temperature and weight of BAT with respect
to the SW-HFD group (Fig. 3a). Furthermore, histological analysis
revealed smaller lipid droplets in the BAT of this group, comparable
to those in CD-fed animals (Fig. 3b). In agreement with this, BAT
weight and immunolabelling for uncoupling protein 1 (UCP1), the
main BAT thermogenesis marker, were higher in DW rats fed with
either a CD or HFD than in SW rats (Fig. 3¢,d). Consistent with the
histological data, protein levels of UCP1 were elevated in DW-HFD
compared to SW-HEFD rats, and the same pattern was observed for
other proteins such as peroxisome proliferator-activated receptor-y
coactivator-1-a (PGCla), peroxisome proliferator-activated
receptor-y (PPARy) and FGF21, which are predictive of thermo-
genesis® (Fig. 3e). In addition, protein levels of phosphorylated
hormone-sensitive lipase (pHSL), a lipolytic marker, and the ratio of
pHSL/HSL was also increased in the BAT of DW-HFD rats (Fig. 3f).

In agreement with the increased BAT thermogenesis, DW-HFD
animals showed increased glucose uptake in the BAT at room tem-
perature (Fig. 3g) and after cold exposure (Fig. 3h), as indicated by
8F-fluoro-2-deoxy-p-glucose (**F-FDG) uptake in BAT. The data

>
>

Fig. 1| Prolonged suckling (delayed weaning) decreases body weight and fat mass while increasing energy expenditure, with no change of food intake in
rats. a, Timeline of the experimental protocol. b-h, Effects of delayed weaning on body weight (b); fat mass (¢); non-fat mass (d); energy expenditure (EE)
in light and dark phases and as a function of body weight (e); energy intake over 24 h (f); glucose tolerance (g); and insulin response (h). i-k, In rats fed

an HFD, effect of delayed weaning on response to ICV administration of leptin (3 ug per rat) in terms of body weight change (i), cumulative food intake (j)
and MBH protein levels of pSTAT3, STAT3, pPI3K, PI3K, pAKT, AKT, pERK and ERK (k). Protein data were expressed as percentages in relation to control
(SW-HFD vehicle) animals. p-actin was used to normalize protein levels. Dividing lines indicate splicing within the same gel. Values are represented

as means +s.e.m., h per group. Exact P values are shown. Statistical differences between groups are indicated by the following colours: black, SW-HFD
versus DW-HFD; green, SW-CD versus SW-HFD; violet, SW-CD versus DW-CD; red, DW-CD versus DW-HFD. Statistical differences were determined by
one-way analysis of variance (ANOVA; normal data and homogeneity of variances) followed by Tukey's post hoc multiple-comparison test (b-d, f and j) or
a two-sided Student's t-test (normal data; g and h), a two-sided Mann-Whitney U test (non-normal data and non-homogeneous variance; e, i and k), or
an analysis of covariance (ANCOVA) with body weight as a covariate (e). AUC, area under the curve.
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Fig. 2 | Prolonged suckling (delay weaning) increases interscapular temperature in both thermoneutral and cold exposureconditions. a-f, Delayed-weaning
effects in rats fed an HFD under thermoneutral conditions on body weight (a); cumulative food intake (b); body temperature (¢); infrared thermal images
and quantification of BAT interscapular temperature (d); energy expenditure (e) and locomotor activity (f). g h, Delayed-weaning effects in rats fed an
HFD and exposed to cold (4 °C) for 6 h on body temperature (g) and infrared thermal images and quantification of BAT interscapular temperature at 4°C
(h). Values are represented as means +s.e.m., n per group. Exact P values are shown. Statistical differences were determined by a two-sided Student's
t-test (normal data; ¢-h), a two-sided Mann-Whitney U test (non-normal data and non-homogeneous variance; a and b), or an ANCOVA with body

weight as a covariate (e).

from positron emission tomography-computed tomography (PET/
CT) confirmed the activation of the thermogenic programme elic-
ited by prolonged breastfeeding in animals fed an HFD.

Given the activation of the thermogenic programme in the BAT
of DW-HEFD rats, we then assessed the potential thermogenic role
of browning in WAT. The lipid content of the subcutaneous adi-
pose tissue (SAT), as measured by the area covered by lipid droplets,
was decreased in DW-HFD compared to SW-HFD rats (Extended
Data Fig. 3a). Accordingly, immunolabelling for UCP1 and protein
levels of both UCP1 and PGCla were increased in DW-HFD rats
(Extended Data Fig. 3b,c), indicating an increase in browning of
WAT. In addition, the pHSL/HSL ratio, a surrogate marker of lipoly-
sis, was also upregulated in DW-HFD rats (Extended Data Fig. 3d).

Interestingly, hepatic steatosis, a hallmark commonly observed
in DIO animals, was also ameliorated in DW-HFD rats (Extended
Data Fig. 4a). We therefore measured levels of FGF21, a hepatokine

204

with a potent capacity to stimulate thermogenic activity” and
reduce hepatic steatosis®’. Hepatic and plasma levels of FGF21 were
significantly increased in DW rats (Extended Data Fig. 4b,c), sug-
gesting that FGF21, which is predominantly produced by the liver,
might play a role in reversing or preventing HFD-induced changes
in animals suckled for prolonged periods.

To avoid the possible effect of the extra week of HFD feeding in
the SW-HFD model on thermogenesis, an additional short experi-
ment was performed. After the weaning, SW-HFD rats were fed a
CD for 1 week, and then were exposed to an HED for another week
(Extended Data Fig. 5a). So, in this model, both groups (SW and
DW) were exposed to 1 week of HFD feeding, and the only differ-
ence among both groups was the additional exposure to breastfeed-
ing for 1 week in the DW group (Extended Data Fig. 5a). DW-HFD
rats presented lower body weight, higher interscapular temperature
and increased expression of the thermogenic markers UCP1 and
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Fig. 3 | Prolonged suckling activates BAT thermogenesis and browning of WAT. a-h, Effects of delayed weaning shown on infrared thermal images and
quantification of BAT interscapular (iBAT) temperature (n=10-12; a); quantification of lipid droplet cross-sectional area in BAT (n=5; b); quantification
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Exact P values are shown. Statistical differences were determined by one-way ANOVA (normal data and homogeneity of variances) followed by Tukey's
post hoc multiple-comparison test (a and ¢) or a two-sided Student's t-test (normal data; g and h) or a two-sided Mann-Whitney U test (non-normal data
and non-homogeneous variance; b and d-f).
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Fig. 4 | Knockdown of Fgf21in the liver blunts delayed-weaning-induced weight loss. a, Timeline of the experimental protocol. b-m, Effect of infection
with adenoviral particles encoding shFgf27in the tail vein of 12-week-old rats fed an HFD after prolonged suckling on liver protein levels of FGF21

(b); plasma FGF21 levels (¢); body weight (d); fat mass (e); cumulative food intake (f); infrared thermal images and quantification of BAT interscapular
temperature (g); BAT protein levels of PGCla, UCP1 and FGF21 (h); quantification of immunolabelling for UCP1in BAT (i); Oil Red area in the liver

(j); plasma triglycerides (k); LHA/ZI protein levels of FGF21 (I); and LHA/ZI protein levels of D2R (m). Protein data were expressed as percentages in
relation to control (SW-HFD shLuciferase) animals. B-actin was used to normalize protein levels. Dividing lines indicate splicing within the same gel.
Values are represented as means +s.e.m., n per group. Exact P values are shown. Statistical differences were determined by one-way ANOVA (normal data
and homogeneity of variances) followed by Tukey's post hoc multiple-comparison test (c-e, g and i-k) or a two-sided Mann-Whitney U test (non-normal
data and non-homogeneous variance; b, f, h, | and m).
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PGCla in BAT (Extended Data Fig. 5b—n). It is also important to
note that at 4 weeks of age, after the introduction of HFD, although
the body weight of both DW and SW was similar, the interscapu-
lar temperature was already increased, indicating that the effects
of breastfeeding on BAT thermogenesis precede differences in
body weight.

Hepatic FGF21 knockdown prevents prolonged suckling effects.
To determine whether the increased hepatic FGF21 production
demonstrated above was causally linked to the effects of prolonged
suckling on DIO, Fgf21 was reduced by injecting a lentiviral vector
encoding an shRNA against Fgf21 into the tail vein of DW-HFD
rats (Fig. 4a), a technique previously shown to be effective in selec-
tively targeting the liver”. Lentiviral shRNA delivery normalized
the increased hepatic expression and circulating levels of FGF21
observed in DW-HFD rats to SW-HFD levels (Fig. 4b,c). While
DW-HEFD rats gained less weight than their controls, as seen above
(Fig. 1b), the hepatic knockdown of FGF21 partially blunted this
effect (Fig. 4d) as well as the decrease in adiposity (Fig. 4e), without
affecting feeding behaviour (Fig. 4f). In addition, the increased inter-
scapular temperature displayed by DW-HFD rats was also reversed
when hepatic FGF21 was reduced (Fig. 4g). In accordance with the
decreased interscapular temperature, the reduction in FGF21 levels
also reversed the increased expression of the BAT thermogenesis
markers PGCla and UCP1 induced by prolonged suckling (Fig. 4h)
as well as UCP1 immunolabelling in BAT (Fig. 4i). In addition,
the reduction of hepatic Fgf21 reversed the increased FGF21 levels
in BAT (Fig. 4h). The knockdown of Fgf21 in DW-HFD rats also
reversed the reduction of lipid accumulation in the liver, as shown
by Oil Red O staining (Fig. 4j) and lowered circulating triglycer-
ides (Fig. 4k). Together, these results indicate that the beneficial
effects of prolonged suckling are mediated by an increase in liver
FGF21 production.

