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Abstract

Activation of brown adipose tissue (BAT) and beige fat by cold
increases energy expenditure. Although their activation is known
to be differentially regulated in part by hypothalamus, the under-
lying neural pathways and populations remain poorly character-
ized. Here, we show that activation of rat-insulin-promoter-Cre
(RIP-Cre) neurons in ventromedial hypothalamus (VMH) preferen-
tially promotes recruitment of beige fat via a selective control of
sympathetic nervous system (SNS) outflow to subcutaneous white
adipose tissue (SWAT), but has no effect on BAT. Genetic ablation
of APPL2 in RIP-Cre neurons diminishes beiging in SWAT without
affecting BAT, leading to cold intolerance and obesity in mice. Such
defects are reversed by activation of RIP-Cre neurons, inactivation
of VMH AMPK, or treatment with a p3-adrenergic receptor agonist.
Hypothalamic APPL2 enhances neuronal activation in VMH RIP-Cre
neurons and raphe pallidus, thereby eliciting SNS outflow to SWAT
and subsequent beiging. These data suggest that beige fat can be
selectively activated by VMH RIP-Cre neurons, in which the APPL2—
AMPK signaling axis is crucial for this defending mechanism to cold
and obesity.
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Introduction

Brown adipocytes dissipate nutritional energy into heat (known as
adaptive thermogenesis) by uncoupling electron transport from
ATP synthesis via the actions of uncoupling protein 1 (UCP1) in
the mitochondria. It was initially believed that constitutive brown
adipocytes could only be found in human infants or small rodents,
but recent studies identified UCP1-positive brown adipocytes in
subcutaneous white adipose tissue (SWAT), which are so-called
“beige adipocytes”, of human adults [1]. Although the origins of
constitutive brown adipocytes and beige adipocytes are different,
they both exhibit thermogenic capacity and protective effects on
metabolic health [2]. The activity of beige cells is negatively asso-
ciated with body mass index, adiposity, and age in humans [3,4].
Activation of classical brown adipose tissue (BAT) and/or beige
adipocytes not only combats obesity via induction of energy
expenditure, but also mitigates diabetes, dyslipidemia, and
atherosclerosis via paracrine and/or endocrine manners in rodent
models [5-10].

Thermogenesis and lipolysis in BAT and WAT are differentially
regulated by the hypothalamus and elsewhere in the brain [11].
Different adipose tissues receive distinct sympathetic signals origi-
nating in the hypothalamus in response to nutritional and envi-
ronmental challenges to maintain proper energy balance [12,13].
Upon cold exposure, beige adipocytes and classical brown adipo-
cytes are activated and recruited by norepinephrine (NE) primar-
ily released from sympathetic postganglionic neurons [1,14]. NE
not only triggers lipolysis to generate free fatty acids (FFA)
for activation of UCPI1, but also induces UCP1 expression via a
B3-adrenergic receptor-protein kinase A-cAMP-dependent pathway
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[15]. Recent studies indicate that distinct hypothalamic neuronal
populations [such as agouti-related protein (AgRP) neuron, proop-
iomelanocortin (POMC) neuron, and steroidogenic factor 1 (SF1)
neuron] regulate brown and beige adipocyte thermogenesis,
mainly via activation of sympathetic nervous system (SNS) [16-
18]. Although both BAT and sWAT are innervated and controlled
by SNS, dual PRV tract tracing experiment revealed that only
~10-20% of SNS circuitry to BAT and sWAT in hypothalamus is
shared [13]. Furthermore, activation of AgRP neurons selectively
suppresses beiging in WAT but has no obvious effect on BAT
thermogenesis under fasting condition [16]. Despite these
interesting findings, the role of hypothalamus in differential regu-
lation of beiging and thermogenic programs in BAT and WAT
under different nutritional and environmental cues are largely
unknown.