The next step was to elucidate why prolonged suckling increased
plasma concentrations of FGF21. To test if the increased FGF21 lev-
els in the offspring were a consequence of the transfer of maternal
FGF21 through the milk, FGF21 levels were analysed in plasma and
milk from the two different groups of mothers—those nursing the
animals for the standard period and mothers of animals subjected
to delayed weaning. The body weight of the two groups of moth-
ers was the same at weaning (Extended Data Fig. 6a), and FGF21
levels in plasma or milk were also similar (Extended Data Fig. 6b,c).
These findings indicated that the different levels observed in FGF21
were not due to an increased transference of FGF21 from prolonged
suckling mothers to the pups.

We measured protein levels of FGF21 in the liver (Extended
Data Fig. 6d) and BAT (Extended Data Fig. 6e) of pups and found
that they were augmented just after weaning in those animals after
extended suckling compared to those suckling for a normal period.
Thus, the results indicated that the additional week of breastfeed-
ing was increasing the production of FGF21 levels in the pups.
Because fatty acids were proposed as the main regulators of FGF21

expression”, we measured circulating non-esterified fatty acids
and found that their levels were higher in those animals under
prolonged breastfeeding (Extended Data Fig. 6f).

Brain dopaminergic D2 receptor mediates the effects of pro-
longed suckling. Energy metabolism and feeding behaviour are
regulated by hypothalamic neurons, which respond to circulating
metabolic signals®>.

Interestingly, we have recently described a hypothalamic mecha-
nism regulating BAT thermogenesis that involves the expression
of the dopaminergic D2 receptor (D2R) specifically in the lateral
hypothalamic area (LHA) and zona incerta (ZI) but no other hypo-
thalamic regions™. To test whether this dopaminergic mechanism
could be involved in the FGF21-dependent metabolic effects of pro-
longed suckling, we measured the protein levels of FGF21 and D2R
in the LHA/ZI.

Indeed, DW-HED rats showed increased levels of FGF21 in the
LHA/ZI compared with SW-HFD animals, which were blunted
when hepatic Fgf21 was knocked down (Fig. 4l). Intriguingly,
D2R levels, but not orexin, were also increased in the LHA/
Z1 of DW-HFD compared with SW-HFD animals (Extended
Data Fig. 7a) but downregulated again when hepatic Fgf21 pro-
duction was blocked (Fig. 4m). Overall, these results support
the view that FGF21 overproduction during extended suckling
reaches hypothalamic dopaminergic circuits to mediate increased
BAT thermogenesis.

Reconfirming the relevance of hepatic Fgf21 on D2R expression
in the LHA/ZI, mice lacking Fgf21 in the liver, which showed lower
interscapular temperature and lower levels of UCP1 in BAT when
exposed to cold (Extended Data Fig. 7b,c), also displayed lower pro-
tein levels of D2R in the LHA/ZI (Extended Data Fig. 7d).

FGF21 administration mimics prolonged suckling effects. To
further elucidate the effects of FGF21, we then tested the effects of
centrally administered FGF21 on metabolic parameters and D2R
expression in the LHA/ZI in lean control rats subjected to normal
weaning and diet. ICV administration of FGF21 at a dose of 0.4 pg
per rat reduced body weight after 24 h (Fig. 5a), an effect that was
independent of food intake (Fig. 5b). FGF21 administration also
induced a sustained increase in interscapular temperature after 2h
of its administration until at least 24h, indicating increased BAT
thermogenesis (Fig. 5c). Accordingly, PGCla and UCP1 levels
as well as UCP1 immunolabelling were increased in the BAT of
rats that were administered ICV FGF21 (Fig. 5d,e). In addition,
ICV FGF21 led to increased D2R expression in the LHA/ZI as
expected (Fig. 5f).

D2 receptor in LHA/ZI mediates prolonged suckling effects.
Given our observation that D2R in the LHA/ZI is increased in
DW-HEFD animals (Fig. 4m) and induced by FGF21 administra-
tion (Fig. 5f), we next sought to determine whether this increase
in LHA/ZI D2R levels contributed to the effect of extended

>
>

Fig. 5 | FGF21 decreases body weight by increasing thermogenesis in BAT and D2R expression in LHA/ZI, while knockdown of D2R in the LHA/ZI blunts
delayed-weaning-induced weight loss. a-f, Effect of ICV injection of FGF21 (0.4 ug per rat) in male rats fed a CD on body weight change at 24 h

(a); food intake at 24 h (b); infrared thermal images and quantification of BAT interscapular temperature at 2, 4, 6 and 24 h (¢); BAT protein levels of
PGCla and UCP1 (d); quantification of immunolabelling for UCP1in BAT (e) and LHA/ZI protein levels of D2R (f). g, Representative photomicrograph of a
brain section showing GFP expression following injection of viral vectors that encode GFP expression precisely into the LHA/ZI; scale bar, 0.1mm.

h-m, Effect of injecting adenoviral particles encoding GFP or shD2R (leading to D2R knockdown; KD) into the LHA/ZI of rats fed an HFD following
prolonged suckling on LHA/ZI protein levels of D2R (h); body weight change (i); WAT weight in terms of weight of VAT and GAT (j); infrared thermal
images and quantification of BAT interscapular temperature (k); BAT protein levels of PGCla and UCP1 (I); and quantification of immunolabelling for UCP1
in BAT (m). Protein data were expressed as percentages in relation to control (vehicle) animals. p-actin was used to normalize protein levels. Dividing
lines indicate splicing within the same gel. Values are represented as means +s.e.m., n per group. Exact P values are shown. Statistical differences were
determined by one-way ANOVA (normal data and homogeneity of variances) followed by Tukey's post hoc multiple-comparison test (i and k) or to a
two-sided Student's t-test (normal data; a-c), a two-sided Mann-Whitney U test (non-normal data and non-homogeneous variance; d-f, h, j,  and m).

NATURE METABOLISM | VOL 4 | JULY 2022 | 901-917 | www.nature.com/natmetab

9207


http://www.nature.com/natmetab

TICLES NATURE METABOLISM

@ Vehicle ICV
O FGF21 (0.4 pg/rat) ICV

a b c
5 10 p=o0ss 40 - g 39.0 P 0000 P<0_0(8 P=0013  P<0.000 40 °C
< S © 385 o ]
° 2 Qo e
S . 2301 g0 2 ® .
g 5+ o S 38.0 -
2 & g : %
g o 2 20| § 375
£ £ 5 °
S 0+ 35 S 37.0
2 *0° 8 101 g 30°C
w -
e o ® 365
2 o o 2
-5 1 o1 £ 360 L —
I I - n - I - n
< 1 [T 1
e ) e
2h 4h 6h
d
= 180 4 e
= P=0. icle o
£ 150 1 Vehicle FGF21 400 - 223 [VRmCIICY Flsk s f 450
< PGC1a ~ 00 o P<0.000
£ 120 75 KDa 2 2
% p-actin 3 300 + e =
s 9 s © 100 pm £ = 100 4
3 3 — 52
£ @ il 2 ac
% 60 - UCP1 . = E 200 = = S
5 301 practin [ s FGF21 IoV 88 50
= & 100 - L ey g
@ o &)
> e
0- 055
; 100 um- [
% — < <
h P=0.001 Vehicle ~ FGF21
-0003 FD + GFP - 50 KDa
150 - =000 @ SW-HFD + D2R e | -
@ [} @ DW-HFD + GFP q
s @ DW-HFD + D2R-KD fractin - "l-' - kDa
< °
c
$= 100 .
Q
23 _ n=12 SW-HFD GFP {3 g2
T e 550 7 124\ ow-Hep arp - gs 99
a< 504 S =12 DW-HFD D2R-KD 8 g o
N o 500 4 3 9
< o 2
5 5 450
s ]
055 = 2
? oo -E’ 400 4
< g §
SW-HFD  DW-HFD - ce  ©
GFP  GFP D2RKD 2 oo S° ¢
- 50 KDa = [
D2F“""+’" - 300 P01 e
) 7 12 14 16 19 21 23 26 (d
p-actin --|—.|-., 37 KDa 0 25 9 6 19 @
i k | P=0.001 m
P <0.000 P=0.005 —_—
<E P=0005 P=0.027 400 oot P<0.000
- P<0.00 =0. _ 9 I = T ~ -
o= ¢ g 397 z<omo g ° SW-HFD  DW-HFD 8001 5 o001
° o € 350 1 P<0.000 iy S )
& E 8 =0 GFP_ GFP D2RKD &
# 2 o 300 - P=0.006 2 s T e
® 5 2 =2 PGCla g | °
3 < - 4 SR 75KDa  F 200
S I3 5 250 ° N
< E ° ° 120N | B
E 5] 2 200 - ~-37Kpa 2
5 T 2 ° U s 2
® 3 £ 150 o . ra L25k0a £ 100
- g 8 100 practn :
= ] 2 o’ (WS 57kpa &
< Q a o
= 8 T 50 =)
= o0oos Fa ot Ll le
I I n I n I " 0 n
< < < ¢ <
PGC1a UCP1

40°C _ _ _ —
SW-HFD GFP DW-HFD GFP DW-HFD D2RKD S\ HFD Gﬁ‘Fi.LHA/ZL 5 jDW-‘HFD DQRKD LHA'/Z|‘-
LHA/ZI LHA/ZL= "\W LHA/ZI BESE ge oy g TS AT A YRS
= . g i

30°C Rt Sy —

908 NATURE METABOLISM | VOL 4 | JULY 2022 | 901-917 | www.nature.com/natmetab


http://www.nature.com/natmetab

NATURE METABOLISM

ARTICLES

suckling on HFD-induced weight gain. For this, D2r expression was
reduced by injecting an adeno-associated virus (AAV) encoding an
shRNA against D2r (shD2r) or a scrambled sequence in addition
to GFP into the LHA/ZI of DW-HFD rats™ (Fig. 5g). shD2r treat-
ment reduced D2R protein expression in the LHA/ZI of DW-HFD
rats to levels similar to those in SW-HFD animals (Fig. 5h). It also
prevented the reduction in weight gain and adiposity induced by
DW in HFD rats (Fig. 5i,j), without affecting feeding behaviour
(Extended Data Fig. 8a). Consistent with these changes, the stimu-
latory effects of prolonged suckling on interscapular temperature,
protein levels of UCP1 and PGCla and UCP1 immunolabelling
in BAT were all partially or wholly blunted by D2r silencing in the
LHA/ZI (Fig. 5k-m). In addition, the amelioration in liver steato-
sis and lower plasma triglycerides seen in DW-HFD rats was also
reversed when D2r was reduced (Extended Data Fig. 8b,c). These
results indicate that D2R in the LHA/ZI mediates the protective role
of prolonged suckling against DIO.