APPL2, an adaptor protein containing pleckstrin homology (PH)
domain, phosphotyrosine binding (PTB) domain, and leucine zipper
motif, is a scaffold protein that transmits signals from early endo-
some to the nucleus by interacting with its close homolog APPL1
and/or the small GTPase Rab5 in response to extracellular stimuli
[19,20]. We and others reported that this pair of adaptor proteins
acts as a “Yin and Yang” regulator of adiponectin and insulin signal-
ing [21,22]. APPL2 negatively controls insulin- or adiponectin-
stimulated glucose uptake in skeletal muscle [21,22], whereas
APPLI1 exerts opposite actions [22,23]. In pancreatic B-cells, APPL1
facilitates glucose-stimulated insulin secretion by upregulating the
expression of exocytotic machinery proteins via an Akt-dependent
pathway and protects against B-cell apoptosis by inhibiting NF-xB
activation [24,25]. Indeed, human subjects carrying loss-of-function
mutation of APPL1 are diabetes and expression of APPL1 in human
islets is positively correlated with glucose-stimulated insulin secre-
tion [26].

To explore whether APPL2, like APPL1, plays a role in B-cell
functions, we crossed APPL2{loxed/floxed ice [21] with the trans-
genic mice expressing Cre recombinase under the control of rat
insulin promoter (RIP). The crossed mice are so-called
RIP-APPL2-KO mice. During the phenotypic characterization of
RIP-APPL2-KO mice, we observed a marked increase in adiposity
and impairment of adaptive thermogenesis. Given that Cre expres-
sion driven by RIP is not only expressed in pancreatic f-cells but
also in the hypothalamus [27], we here explored the potential
role of RIP-Cre neurons in adaptive thermogenesis and beiging of
WAT, and investigated how they controlled energy homeostasis
via SNS.

Results

Reduced energy expenditure and increased adiposity in
RIP-APPL2-KO mice

As mentioned, Cre expression driven by RIP was observed in both
pancreatic B-cells and different regions of hypothalamus [27]. We
first examined expression of APPL2 in B-cells and the hypothala-
mus, and determined whether its expression is reduced in RIP-
APPL2-KO mice. Immunohistochemical (IHC) staining revealed
that APPL2 was abundantly expressed in the ventromedial
hypothalamus (VMH), but was barely detectable in the arcuate
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nucleus (ARC) and paraventricular nucleus (PVN) of the hypotha-
lamus (Fig EV1A). Next, we determined whether RIP-Cre neurons
co-express with APPL2 and the VMH neuronal marker Nkx2.1
[28,29]. To this end, we generated a mouse model in which RIP-
Cre neurons were labeled with green fluorescent protein (GFP) by
crossing RIP-Cre mice with Z/EG mice (a double-reporter mouse
line that expresses enhanced GFP upon Cre-mediated excision
[30]). This model is so-called “RIP-Cre-GFP” mouse. Immunofluo-
rescence staining showed that ~70 and ~15% RIP-Cre neurons in
the VMH expressed APPL2 and Nkx2.1, respectively, in this mouse
model (Fig EV1B and C). In addition, APPL2, like APPL1 [24], was
expressed in pancreatic B-cells (Fig EV2A). Protein expression of
APPL2 was markedly reduced in VMH and pancreatic f-cells but
not in the liver of RIP-APPL2-KO mice when compared to their
wild-type (WT) littermates (Fig EV2A-C). Expression of APPL1 in
the hypothalamus was comparable between RIP-APPL2-KO mice
and their WT controls (Fig EV2D). RIP-Cre-mediated deletion of
APPL2 had no obvious effect on circulating level of insulin under
fed condition (Appendix Fig S1A). RIP-APPL2-KO mice displayed
significant higher fat content when fed with a standard chow
(STC) or a high-fat diet (HFD) compared to their WT littermates or
RIP-Cre controls, whereas body weight was similar among the
three genotypes (Fig 1A and B). On the other hand, RIP-APPL2-KO
mice had lower lean mass than WT controls under HFD but not
STC feeding (Appendix Fig S1B). Body length was similar between
RIP-APPL2-KO mice and their WT littermates (Appendix Fig S1C),
suggesting that RIP-Cre-mediated deletion of APPL2 has no effect
on growth. Since RIP-Cre control mice and WT littermates
displayed similar adiposity, only WT littermates were included in
all subsequent experiments. Weights of sWAT and eWAT but not
interscapular BAT were increased in 22-week-old RIP-APPL2-KO
mice fed with STC or HFD (Fig 1C). Hematoxylin and eosin (H&E)
staining revealed that the size of adipocyte was slightly increased
in sWAT and eWAT but not in BAT of RIP-APPL2-KO mice
(Fig 1D-F). The increased adiposity was due to reduced energy
expenditure (Fig 1G and H), while food intake, respiratory
exchange ratio (RER), and locomotor activity remained
unchanged in RIP-APPL2-KO mice fed with STC or HFD
(Appendix Fig S1ID-F).