Central effects of FGF21 are dependent on D2 receptor in the
LHA/ZI. We next investigated whether FGF21-induced D2R
expression was required for the biological actions of FGF21. To
test this hypothesis, the AAV encoding shD2r was stereotaxically
injected into the LHA/ZI of lean control rats that were subsequently
administered ICV FGF21. At the titre and time point studied, D2r
silencing reversed the effects induced by ICV FGF21 administra-
tion on interscapular temperature and protein levels of PGCla and
UCP1 and UCP1 immunolabelling in BAT (Fig. 6a—d). To confirm
the requirement of LHA/ZI D2R for the action of FGF21, we then
switched to a transgenic mouse model in which D2R-Cre mice were
injected into the LHA/ZI with a Cre-dependent AAV encoding either
a scrambled RNA (Ad-hSyn-DIO-EGFP) or an shRNA against D2r
(Ad-hSyn-DIO-shD2r-EGFP). When FGF21 was subsequently ICV
administered in these mice, the FGF21-induced expression of c-Fos
in LHA/ZI D2R neurons, indicative of their activation, was strongly
decreased in the resulting LHA/ZI neuronal population specifically
lacking D2r (Fig. 6e). Importantly, the FGF21-induced decrease in
body weight and the increase in interscapular temperature, UCP1
labelling and PGCla and UCP1 protein levels in BAT were all pre-
vented in mice lacking D2r selectively in the LHA/ZI (Fig. 6f-j and
Extended Data Fig. 9a).

Finally, considering that the actions of FGF21 on body weight and
BAT thermogenesis appeared to be dependent on D2r, we assessed
whether FGF21 could act directly on LHA/ZI D2r neurons. To this
end, the FGF21 receptor (Fgfrl) was selectively reduced in LHA/
Z1 D2R neurons by stereotaxically delivering AAV8-EGFP-floxed
or AAVS8-shFgfri-floxed into the LHA/ZI of D2r-Cre mice
(Fig. 7a). Similarly to our previous observations, the FGF21-induced
decrease in body weight and increase in interscapular temperature,
UCP1 labelling and PGCla and UCP1 protein levels in BAT were
abolished in mice with knockdown of FGFRI in LHA/ZI D2R
neurons (Fig. 7b—e and Extended Data Fig. 9b,c), confirming that
FGF21 acts directly on these hypothalamic neurons through its
receptor, FGFRI.

D2 receptor in LHA/ZI GABA neurons is required for the
FGF21 action. Our previous results have revealed that the LHA/
Z1 neurons required for the thermogenic action of the hypotha-
lamic dopaminergic system are D2r-expressing GABAergic neu-
rons®. To understand whether the same cell population was also
involved in mediating the effects of FGF21, we performed FACS
to isolate D2R-expressing GABAergic neurons from the LHA/ZI
(Extended Data Fig. 10a). Isolated GABAergic LHA/ZI D2r neu-
rons expressed Fgfrl mRNA (Extended Data Fig. 10b), suggesting
that they could indeed be the effectors of the metabolic actions of
FGF21. Accordingly, we knocked down D2r specifically in LHA/
Z1 GABAergic neurons by delivering Ad-EGFP-floxed (controls)
or Ad-shD2r-EGFP-floxed into the LHA/ZI of Vgat-Cre mice,
as demonstrated by the co-labelling of GFP and Vgat (Fig. 7f).
While ICV administration of FGF21 in control mice induced the
expected decrease in body weight and an increase in interscapular
temperature, UCP1 labelling and PGCla and UCP1 protein levels
in BAT, without altering food intake, these changes were prevented
in mice in which D2R was selectively reduced in LHA/ZI GABA
neurons (Fig. 7g-j and Extended Data Fig. 10c,d). These findings
demonstrate that the metabolic effects of FGF21 are mediated by
D2r-expressing GABAergic neurons of the LHA/ZI.

FGF21 is shuttled into the hypothalamus by tanycytes. Finally, we
became curious as to the putative route by which peripheral FGF21
could gain access to its target neurons in the hypothalamus. The
main gateway for circulating metabolic signals into the hypothal-
amus is thought to be the median eminence, a circumventricular
organ lining the floor of the third ventricle and characterized by
capillaries with a fenestrated endothelium. While metabolic signals
such as leptin and ghrelin enter the median eminence parenchyma
by passive diffusion through the fenestrated capillaries®* to reach
deeper hypothalamic structures, these signals require active trans-
port by specialized hypothalamic glia named tanycytes®>*.

Accordingly, when fluorescently labelled FGF21 was injected
through the jugular vein, but not by the ICV route, of control
wild-type mice, it was detected in tanycytes of the median eminence
(Fig. 8a), suggesting that the same tanycytic shuttle is used to trans-
port hepatic FGF21 into the hypothalamus as is used by other meta-
bolic signals. Interestingly, FGF21 immunoreactivity in DW-HFD
rats was significantly increased in tanycytes when compared to
SW-HFD rats (Fig. 8b). This increase in FGF21 immunoreactivity
in tanycytic processes expressing vimentin, a marker of tanycytes
is unlikely due to an upregulation of FGF21 synthesis by the tany-
cytes themselves because tanycytic Fgf21 transcripts were seen to be
markedly downregulated in DW-HEFD rats (Fig. 8c).

Next, to test whether FGFR1-mediated transport of FGF21
through tanycytes may be required for the central regulation of
thermogenesis, we inhibited Fgfrl expression specifically in tany-
cytes using AAVs. We gave an ICV injection to wild-type mice
with AAV1/2 into the lateral ventricle expressing Cre recombinase
under transcriptional control of the human type 2 iodothyronine
deiodinase (hDio2) promoter (AAV1/2-hDio2-iCre) together with

>
>

Fig. 6 | The effects of FGF21 on body weight and BAT thermogenesis are dependent on D2R in the LHA/ZI. a-d, Effect of injecting adenoviral particles
encoding GFP or shD2r (D2R-KD) into the LHA/ZI of rats fed a CD and treated with ICV FGF21 on cumulative food intake (a); infrared thermal images and
quantification of BAT interscapular temperature (b); BAT protein levels of PGCla and UCP1 (¢); and quantification of immunolabelling for UCP1in BAT
(d). e, Photomicrographs showing the colocalization of GFP and c-Fos in the LHA/ZI of D2r-cre GFP mice treated with ICV FGF21, or shD2R +FGF21ICV,
demonstrating lack of c-Fos activation in LHA/ZI D2r neurons following D2r knockdown. f-j, Effect of injecting an adenoviral vector encoding a scrambled
RNA (Ad-hSyn-DIO-EGFP) or an shRNA against D2r (Ad-hSyn-DIO-shD2r-EGFP) in a Cre-dependent manner followed by ICV injection of vehicle or FGF21
into D2r-Cre mice on body weight change (f); cumulative food intake (g); infrared thermal images and quantification of BAT interscapular temperature
(h); quantification of immunolabelling for UCP1in BAT (i); and BAT protein levels of PGCla and UCP1 (j). Protein data were expressed as percentages

in relation to control (GFP vehicle) animals. B-actin was used to normalize protein levels. Dividing lines indicate splicing within the same gel. Values are
represented as means +s.e.m., n per group. Exact P values are shown. Statistical differences were determined by a two-sided Student's t-test (normal data;
a, d and f-i) or a two-sided Mann-Whitney U test (non-normal data and non-homogeneous variance; b, ¢ and j).
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Cre-dependent AAVs expressing GFP or an shRNA against Fgfrl.
The efficiency of the approach was demonstrated by assessing the
colocalization between GFP and vimentin (Extended Data Fig. 10e).
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(Fig. 8d), which was consistent with the lower levels of the thermo-
genic markers PGCla and UCP1 in BAT (Fig. 8e,f). These results
raise the intriguing possibility that FGFR1-mediated FGF21 tany-
cytic shuttles may be required for the central action of liver FGF21
on BAT activity.

Discussion

This study reveals that prolonged breastfeeding could counteract
the effects of DIO by acting as a long-lasting physiological stimu-
lator of BAT thermogenesis. In adult HFD-fed rats permitted to
suckle for an extended period as pups, the activation of the BAT
thermogenic programme stimulates energy expenditure, ultimately
reducing adiposity, dyslipidaemia and weight gain. The mechanism
underlying this protective action involves the increased expression
and secretion of hepatic FGF21, which reaches the central nervous
system and activates D2r-expressing GABAergic neurons located
in the LHA/ZI. Taken together, these data imply that by modifying
a mother-infant interaction during a specific postnatal temporal
window, it is possible to reprogramme hypothalamic circuitries to
render the offspring more resistant to DIO in later life.

The potential long-term protective effects of prolonged breast-
feeding on energy and metabolic dysfunction in humans are not
clear-cut, because the effects of a wide variety of confounding fac-
tors affecting both the mother and child (for example, socioeco-
nomic conditions, maternal diet and composition of formula milk)
accumulate throughout life'***~*. For this reason, the delayed wean-
ing protocol developed in the present work constitutes an animal
model characterized by controlled experimental conditions that
minimize confounding factors and enable these long-lasting effects
and their underlying mechanisms to be identified and investigated.
Our animal model reveals that rats suckled for extended periods
are protected against HFD-induced weight gain, glucose intolerance
and leptin resistance in adulthood compared with rats suckled for
the standard period. This effect is independent of food intake and
relies on BAT thermogenesis and the subsequent increase in energy
expenditure, indicating that prolonged breastfeeding is a physiolog-
ical stimulus triggering the function of BAT. These results are in
line with a previous report indicating that PPAR«, a molecule that
induces the thermogenic pathway”, is increased in the peripheral
blood mononuclear cells of breastfed infants with respect to those
fed formula®. Notably, when rats subjected to delayed weaning and
fed an HFD are exposed to cold, the main physiological activator
of thermogenesis, we observed that they were also more efficient at
maintaining their body temperature. In addition, prolonged breast-
feeding also increases the browning of WAT. The idea that this
improved thermogenic action of adipose tissue might be of clinical
relevance is supported by evidence showing that BAT activation is
inversely correlated with body mass index*~"' and that human beige
adipocytes seem to have thermogenic capacity*>*’. However, there
are caveats since controversy exists about the role of BAT in human
energy metabolism. Some studies indicates that BAT thermogenesis
is not clinically relevant in energy expenditure. It was recently sug-
gested that ®*F-FDG PET/CT, the gold-standard method to quantify

total BAT activity in humans*, may underestimate the true contri-
bution of BAT to total energy expenditure*.

In searching for possible mechanisms underlying the lifelong
effects of prolonged breastfeeding, we decided to focus on FGF21,
a metabolic hormone that is strongly regulated in mouse neonates.
While its levels are very low in fetuses, circulating FGF21 levels
rise dramatically after birth and the initiation of suckling; this is
associated with the induction of hepatic FGF21 gene expression in
response to fatty acids contained in milk***. Moreover, FGF21 has
powerful effects in neonates, including the induction of BAT ther-
mogenesis*®, and plays a plethora of biological roles in adults such as
improving glucose tolerance and enhancing fatty acid oxidation and
thermogenic activation**-".

In the present model of prolonged breastfeeding, an increase in
the levels of FGF21 observed were not due to the transfer of FGF21
from prolonged breastfeeding mothers to the pups. FGF21 protein
levels are significantly higher in the livers of pups after delayed
weaning and this effect lasts to adulthood, which suggests that the
increased hepatic production contributes to the thermogenic acti-
vation after prolonged breastfeeding. Supporting the solid effect of
the prolonged breastfeeding on thermogenesis still at 4 weeks of age,
before the introduction to the HFD, and when the differences in
body weight had not yet appeared, the interscapular temperature
was already notably increased. These data indicate that changes in
BAT thermogenesis precede changes in body weight.

Supporting the role of increased hepatic and circulating FGF21
in response to prolonged breastfeeding in the resistance to DIO, the
inhibition of FGF21 in the liver of our animal model reversed the
beneficial effects of prolonged breastfeeding on body weight, fat
mass and thermogenesis.

It should be taken into account that the use of viral vectors pres-
ents several limitations such as rapid clearance and triggering the
immune response that diminish the effectiveness of viral therapy
(for example, in the review by ref. *?). Despite being aware of these
limitations, we want to highlight that shRNA viral methods have
been extensively used as an efficient tool to investigate the causal
role of multiple factors in different organs, and that is what was done
here to determine the involvement of key signals such as FGF21 in
the liver and D2R in specific hypothalamic neurons. Of note, a con-
trol group was always used for each viral vector (lentivirus or AAV
sh-scramble) to minimize eventual off-target effects associated with
the injection of delivery system. However, we are conscious that this
cannot avoid the risks of off-target immune effects exerted by a spe-
cific RNA sequence, since in many instances these are often sex-,
organ- or tissue-specific effects.

It is well established that FGF21 acts on the central nervous sys-
tem to induce sympathetic nervous activity, energy expenditure
and weight loss™. Blood-borne FGF21 has been shown to reach the
brain parenchyma at the circumventricular organs, where it extrav-
asates from fenestrated vessels™. Here we show that, in the median
eminence, extravasating FGF21 is taken up by tanycytes, specialized
ependymoglial cells that connect the pituitary portal blood vessels
to the third ventricle and are known to actively transport circulating

>
>

Fig. 7 | D2R signalling in LHA/ZI GABA neurons is required for FGF21 action. a, Photomicrographs showing the colocalization of GFP and FGFR1in the
LHA/ZI of D2r-Cre mice. b-e, Effect of injecting an adenoviral vector encoding a scrambled RNA (AAV-EF1A-EGFP-floxed) or an shRNA against Fgfr1
(AAV8-EGFP-shFgfri-floxed) in a Cre-dependent manner, followed by ICV injection of vehicle or FGF21in D2r-Cre mice on body weight change (b);
cumulative food intake at 24 h and 8 h (¢); infrared thermal images and quantification of BAT interscapular temperature (n=11-13; d); and BAT protein
levels of PGCla and UCP1 (e). f, Photomicrographs showing the colocalization of GFP and Vgat in the LHA/ZI of D2r-Cre mice. g-j, Effect of injecting an
adenoviral vector encoding a scrambled RNA (Ad-hSyn-DIO-EGFP) or an shRNA against D2r (Ad-hSyn-DIO-shD2r-EGFP) in a Cre-dependent manner,
followed by ICV injection of vehicle or FGF21in Vgat-ires-Cre mice on body weight change (g), cumulative food intake (h); infrared thermal images and

quantification of BAT interscapular temperature (i); and BAT protein levels of PGCla and UCP1 (j). Protein data were expressed as percentages in relation
to control (GFP vehicle) animals. p-actin was used to normalize protein levels. Dividing lines indicate splicing within the same gel. Values are represented
as means +s.e.m., h per group. Exact P values are shown. Statistical differences were determined by a two-sided Student'’s t-test (normal data; b-d, g and
h), or a two-sided Mann-Whitney U test (non-normal data and non-homogeneous variance; e, i and j).
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Fig. 8 | Tanycytic FGFR1is required for the transport of FGF21 to the hypothalamus. a, Representative photomicrographs of the tuberal region of the
hypothalamus of a wild-type mouse showing tanycytic processes (arrows) and cell bodies (arrowheads) labelled by fluorescent FGF21 in the median
eminence (inset), 1min after injection into the jugular vein or after the ICV injection. b,¢, Immunoreactivity of FGF21is increased in tanycytes of SW-HFD
and DW-HFD rats (n=3; b); mRNA expression of FGF21in SW-HFD and DW-HFD rats (n=3; ¢). d-f, Effect of injecting an AAV1/2 into the lateral
ventricle expressing Cre recombinase under transcriptional control of the hDio2 promoter (AAV1/2-hDio2-iCre) together with an AAV-GFP-floxed or an
shRNA against Fgfr1 (AAV-GFP-shFgfri-floxed) in wild-type (WT) mice on infrared thermal images and quantification of BAT interscapular temperature
(n=4-6, d); quantification of immunolabelling for UCP1in BAT (n=4-6; e); BAT protein levels of PGCla and UCP1 (n=4-6; f). Protein data were
expressed as percentages in relation to control (GFP) animals. p-actin was used to normalize protein levels. Dividing lines indicate splicing within the same
gel. Values are represented as means +s.e.m., n per group. Exact P values are shown. Statistical differences were determined by a two-sided Student's
t-test (normal data; b-e), or a two-sided Mann-Whitney U test (non-normal data and non-homogeneous variance; f).

peptide hormones into the CNS in a highly regulated manner>.
Moreover, the presence of FGF21 receptor in tanycytes is necessary
for the central control of BAT activity, which we have shown to con-
vey liver FGF21 action into the hypothalamus. Tanycytes could thus
be the major entrance gate for blood-borne FGF21 into the brain, as
it appears to be for other key circulating metabolic signals such as
leptin®¢, ghrelin** and insulin®’.

After reaching the brain, FGF21 has been shown to reduce
dopamine signalling in brain areas involved in food reward™, while
maternal HFD feeding is known to reprogramme midbrain dopa-
minergic circuitry in the midbrain of offspring in mice”. However,
the possible interaction between FGF21 and dopaminergic circuits
controlling body weight has remained unknown until the present.
In this regard, our group has recently revealed that the activation
of the dopaminergic system in the LHA/ZI of the hypothalamus
induces BAT thermogenesis, energy expenditure and weight loss™.
Our work unifies these various fragmentary findings into a coher-
ent mechanism whereby peripheral FGF21 induced by prolonged
breastfeeding protects against the metabolic repercussions of DIO
through the activation of hypothalamic dopaminergic pathways.
Supporting the relevance of hepatic FGF21 on D2r expression in
the LHA/ZI, mice lacking FGF21 in the liver, when exposed to cold,
displayed lower protein levels of D2r in the LHA/ZI together with a
decrease in interscapular temperature.