Defective cold- and diet-induced adaptive thermogenesis in
RIP-APPL2-KO mice

To investigate the underlying cause of reduced energy expenditure
in RIP-APPL2-KO mice, we assessed adaptive thermogenesis in
response to different environmental and nutritional challenges
including short-term cold exposure, starvation, and short-term
ingestion of HFD [31]. Energy expenditure was dramatically induced
in WT controls when the diet was switched from STC to HFD;
however, such an induction was modestly diminished in RIP-
APPL2-KO mice (Fig 1G and H). Of note, lean mass and food
consumption during the diet switch was similar among the two
genotypes (Appendix Fig S1G and H). Furthermore, RIP-APPL2-KO
mice were more cold-sensitive, which was accompanied by defec-
tive cold-induced lipolysis (Fig 2A-D). In contrast, the adaption to
starvation, such as lipolysis and inhibition of adaptive thermogene-
sis, was comparable among RIP-APPL2-KO mice and their WT
controls (Appendix Fig S2A-D).

© 2018 The Authors
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Figure 1. RIP-APPL2-KO mice display increased adiposity and reduced energy expenditure.

Six-week-old male RIP-APPL2-KO mice and their wild-type (WT) littermates and RIP-Cre control mice were fed with STC or HFD for indicated time points.

A Fat mass.

B Body weight.

C Weights of SWAT, eWAT, and interscapular BAT of the 22-week-old mice.

D-F Representative images of H&E staining of SWAT (D), eWAT (E), and BAT (F) of the 22-week-old mice.

G, H Measurement of oxygen consumption (VO,) in the 14-week-old mice under STC feeding condition and a switch to HFD feeding as indicated by the arrow.

Data information: n = 5 for each group. Data are represented as mean =+ SEM. *P < 0.05 (WT-STC vs. KO-STC), P < 0.05, ##Pp < 0.01 (WT-HFD vs. KO-HFD), ®@p < 0.01
(WT-STC vs. WT-HFD), p < 0.05,%°P < 0.01 (KO-HFD vs. RIP-Cre-HFD), %P < 0.05 (KO-STC and RIP-Cre-STC); two-tailed independent Student’s t-test. Scale bar: 50 pm.

As lipolysis in WAT is indispensable for supplying free fatty acids for catecholamine-induced lipolysis in adipocytes under cold envi-
for BAT thermogenesis during cold challenge [32,33], we measured ronment). Immunoblotting analysis demonstrated that cold expo-
activity of hormone-sensitive lipase (HSL; a major lipase responsible sure dramatically induced phosphorylation of HSL at serine 660 in

© 2018 The Authors EMBO reports  19: e44977|2018 3 of 17
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Figure 2. RIP-APPL2-KO mice exhibit impaired cold-induced thermogenesis and lipolysis.

A-C Twelve-week-old male RIP-APPL2-KO mice and their WT littermates were maintained at thermoneutral condition (30°C) for 2 weeks, followed by acute cold
exposure (4°C) for 6 h as indicated. (A) Core body temperature and (B) serum level of FFA during cold exposure. (C) Change in body weight and body composition
upon cold challenge. Data are expressed as percentage of change in mass relative to the thermoneutral condition.

D, E Adipose tissues were isolated from the mice kept at thermonetural environment for 2 weeks with or without cold exposure for 6 h. (D) Weights of SWAT, eWAT,
and BAT. (E) The isolated adipose tissues were subjected to immunoblotting using an antibody against phospho-HSL (serine 660) or HSL as indicated.
Representative immunoblotting images are shown. The right panel is the densitometric analysis for the relative abundance of phospho-HSL normalized with HSL.

Data information: n = 5. Data are represented as mean + SEM. *P < 0.05, **P < 0.01 (two-tailed independent Student’s t-test).

Source data are available online for this figure.

sWAT and eWAT of WT controls, and such an induction was largely Beiging of SWAT is disrupted in RIP-APPL2-KO mice

attenuated in RIP-APPL2-KO mice (Fig 2E). Collectively, these data

suggest that APPL2 is essential for cold- and diet-induced adaptive To test whether RIP-mediated deletion of APPL2 impairs cold-
thermogenesis but not starvation response. induced activation of BAT and beiging in sWAT, we subjected RIP-

4 of 17 EMBO reports  19: e44977 | 2018 © 2018 The Authors
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Figure 3. RIP-mediated deletion of APPL2 impairs cold-induced beiging in SWAT.

Twelve-week-old male RIP-APPL2-KO mice and their WT littermates were kept at thermoneutral condition (30°C) for 2 weeks or at cold room (4°C) for 10 days. Fat depots

were collected for further analysis.

A Oxygen consumption.

B Weights of SWAT, eWAT, and BAT.

C-H The mRNA levels of UCP1, DIO2, and Cidea in sWAT (C-E) and BAT (F-H) were quantified by real-time quantitative PCR and normalized against 18S.

| Immunoblotting analysis of UCP1 and B-tubulin in SWAT (upper panel) and BAT (lower panel). The right panel represents the fold change of UCP1 relative to B-
tubulin levels as determined by the densitometric analysis.

J, K Representative images of immunohistochemical (IHC) staining with an anti-UCP1 antibody in SWAT (J) and BAT (K) of the mice.

Data information: n = 5 for each group. Data are represented as fold change over WT-30°C and mean + SEM. *P < 0.05, **P < 0.01 (two-tailed independent Student’s t-

test). Scale bar: 50 pm.

Source data are available online for this figure.

APPL2-KO mice and WT controls to cold environment for 10 days.
Cold acclimation upregulated whole-body energy expenditure and
reduced the mass of sWAT and eWAT in WT controls, whereas RIP-
mediated deletion of APPL2 diminished these cold effects (Fig 3A
and B). Cold-induced upregulation of thermogenic and beiging
genes, including UCPI, type 1I iodothyronine deiodinase (Dio2), and

© 2018 The Authors

cell death-inducing DFFA-like effector a (Cidea), was partially abol-
ished in sWAT, but not in BAT, of RIP-APPL2-KO mice when
compared to their WT controls (Fig 3C-H). Immunoblotting and
immunohistological analyses confirmed that protein expression of
UCP1 was reduced in sWAT but not in BAT of RIP-APPL2-KO mice
after cold acclimation (Fig 31-K).

EMBO reports  19: 4497712018 5 of 17
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SNS-dependent beiging in SWAT is impaired in
RIP-APPL2-KO mice

Cold can induce beiging of WAT by activating hypothalamic
neurons via regulating SNS tone [16,17]. Next, we tested whether
the defective beiging in RIP-APPL2-KO mice is due to impairment
of hypothalamus-SNS axis. Expression of tyrosine hydroxylase
(the rate-limiting enzyme in norepinephrine biosynthesis and as a
marker of sympathetic neurons and their activity) and nore-
pinephrine content in sWAT but not in BAT, eWAT, liver, and
kidney of RIP-APPL2-KO mice were significantly decreased
compared to WT littermates after cold acclimation for 10 days,
indicating that sympathetic outflow to sWAT was selectively
diminished (Fig 4A-C). Treatment with the B3-adrenergic receptor
agonist CL-316243 reversed the impaired beiging program in
SWAT of RIP-APPL2-KO mice (Fig EV3A-C), suggesting that the
defect does not lie in SWAT but presumably in the hypothala-
mus.

Raphe pallidus (RPa) in brain stem receives signals from the
hypothalamic nuclei and transmits through sympathetic nerves to
adipose tissues, leading to BAT thermogenesis and WAT beiging
[13,34]. We next measured neuronal activity in RPa by immuno-
histochemical staining for c-Fos (as a surrogate for neuronal activ-
ity). Ten-day cold exposure dramatically increased c-Fos
immunoreactivity in the RPa of WT controls, but this phenomenon
was partially abolished in RIP-APPL2-KO mice (Fig 4D and E).
Taken together, these findings indicate that the defective beiging
of WAT in RIP-APPL2-KO mice is due to reduced sympathetic
activity.