Importantly, FGF21 seems to act directly on a subset of
D2r-expressing LHA/ZI neurons through its receptor, FGFRI1,
which forms a complex with B-Klotho to mediate the actions of
FGF21 on energy homeostasis®*, including in humans™. The LHA
and ZI are heterogeneous brain areas containing numerous geneti-
cally distinct cell populations. We have previously determined that
D2r is expressed by both glutamatergic and GABAergic cells, but
that only D2r expression in GABAergic neurons is responsible for
marked effects on body weight when genetically modified®. In the
present work, we show the thermogenic actions of FGF21 are also
mediated specifically by D2r expression in GABAergic LHA/ZI
neurons. However, FGF21 may act on other hypothalamic areas or
neuronal subsets to exert different effects in a specific manner, such
as regulating food preference by its action on glutamatergic neurons
in the ventromedial hypothalamus®.

In summary, this study reveals, firstly, that delayed weaning
in rats, which models prolonged breastfeeding in human infants,
protects individuals against DIO in adulthood by activating BAT
thermogenesis and the browning of WAT, reducing body weight
and fat mass, and improving glucose tolerance and leptin sensitiv-
ity, without altering food intake. Secondly, these consequences of
delayed weaning are the result of an upregulation of the produc-
tion of hepatic FGF21, which translates into increased circulating
levels of FGF21, which in turn enters the brain, likely with the aid
of tanycytic shuttles. Thirdly, once in the hypothalamus, FGF21
acts on GABAergic D2R-expressing neurons of the LHA/ZI, which
also express the FGF21 receptor FGFRI, to exert its effects on body
weight and thermogenesis. In addition to creating new avenues for
intervention to improve the metabolic outcome of infants exposed
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to an HFD, these findings lay the foundations of a better under-
standing of the mechanisms underlying long-term physiological
remodelling by early-life events, with multiple potential health
benefits.

Methods

Animals and experimental design. Three-month-old female Sprague-Dawley rats
fed chow were crossed with 3-month-old males (mean body weight 300g). The
size of the litters was normalized to 12-16 pups (n=6-9 females and 5-8 males).
The model of delayed weaning (DW) was developed by extending the period of
pups together with their mothers from 21 to 284, that is, a weaning at 4 weeks of
age. After weaning, only males were used for experiments. Controls were weaned
at 3 weeks of age (SW). These groups (DW and SW) were divided at the weaning
stage into two subgroups: one fed with a standard CD (Scientific Animal Food &
Engineering, 16% protein, 60% carbohydrate and 3% fat) and the second fed with a
commercial HFD (Research Diets 12451; 20% protein, 35% carbohydrate and 45%
fat, 4.7 kcal g') until they reached 18 weeks old. In summary, the experimental
groups were standard weaning chow diet (SW-CD), delayed weaning chow diet
(DW-CD), standard weaning high-fat diet (SW-HFD) and delay weaning high-fat
diet (DW-HED).

The mother rats that breastfed for 21 or 28 d were used. We performed a short
time trial, in which SW rats were maintained on a CD until week 4, then put on an
HEFD until week 5 of age, while DW rats were fed HFD after weaning until 5 weeks
of age. The rats were killed at different ages, having the following groups: standard
weaning at 3 weeks (SW), delayed weaning at 4 weeks (DW-CD), standard
weaning + 1 week of CD (SW-CD), standard weaning+ 1 week of CD + 1 week of
HFD (SW-CD-HFD), delayed weaning + 1 week of HFD (DW-HFD).

For the generation of male FGF21Alb-KO mice, the FGF21loxP
(B6.129S6(SJL)-Fgf21tm1.2Djm/]) line was crossed with (B6.
Cg-Tg(Alb-cre)21Mgn/J mice on the C57BL/6] background (Jackson laboratory).
B6.Cg-Tg(Alb-cre)21Mgn/J mice (Alb-Cre) were used as controls. In addition,
we also used male Drd2-cre mice (C57BL/6], weight 20-25g, age 8-10 weeks),
Vgat-ires-cre knock-in (C57BL/6], weight 20-25g, age 8-10 weeks of age) and
their control littermates. Mice were provided water and a standard diet
(Scientific Animal Food & Engineering, 16% protein, 60% carbohydrate
and 3% fat) ad libitum.

Animals were maintained according to protocols approved by the Animal Care
Committee of Santiago de Compostela University (15010/17/007) in accordance
with our institutional guidelines and the European Union standards for the care
and use of experimental animals. Animals were housed in air-conditioned rooms
(22-24°C), with a controlled light/dark cycle (12h light, 12h darkness) and 60%
humidity with free access to food and water.

Surgical procedures performed under intraperitoneal (i.p.) anaesthesia of a
ketamine-xylazine mixture (ketamine 100 mg per kilogram body weight + xylazine
15mg per kilogram body weight in rat and ketamine 8 mg per kilogram body
weight +xylazine 3 mg per kilogram body weight in mouse). Animals were
euthanized by decapitation and trunk blood collected, immediately centrifuged,
and plasma stored at —20°C for the biochemical measurements. The tissues were
removed rapidly, frozen on dry ice and kept at —80 °C until analysis.

Metabolic characterization. We recorded food intake, body weight and body
composition (fat mass and lean mass) once a week in rats using an NMR system
(Whole-Body Composition Analyzer; EchoMRI). The last week of the experiment,
energy expenditure, respiratory quotient and locomotor activity were recorded by
calorimetry (LabMaster-multipurpose screening system, TSE Systems)**. BAT,
VAT and GAT were weighed after postmortem.

Temperature measurements, thermal imaging, cold exposure and
thermoneutrality. Body temperature was recorded with a rectal probe connected
to a digital thermometer (BAT-12 Microprobe-Thermometer; Physitemp) and the
interscapular temperature was measured using a high-resolution infrared camera
(E60bx: Compact-Infrared-Thermal Imaging-Camera; FLIR) analysed with a
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FLIR-Tools-specific software package. Rats were exposed to cold (4°C) for 6h

and then moved to a thermoneutral environment (30 °C with relative humidity of
45-52%) to eliminate the extra metabolism needed to defend the body temperature
at lower temperatures™.

PET acquisition protocols. Sprague-Dawley rats were analysed with a PET/CT
Preclinical Imaging System (Bruker Biospin). Approximately 12.32+0.47 MBq
of *F-FDG radiotracer was injected in the tail vein under anaesthesia (2-2.5% of
isoflurane). PET radiotracer *F-FDG was used to assess cell glucose metabolism,
formed by a glucose molecule with the positron-emitting radionuclide '*F
substituted for the normal hydroxyl group at the C-2 position. The animals woke
up a few minutes later and were kept at rest for 35 min or kept at 4°C for 28 min
with access to food and water. After that, the animals were again anaesthetized,
and PET static acquisitions performed at 45 min after injection (10 min of scan).
PET images were reconstructed using the maximum likelihood expectation
maximization algorithm with 12 iterations and image pixel size of 0.5X0.5X 0.5
mm?®. The field of view of PET scan was centred in the cervical region of

the animal.

Images were analysed with AMIDE software (https://sourceforge.net/projects/
amide/). Quantitative analysis was done by spherical regions of interest with
dimensions of 6 X 6 X 6 mm delineated on the iBAT of each animal to capture the
maximum "*F-FDG uptake value in the iBAT. Standardized uptake value (SUVmax;
proportional to the glucose metabolism) was calculated as the maximum "*F-FDG
uptake value normalized by the injected activity and the body weight of the animal.
The injected '*F-FDG activity was estimated by subtracting the extravasated
activity in the tail.

Glucose and insulin tolerance tests. A glucose tolerance test and an insulin
tolerance test were performed by i.p. injection of glucose (2 g per kg body weight)
or insulin (0.50 U per kg body weight) after overnight fasting. For glucose
measurement, a small cut was made near the end of the rat tail, and the drops of
blood collected directly on the test strip placed in the blood glucometer (Glucocard
G+ meter, A. Menarini diagnosis). Blood samples were collected immediately
before and 15, 30, 60, 90 and 120 min after glucose administration®.

Breast milk extraction. After weaning, the mothers were housed for approximately
4h and subsequently sedated with isofluorane and 51U of oxytocin (Syntocinon
101U per ml, Alfasigma) was administered subcutaneously. Next, the breasts

were massaged, and milk obtained directly in a tube (for a maximum of 1 h) and
centrifuged for 10 min at 800g at 4°C, leaving us with an intermediate phase.

Tail vein injection. Rats were held in a specific restrainer for tail vein injections
(Tailveiner; TV-150, Bioseb). With a 27G 3/8-inch (0.40 mm X 10 mm) syringe,
rats were injected with 500 pl of lentiviral vectors diluted in saline. For the
downregulation of FGF21 specifically in the liver, we used shLuciferase or
shRNA knockdown FGF21 lentiviral vectors (1 X 10° plaque-forming units
(PFUs) per ml)*.