AAV-mediated deletion of APPL2 in VMH RIP-Cre
neurons recapitulates the null phenotypes of RIP-APPL2-KO
mice

The defects in RIP-APPL2-KO mice might be due to deletion of
APPL2 in f-cells and/or RIP-Cre neurons. We next specifically
deleted APPL2 in RIP-Cre neurons by stereotaxically injecting
adeno-associated virus (AAV) encoding Cre recombinase under
the control of RIP promoter into the VMH of 6-week-old male
APPL2floxed/floxed mice (so-called VMH-RIP-APPL2-KO mice).
We firstly confirmed the accurate injection and specific expression
of AAV-RIP-GFP in the VMH (Appendix Fig S3A and B). Effi-
ciency of APPL2 deletion in RIP-Cre neurons was verified by
examining the expression levels of Cre and APPL2 using IHC
staining (Fig SA). This analysis revealed that APPL2 was
decreased in neurons expressing Cre recombinase when compared
to those expressing GFP (Fig SA). Deletion of APPL2 in VMH
RIP-Cre neurons had no obvious effect on body weight, food
intake, RER, and locomotor activity (Appendix Fig S4A-D), but
gradually increased adiposity and diminished energy expenditure
(Fig 5B and C). Like RIP-APPL2-KO mice, VMH-RIP-APPL2-KO
mice exhibited cold intolerance and impairment of cold-induced
thermogenesis, beiging program, and SNS outflow in sWAT,
when compared to the GFP controls (Fig SD-I), whereas UCP1
expression and SNS activity in BAT were comparable between
the two groups (Fig SF-I). Notably, the defect in sSWAT beiging
was also associated with reduced c-Fos immunoreactivity in RPa
(Fig 5J).
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Activation of VMH RIP-Cre neurons rescues the impairment of
SWAT beiging in RIP-APPL2-KO mice

Immunohistochemical staining revealed that deletion of APPL2 led
to reduced neuronal activity in RIP neurons, as evidenced by
reduced c-Fos-positive RIP-Cre neurons in the VMH of RIP-APPL2-
KO mice after cold exposure for 10 days (Fig EV4A-C). To test
whether activation of RIP-Cre neurons in the VMH can reverse the
defective beiging in RIP-APPL2-KO mice, we employed a pharmaco-
genetic approach known as designer receptors exclusively activated
by designer drugs (DREADD). The stimulatory DREADD, hM3Dq,
can depolarize and activate neurons upon stimulation with brain-
penetrable ligand clozapine-N-oxide (CNO), a pharmacologically
inert ligand without any effect on adaptive thermogenesis [35]. The
Cre recombinase-dependent AAV with hM3Dq was bilaterally
injected into VMH of RIP-APPL2-KO mice and their WT littermates
(so-called hM3Dg4KO and hM3Dg WT mice, respectively), followed
by treatment with CNO to activate the RIP-Cre neurons or vehicle as
control under cold environment (Fig 6A). Expression of mCherry
fluorescent protein was only detected in the VMH of hM3D¢,KO
mice but not in hM3DgWT controls (because they do not express
Cre recombinase that mediates expression of hM3Dq; Fig 6B). Treat-
ment with CNO dramatically increased c-Fos immunoreactivity in
the VMH of hM3Dg4KO mice when compared to those treated with
vehicle control, confirming that RIP-Cre neurons in VMH are acti-
vated (Fig 6C). In addition, CNO treatment reversed the reduction
in neuronal activity in VMH of RIP-APPL2-KO mice (Fig 6C). The
cold intolerance, reduced oxygen consumption, aberrant thermo-
genic program, and diminished SNS activation of sWAT in
hM3Dg KO mice were reversed by activation of RIP-Cre neurons
when compared to hM3D¢KO mice treated with vehicle (Fig 6D-1).
In contrast, activation of RIP-Cre neurons, again, had no effect on
BAT metabolism, food intake, RER, and locomotor activity
(Fig 6G-1 and Appendix Fig S5).