The specific ShRNAs for knockdown of Fgf21 transcripts in rat and
shLuciferase shRNA were designed, synthesized and subcloned into lentiviral
pLKO.1 plasmid®’ (plasmid no. 8453; Addgene, RRID: 8453)*. ShRNA constructs
were confirmed by Sanger sequencing and knockdown efficiency validated
by RT-qPCR. The target sequences of the shRNAs used were sh-scrambled
CCTAAGGTTAAGTCGCCCTCG; sh-Fgf21_2 TCTCTATGGATCGCCTCACTT.
Lentiviral pLKO.shRNA-expressing vectors were co-transfected with psPAX2
and pMD2.G packaging vectors in HEK293T cells (American Type Culture
Collection, CRL-3216) were maintained in high-glucose DMEM with 10% FBS,
2mM L-glutamine and 1% penicillin-streptomycin. Cells were plated at density
of 8 x 10° cells per 150-mm dish, 8 million HEK293T cells were seeded onto
150-mm dishes and transfected 24 h later with 20 pg of the corresponding pLKO.
shRNA plasmid and 10 pg of psPAX2 and pMD2.G packaging plasmids using
polyethylenimine (Sigma-Aldrich, 408727). Twenty-four hours later, medium
was changed, and virus-containing supernatants were collected 48 and 72h
after transfection and concentrated using a centrifugal filter (0.22-pm pore size;
Amicon, UFC903024).>>%,

Jugular vein injection of fluorescent FGF21. Five nanomoles of fluorescent
recombinant FGF21 (Cisbio Bioassays)’* was injected into the jugular vein

of anaesthetized adult mice and, 1 min later, the animals were killed. Brains

were immersion-fixed in 4% paraformaldehyde (0.1 M PBS pH 7.4) for 2h and
placed in the same fixative +20% sucrose overnight at 4 °C. Brains were frozen

in liquid-nitrogen-cooled isopentane and 30-pm-thick cryostat sections were
collected on superfrost glass slides. Images were acquired with an Axio Imager

72 microscope (Zeiss). Fluorescent leptin was imaged by using a 660-nm beam
splitter (excitation wavelength set at 625/655nm and an emission wavelength set at
665/715nm).

Intracerebroventricular treatment. In rats, anaesthesia was administered by i.p.
injection (ketamine-xylazine mixture), and a cannula implanted by stereotaxic

surgery in the hypothalamic lateral ventricle (coordinates: 1.3 mm posterior to
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bregma, 1.9 mm lateral to the midsagittal suture, and a depth of 3.5 mm; and in
mice: 0.6 mm posterior to bregma, 1.2 mm lateral to the midsagittal suture and a
depth of 2mm)*. Animals were individually stabled 4 d before the experiment.
ICV vehicle (saline), leptin (3 pg per rat, provided by Albert Parlow) or FGF21
(recombinant human FGF21 at 0.4 pg per animal; ProSpec) was administered.

Stereotaxic microinjections in specific hypothalamic nuclei and lateral ventricle
of adenoviral expression vectors. The animals, after anaesthesia with ketamine-
xylazine, were disposed in a stereotaxic frame (David Kopf Instruments).
Localization of the LHA/ZI in rats for the stereotaxic injection coordinates:
anterior to the bregma (AP), —2.85 mm; lateral to the sagittal suture (L), +2mm;
and ventral from the surface of the skull (DV), —8.1 mm; and in mice were AP,
—1.3mm; L, +1.1 mm; DV, —5.2 mm. Mice lateral ventricle coordinates were AP,
—0.3mm; L, +1 mm; DV, —2.5mm. Animals were i.p. treated with an analgesic
(acetylsalicylic acid, Bayer; 150 mg per kilogram body weight). Adenoviral vector
D2R knockdown (3.5 % 10" PFUs per ml) or vector controls (3.5x 10" PFUs

per ml) were administered in rats.

The modification of D2R expression was performed using
Ad-hSyn-DIO-shD2R-EGFP (1.0x 10" PFUs per ml) and Ad-hSyn-DIO-EGFP
(1.0x 10" PFUs per ml; Vector Builder) under cell-specific cre promoters.

For the specific modulation of FGFR1 expression, we used
AAV-shFGFR1-EGFP-floxed (1.0 X 10"* PFUs per ml) and AAV-EGFP-floxed
(2.48 x 10" PFUs per ml; Vector Builder) under the cell-specific cre driver line.
To modify the FGFR1 specifically in tanycytes, we injected AAV1/2 into the
lateral ventricle expressing Cre recombinase under transcriptional control of the
hDio2 promoter (AAV1/2-hDio2-iCre) together with an AAV-GFP-floxed or
AAV-GFP-shFgfri-floxed.

Dissection of brain areas. Brains were removed and immediately frozen and
stored at —80 °C until processing. Then, they were placed in a brain matrix with
the ventral surface on top under a dissecting microscope. LHA/ZI and MBH were
excised from the whole hypothalamus cutting between the rostral and caudal limits
of the median eminence parallel to the base of the hypothalamus and 1 mm

to each lateral side of the median eminence for LHA/ZI and 0.5 mm for MBH.

The depth of each section isolated was around 1 mm thick in mice and 3 mm thick
in rat brain®.

Histomorphology and immunohistochemistry. Tissues were fixed in 10%
paraformaldehyde for inclusion in paraffin. BAT and SAT samples were cut and
mounted in a section (3 pm) and stained (haematoxylin and eosin alcoholic
(BioOptica) procedure)®’. Frozen sections of liver were cut (8 um) with a cryostat
and stained in filtered Oil Red O (10 min). Sections were washed in distilled water,
counterstained with Mayer’s haematoxylin (3 min), mounted in aqueous mounting
medium (glycerine jelly) and observed and photographed with a Zeiss AXIO
microscope digitizing the images with a coupled camera (AxioCam MRC) and
quantified with Image]J software (RRID: SCR_003070).

Immunofluorescence. Mice brains were fixed by perfusion and immersion in 10%
buffered formalin (24 h). Brain pieces were cut (40 pm) using freezing microtome
Leica CM1850 UV cryostat. Sections were washed three times in 0.1 M TBS

(10 min) each and incubated in blocking solution (2% donkey serum +0.3% Triton
X-100) in 0.1 M TBS (60 min). Then, sections were incubated in rabbit anti-c-Fos
or chicken anti-GFP, rabbit anti-VGat, rabbit anti-FGFR1, vimentin or DAPI in
blocking solution for 24 h at 4°C. After that, sections were rinsed with 0.1 M TBS
three times (10 min) each and incubated in the secondary antibody: Cy3 donkey
anti-rabbit and goat anti-chicken Alexa 488 (60 min at room temperature). Sections
were then washed and coverslipped with Fluorogel. Confocal images were collected
with Leica AOB5-SP5 microscope.

Levels of plasma metabolites and hormones. Plasma levels of triglycerides,
total cholesterol and free fatty acids were determined by specific commercial kits
(triglycerides and cholesterol kit from Spinreact; free fatty acids kit from Wako),
based on a colorimetric enzymatic reaction (Epoch 2 microplate reader,

BioTek Instruments).

Circulating levels of leptin and FGF21 were determined by enzymatic
immunoassay (ELISA) using commercial kits. For leptin, the sensitivity limit of
the assay was 0.08 ng ml~' (Millipore, EZRL-83K, RRID: AB_2307316), and, for
FGF21, the sensitivity limit was 3.81 pg ml™' (R and D Systems, MF2100, RRID:
AB_2783730).

FACS sorting. The tuberal region of the hypothalamus from Vgat-cre mice
injected with EGFP adenovirus in LHA/ZI was microdissected and then
enzymatically dissociated with Papain Dissociation System (Worthington) to
single-cell suspensions®. FACS was performed using an ARIA SORP Cell Sorter
Cytometer device (BD Bioscience). The sort selection was based on measurements
of EGFP fluorescence (excitation: 488 nm; 50 mW; detection: EGFP bandpass,
525/30 nm; autofluorescence bandpass, 695/40 nm) comparing cell suspensions
from non-infected (that is, cortex) and infected (that is, the hypothalamus)

brain sites (Fig. 5a). For each animal, 150 to 200 EGFP-positive cells were sorted
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directly into 10 pl of extraction buffer: 0.1% Triton X-100 (Sigma-Aldrich) and 0.4

units per pl RNaseOUT (Life technologies). RNAs collected from FACS-sorted
EGFP-negative and positive cells were reversed transcribed using High-Capacity
Reverse Transcription (Life Technologies) and the linear preamplification stage
was carried out with the TagMan PreAmp Master Mix Kit Protocol (4366128,
Applied Biosystems). Real-time PCR was performed on the Applied Biosystems

7900HT Fast Real-Time PCR system using exon-boundary-specific TagMan Gene

Expression Assays (Applied Biosystem): FGFR1 (Fgfr1-Mm00438930_m1). The
control housekeeping genes used were R18S (r185-Mm03928990_g1) and Actin
(Actb-Mm00607939_s1).

Fluorescence in situ hybridization combined to immunofluorescence. FISH
was performed on 40-um brain free-floating coronal sections of the MBH

of rats perfused with 10% formalin with the RNAscope Multiplex Fluorescent
Kit v2 to detect Fgf21 (170580, NM_130752.1, target regions 9-620) mRNAs
and coupled to an immunohistochemistry for the rabbit monoclonal antibody
anti-FGF21 and the chicken polyclonal antibody anti-vimentin. FISH was
performed according to the manufacturer’s instructions, with some modification
for free-floating sections described by Grabinski et al.”’. Hybridization with a
probe against the Bacillus subtilis dihydrodipicolinate reductase (dapB) gene
(320871) was the negative control. For microscopy, image acquisition was
performed using an inverted confocal microscope (LSM 710, Zeiss). Excitation
wavelengths of 493/562 nm, 568/643 nm and 640/740 nm were selected to
image Alexa 488 and Alexa 647 secondary antibodies and Cyanine 3.

An ultraviolet laser (wavelength of 355nm) was used to image DAPI. Z-stack
images were acquired with a W Plan-APOCHROMAT %20 objective (NA

of 0.5, zoom of 1.0).

Quantitative analyses. FGF21 immunostaining. Using the Image]J analysis software,

the maximal intensity projection images were binarized to compensate for

differences in fluorescence intensity. Images were skeletonized so that each tanycyte

process was 1-pixel thick. Mean area and integrated density were calculated for
each image, proportional to the total surface of the staining and to the complexity
of the process’s organization.

FGF21 in situ hybridization. The quantification has been performed on the
ependymal layer bordering the third ventricle in the median eminence and the
arcuate nucleus, corresponding to the localization of tanycyte nuclei. Using Zen

imaging software, the area of quantification was determined and the total number

of dots per pm? calculated.

Western blot analysis. Tissues were homogenized with TissueLyser II (Qiagen)
in cold RIPA buffer (200 mM Tris-HCI (pH 7.4), 130 mM sodium chloride, 10%
(vol/vol) glycerol, 0.1% (vol/vol) SDS, 1% (vol/vol) Triton X-100 and 10 mM
magnesium chloride) with antiproteases and antiphosphatases (Sigma-Aldrich).
The lysates were centrifuged (30 min, 18,000g, 4°C). BAT, SAT, MBH, liver and
LHA total protein lysates were subjected to SDS-PAGE, electrotransferred onto
a PVDF membrane and probed with the following antibodies: pSTAT3, STAT3,
pPI3K, PI3K, pAKT, AKT, pERK, ERK, PPARy, PGCla, UCP1, pHSL, HSL,
FGF21, D2R and orexin A and B. Protein levels were normalized with -actin
for each sample. Membranes were incubated with 5% BSA blocking buffer.
Detection of proteins was performed using horseradish-peroxidase-conjugated
secondary antibodies.

Specific antigen-antibody binding was visualized with chemiluminescence
method according to the manufacturer’s instructions (Pierce ECL Western
Blotting Substrate, Thermo Scientific), manual development of X-ray films or the
ChemiDoc Imaging System. Image] (RRID: SCR_003070) was used to quantify
western blot analysis.

Statistical analysis. Results are given as means +s.e.m. The number of animals
used in each study is listed in the figure legends. Statistical analyses were
performed using IBM SPSS Statistics (RRID: SCR_019096). To evaluate whether
the data follow a normal distribution and variances are homogeneous, the
Kolmogorov-Smirnov test and the Levene test, respectively, were performed. The
comparison between groups was performed using ANOVA (normal data and
homogeneity of variances) followed by Tukey’s post hoc multiple-comparison test
or a two-sided Student’s ¢-test (normal data), ANCOVA and two-sided Mann-
Whitney U test (non-normal data and non-homogeneous variance). The level of
statistical significance was set at a P value less than 0.05.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Source data are provided with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Prolonged breastfeeding decreases fat mass and improves dyslipidemia. a-h, Delayed weaning effects on body weight (a), white
adipose tissue (WAT) weight in terms of the weight of Visceral Adipose Tissue (VAT) and Gonadal Adipose Tissue (GAT) (n=28-12) (b); locomotor
activity (c); respiratory quotient (RQ) (d); circulating levels of triglycerides (e), cholesterol (f), non-esterified fatty acids (NEFAs) (g), and leptin (h).

i, Delayed weaning effects on glucose tolerance normalized with lean mass. Values are represented as means + SEM, n per group indicated in each figure.
Exact P values are shown. Statistical differences according to a One-way analysis of variance ANOVA (normal data and homogeneity of variances)

followed by Tukey's post hoc multiple comparison test (a, b, ¢, d, g and h) or to a two-sided Student's t-test (normal data) (i), a two-sided Mann-Whitney
U-test (non-normal data and non-homogeneous variance) (e and f).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Prolonged breastfeeding protects against diet-induced obesity at early stages. Prolonged suckling (delayed weaning) decreases
body weight and fat mass in rats accordingly to the weeks of exposition to high fat diet (HFD) instead of weeks of age. a, Timeline of the experimental
protocol. b-d, Effects of delayed weaning on body weight (b), body weight changes (c) and fat mass (d). Values are represented as means + SEM, n per
group indicated in each figure. Exact P values are shown. Statistical differences according to a One-way analysis of variance ANOVA (normal data and
homogeneity of variances) followed by Tukey's post hoc multiple comparison test (b, ¢ and d).
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Extended Data Fig. 3 | Prolonged breastfeeding reduces lipid droplets and increases UCP1 in adipose tissue. Prolonged suckling activates browning of
WAT. a-d, Effects of delayed weaning on quantification of lipid droplet cross-sectional area in SAT (a); quantification of immunolabeling for UCP1 in SAT
(b); SAT protein levels of PGCla and UCP1 (¢); SAT protein levels of pHSL, HSL and ratio pHSL/HSL (d). Protein data were expressed in relation (%) to
control (SW-CD) animals. B-actin was used to normalize protein levels. Dividing lines indicate splicing within the same gel. Values are represented as
means + SEM, n per group indicated in each figure. Exact P values are shown. Statistical differences according to a One-way analysis of variance ANOVA
(normal data and homogeneity of variances) followed by Tukey's post hoc multiple comparison test (a and b) or to a two-sided Mann-Whitney U-test
(non-normal data and non-homogeneous variance) (¢ and d).
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Extended Data Fig. 4 | Prolonged breastfeeding reduces liver steatosis and stimulates FGF21 levels. Prolonged suckling alleviates HFD-induced steatosis.
a-c, Effects of delayed weaning on oil red area in the liver (a); liver protein levels of FGF21 (b); plasma FGF21 levels (c). Protein data were expressed in
relation (%) to control (SW-CD) animals. $-actin was used to normalize protein levels. Dividing lines indicate splicing within the same gel. Values are
represented as means + SEM, n per group indicated in each figure. Exact P values are shown. Statistical differences according to a One-way analysis of
variance ANOVA (normal data and homogeneity of variances) followed by Tukey's post hoc multiple comparison test (¢) or to a two-sided Mann-Whitney
U-test (non-normal data and non-homogeneous variance) (a and b).
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Prolonged breastfeeding activates brown fat thermogenesis after weaning. Prolonged suckling (delayed weaning) decreases body
weight while activates BAT thermogenesis in rats with only one week of HFD. a, Timeline of the experimental protocol. b-n, Effects of delayed weaning on
body weight at 3 weeks (b); body weight at 4 weeks (¢); body weight at 5 weeks (d); body weight change (e), body temperature at 4 weeks (f), infrared
thermal images and quantification of BAT interscapular temperature at 4 weeks (g); quantification of immunolabeling for UCP1in BAT at 4 weeks (h);
BAT protein levels of PGCla and UCP1 at 4 weeks (i); body temperature at 5 weeks (j), infrared thermal images and quantification of BAT interscapular
temperature at 5 weeks (k); cumulative food intake HFD between week 4 and 5 (I); quantification of immunolabeling for UCP1in BAT at 5 weeks (m);

BAT protein levels of PGCla and UCP1 at 5 weeks (n). Protein data were expressed in relation (%) to control (SW) animals. -actin was used to normalize
protein levels. Dividing lines indicate splicing within the same gel. Values are represented as means + SEM, n per group indicated in each figure. Exact P
values are shown. Statistical differences according to a two-sided Student's t-test (normal data) (b, d, e, f, h, j, k, | and m), a two-sided Mann-Whitney
U-test (non-normal data and non-homogeneous variance) (c, g, i and n).
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Extended Data Fig. 6 | FGF21 is increased in pups but not mothers after prolonged breastfeeding. The different levels observed in FGF21 between
SW-HFD and DW-HFD animals are not coming from the mothers. a-¢, Effects of delayed weaning on mother”s: body weight (a), plasma FGF21 levels
(b), milk FGF21 levels. d-f, Effects of delayed weaning on pups: liver protein levels of FGF21 (n=9-10) (d); BAT protein levels of FGF21 (e); plasma NEFAS
(). Protein data were expressed in relation (%) to control (SW) animals. B-actin was used to normalize protein levels. Dividing lines indicate splicing
within the same gel. Values are represented as means + SEM, n per group indicated in each figure. Exact P values are shown. Statistical differences
according to a two-sided Student'’s t-test (normal data) (a, b, ¢, d, e and f).
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Extended Data Fig. 7 | FGF21 increases protein levels of D2R in the LHA/ZLI. a, Delayed weaning effects on LHA/ZI protein levels of D2R and Orexin
levels in rats fed HFD. b-d, Effect of exposure to cold in mice lacking FGF21 in the liver (Albcre) on infrared thermal images and quantification of BAT
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(b), a two-sided Mann-Whitney U-test (non-normal data and non-homogeneous variance) (a, ¢ and d).
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Extended Data Fig. 8 | Knockdown of D2R in the LHA/ZI reverses the effects of prolonged breastfeeding in liver. a-c, Effect of injecting adenoviral
particles encoding for GFP- or D2R-KD in the LHA/ZI of rats fed HFD with prolonged breastfeeding period on cumulative food intake (a); oil red area
in Liver (b); plasma triglycerides (c). Values are represented as means + SEM, n per group indicated in each figure. Exact P values are shown. Statistical
differences according to a One-way analysis of variance ANOVA (normal data and homogeneity of variances) followed by Tukey’s post hoc multiple
comparison test (a, b) or to a two-sided Mann-Whitney U-test (non-normal data and non-homogeneous variance) (c).
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Extended Data Fig. 9 | a-c, FGF21 requires D2R and FGFR1 for its effects. Effect of injecting an adenoviral vector encoding a scrambled RNA
(Ad-hSyn-DIO-EGFP) or an shRNA against D2R (Ad-hSyn-DIO-shD2R-EGFP) in a Cre-dependent manner followed by ICV injection of vehicle or FGF21
into D2R-Cre mice on body weight (a), effect of injecting an adenoviral vector encoding a scrambled RNA (AAV-EF1A-EGFP-floxed) or an shRNA against
FGFR1 (AAV8-EGFP-shfgfri-floxed) in a Cre-dependent manner, followed by ICV injection of vehicle or FGF21in D2R-Cre mice on body weight (b) and
quantification of immunolabeling for UCP1in BAT (c).Values are represented as means + SEM, n per group indicated in each figure. Exact P values are
shown. Statistical differences according to a two-sided Student's t-test (normal data) (a, b and ¢).
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | D2R signalling in LHA/ZI GABA neurons is required for FGF21 action. a,b, Fluorescent activated cell sorting (FACS) to

isolate D2R-expressing neurons (GFP-positive) in the LHA/ZI (a); FGF21 receptor (FGFR1) mRNA is expressed in isolated D2R cells from the LHA/ZI (b).
cd, Effect of injecting an adenoviral vector encoding a scrambled RNA (Ad-hSyn-DIO-EGFP) or an shRNA against D2R (Ad-hSyn-DIO-shD2r-EGFP) in a
Cre-dependent manner, followed by ICV injection of vehicle or FGF21 in Vgat-ires-Cre mice on body weight (€) and quantification of immunolabeling for
UCP1in BAT (d). e, Photomicrograph showing the colocalization of Vimentin and GFP in the lateral ventricle.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For animal experiments, sample size was chosen based on similar previous studies of our group and on the basis of literature documentation
of similar wellcharacterized experiments. We try to use the fewest number of animals to achieve statistical significance without compromising
the outcomes. The sample size are provided in figures. Analysis section in Methods.

Data exclusions Samples of animals were excluded whether their values were outside the 2SD range according to proper statistical analyses. 1 rat of the
delayed weaning model and 1 D2Rcre mouse injected with AAV-shFGFR1 were excluded.

Replication Experimental technical duplicates were included in all measurements in this study, ensuring the reproducibility of the data.
Randomization Before start an experiment, all animals groups were made with set of animals of the same sex, age and similar body weight.
Blinding For practical reasons, the investigators were not blinded to allocation during in vivo experiments. Animal samples received a correlative

number independent of their genotype, ensuring the blindness of data collection analyses.
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Antibodies
Antibodies used The following antibodies were used:

Anti-pSTAT3 (1:1000) Cell Signaling Technology Cat# 9134, RRID:AB_331589

Anti-STAT3 (1:1000) Cell Signaling Technology Cat# 4904, RRID:AB_331269

Anti-pPI3K (1:1000) Cell Signaling Technology Cat# 4228, RRID:AB_659940

Anti-PI3K (1:1000) Cell Signaling Technology Cat# 4292, RRID:AB_329869

Anti-pAKT (1:1000) Cell Signaling Technology Cat# 9271, RRID:AB_329825

Anti-AKT (1:1000) Cell Signaling Technology Cat# 9272, RRID:AB_329827

Anti-pERK (1:1000) Cell Signaling Technology Cat# 4370, RRID:AB_2315112

Anti-ERK (1:1000) Cell Signaling Technology Cat# 9102, RRID:AB_330744

Anti-PPARy (1:1000) Abcam Cat# ab27649, RRID:AB_777390

PGCla (1:1000) Abcam Cat# ab54481, RRID:AB_881987

UCP1 (1:1000) Abcam Cat# ab10983, RRID:AB_2241462

pHSL (1:1000) Cell Signaling Technology Cat# 4126, RRID:AB_490997

HSL (1:1000) Abcam Cat# ab45422, RRID:AB_2135367

FGF21 (1:1000) Abcam Cat# ab64857, RRID:AB_2104485

D2R (1:1000) Abcam Cat# ab85367, RRID:AB_10674739

B-ACTIN (1:1000) Sigma-Aldrich Cat# A5316, RRID:AB_476743

OX A/B (1:1000) Santa Cruz Biotechnology Cat# sc-28935, RRID:AB_784981

Goat Anti-rabbit (1:5000) Jackson ImmunoResearch Labs Cat# 111-035-003, RRID:AB_2313567
Goat Anti-mouse (1:10000) Jackson ImmunoResearch Labs Cat# 115-035-003, RRID:AB_10015289
Rabbit anti-cFos (1/200) Santa Cruz, Cat# sc-52, RRID:AB_2106783

Chicken anti-GFP (1/1000) Invitrogen A10262 Cat# 10524234, RRID:AB_2534023

Rabbit anti-VGat (1/1,000) Synaptic Systems, Cat# 131 013, RRID:AB_2189938

Rabbit anti-FGFR1 (1/200) Abcam Cat# ab10646, RRID:AB_297367

Cy3 donkey anti-rabbit (1:1000) Jackson ImmunoResearch Labs Cat#711-165-152, RRID:AB_2307443
Goat anti-chicken Alexa 488 (1:1000) abcam Cat# ab150169, RRID:AB_2636803
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Vimentin (1/1000) Millipore Cat# AB5733, RRID:AB_11212377

Validation All antibodies used in the paper have been validated by the manufacturer and by references:

Anti-pSTAT3: This antibody has been validated using SimpleChIP® Enzymatic Chromatin IP Kits.
Anti-STAT3: This antibody has been validated using SimpleChIP® Enzymatic Chromatin IP Kits.
Anti-pPI3K:PMID: 25743370, PMID: 32150791, PMID: 31131539

Anti-PI3K: PMID: 25743370, PMID: 32150791, PMID: 31131539

Anti-pAKT: PMID: 31579887, PMID: 30853298, PMID: 31746399

Anti-AKT: PMID: 31579887, PMID: 29021135, PMID: 31311969

Anti-pERK:PMID: 28049723, PMID: 35317201, PMID: 35203351

Anti-ERK: PMID: 28049723, PMID: 35040015, PMID: 35203351

Anti-PPARy: PMID: 33939165, PMID: 32184391, PMID: 26171158

PGCla:PMID: 33239403, PMID: 33705351, PMID: 33374300

UCP1: PMID: 33334822, PMID: 33171307, PMID: 33166186

pHSL: PMID: 28799896, PMID: 34508100, PMID: 34006859

HSL:PMID: 34085745, PMID: 28683288, PMID: 28053001

FGF21: PMID: 31579887, PMID: 34850960, PMID: 24062250

D2R: PMID: 31579887, PMID: 33933677, PMID: 32060266

B-ACTIN: The isotype is determined using Sigma ImmunoType Kit (Product Code I1SO-1) and by a double diffusion immunoassay using
Mouse Monoclonal Antibody Isotyping Reagents (Product Code 1SO-2).

OX A/B: PMID: 9742163, PMID: 9491897,PMID: 9419374

Goat Anti-rabbit: PMID 26961074, PMID: 25743370, PMID: 30266914

Goat Anti-mouse:PMID 26961074, PMID: 25743370, PMID: 30266914

Rabbit anti-cFos: PMID: 31579887, PMID:35078818, PMID:33169700

Chicken anti-GFP: PMID: 34324439, PMID: 33744652, PMID: 32451441

Rabbit anti-VGat: PMID: 31579887, PMID: 34845591, PMID: 32265258

Rabbit anti-FGFR1: PMID:33810560, PMID: 33495338, PMID: 33217323

Cy3 donkey anti-rabbit: PMID: 33744652, PMID: 28487659, PMID: 28799896

Goat anti-chicken Alexa 488: PMID: 33744652, PMID: 33436964, PMID: 33666172

Vimentin: PMID: 34341568, PMID: 26337286, PMID: 25721933
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293T cells were purchased from ATCC, # CRL-3216
Authentication The cell line used was not authenticated in the laboratory
Mycoplasma contamination The cell line tested negative for mycoplasma

Commonly misidentified lines  n/A
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 3-month-old male and female Sprague-Dawley rats (standard laboratory diet (CD): 200-250g and high fat diet (HFD) for 12 weeks:
450-700g. Male WT and Drd2-cre:ribotag mice (weight 20-25 g, age 8-10 weeks old) and vgat-ires-cre knock-in (C57BL/6J) from
Jackson Laboratory (weight 20-25g, age 8-10 weeks old) also were used for the experiments. For the generation of FGF21Alb-KO
male mice, the FGF21loxP (B6.129S6(SJL)-Fgf21tm1.2Djm/J) line was crossed with (B6.Cg-Tg(Alb-cre)21Mgn/J mice on the C57BL/6J
background (Jackson laboratory). Animals were housed in air-conditioned rooms (22-242C), controlled light/dark cycle (12 hours light,
12 hours darkness) and humidity (60%) with free access to food and water. All this information about animal species, sex, strain,
provider, etc are mentioned in the Material and Methods section.

Wild animals This study did not involve wild animals.
Field-collected samples This study did not involve field collected samples.
Ethics oversight All experiments and procedures involved in this study were reviewed and approved by the Ethics Committee of the University of

Santiago de Compostela, in accordance with European Union normative for the use of experimental animals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.
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Sample preparation The tuberal region of the hypothalamus of Vgat-cre + Ad-EGFP LHA/ZI mice were microdissected and enzymativcally
dissociated using Papain Dissociation System (Worthington, Lakewood, NJ) to obtain single cell suspensions as described
previously

Instrument FACS was performed using an EPICS ALTRA Cell Sorter Cytometer device (BD Bioscience).

Software BD FACSuite Software

Cell population abundance The sort decision was based on measurements of EGFP fluorescence (excitation: 488 nm; 50 mW,; detection: EGFP bandpass

530/30 nm, autofluorescence bandpass 695/40 nm) by comparing cell suspensions from non-infected brain sites and
infected brain sites.

Gating strategy The sort decision was based on measurements of EGFP fluorescence (excitation: 488 nm; 50 mW; detection: EGFP bandpass
530/30 nm, autofluorescence bandpass 695/40 nm) by comparing cell suspensions from non-infected brain sites and infected
brain sites.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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