APPL2 regulates sWAT beiging via the VMH AMPK-SNS axis

APPL2 is a scaffold protein tethering different signaling molecules,
such as APPL1, Rab5, Akt, and AMPK, to exert its metabolic
actions in peripheral tissues [19,21,22]. Since the hypothalamic
AMP-activated protein kinase (AMPK) and Akt signaling axis have
been shown to control adipose tissue thermogenesis and beiging
[17,36,37], we tested whether activities of AMPK and Akt were
altered by deletion of APPL2 in hypothalamus. Immunoblotting
analysis showed that AMPK phosphorylation at threonine 172 and
its downstream ACC phosphorylation at serine 79 but not Akt
phosphorylation at serine 473 was elevated in hypothalamus of
RIP-APPL2-KO mice under cold condition (Fig 7A and B). Next,
we investigated whether inactivation of VMH AMPK was able to
rescue the APPL2-null phenotypes. To this end, we injected AAV
encoding dominant-negative form of AMPK (AAV-DN-AMPK) or
GFP (AAV-GFP) into VMH of RIP-APPL2-KO mice and its WT
littermates. Immunoblotting analysis revealed that phosphoryla-
tions of AMPK and its downstream ACC were reduced in hypotha-
lamus of RIP-APPL2-KO mice injected with AAV-DN-AMPK when
compared to those injected with AAV-GFP (Fig 7C). The oxygen
consumption, cold tolerance, beiging program, TH expression in
sWAT, and neuronal activity in RPa were restored by AMPK

© 2018 The Authors
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Figure 4. Cold-induced activation of sympathetic outflow to SWAT is impaired in RIP-APPL2-KO mice.

Twelve-week-old male RIP-APPL2-KO mice and their WT littermates fed with STC were housed under thermoneutral condition (30°C) for 2 weeks or under cold exposure (4°C)

for 10 days.

A Representative images of IHC staining with an antibody against tyrosine hydroxylase (TH, red) in SWAT and BAT of the above mice. The nuclei were stained with DAPI
(blue).

B Immunoblotting analysis of TH expression in sSWAT (upper panel) and BAT (lower panel). The right panel represents densitometric analysis for the relative abundance
of TH normalized with B-tubulin.

C NE contents (normalized with total protein concentration) in SWAT, eWAT, BAT, liver, and kidney of the mice after 10-day cold exposure.

D Representative images of IHC staining with an antibody against c-Fos in raphe pallidus (RPa) of the mice. The left panel is diagram illustrating the location of RPa.

E Quantification of the number of c-Fos-positive neurons in the RPa.

Data information: n = 5 for each group. Data are represented as mean £ SEM. *P < 0.05, **P < 0.01 (two-tailed independent Student’s t-test). Scale bar: 50 pum.
Source data are available online for this figure.
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Figure 5. Adeno-associated virus (AAV)-mediated deletion of APPL2 in VMH RIP-Cre neurons selectively impedes cold-induced thermogenic program in sSWAT.
Six-week-old male APPL2foxed/oxed e were bilaterally injected with 2 x 10° viral particles of AAV-RIP-GFP or AAV-RIP-Cre into the hypothalamic VMH region, followed by 3-

week post-surgery recovery.

A Representative images of IHC staining of GFP (upper panel, red, Santa Cruz #sc-8334), Cre (lower panel, red, Millipore #69050), and APPL2 (green, Abnova

#H00055198-B01P) in VMH of mice after injection with indicated AAV for 3 weeks.
Fat mass.
Oxygen consumption under room temperature (22°C) at the 4™ week after AAV injection.

o 0O w

T

The mice were subjected to acute cold exposure (4°C) for 6 h at the 5" week after AAV injection. Core body temperature was measured.
The mice were subjected to 10-day cold acclimation (4°C) at the 6" week after AAV injection. (E) Oxygen consumption after 8-day cold challenge. (F) mRNA levels of

UCP1, DIO2, and Cidea normalized with 18S in SWAT and BAT of the mice. (G) Representative images of IHC staining of UCP1 in sections of SWAT and BAT. (H)
Immunoblotting analysis of UCP1 in SWAT and BAT. The bar chart in the lower panel represents densitometric analysis for the relative abundance of UCP1
normalized with B-tubulin. (I) Representative images of IHC staining of TH (red) and DAPI (blue) in sections of SWAT and BAT of the mice after 10-day cold
acclimation. (J) Representative images of IHC staining of c-Fos in RPa of the AAV-injected mice with 10-day cold acclimation. The right panel represents the

quantification of the number of c-Fos-positive neurons in the RPa.

Data information: Data are represented as mean £ SEM. *P < 0.05, **P < 0.01 (two-tailed independent Student’s t-test). (A-G) n

(G, 1,)) 50 um.
Source data are available online for this figure.
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Figure 6. Activation of RIP-Cre neurons rescues the defective beiging in SWAT of RIP-APPL2-KO mice.

Nine-week-old male RIP-APPL2-KO mice and their WT littermates were bilaterally injected with 2 x 10° viral particles of AAV-hM3Dg-mCherry into VMH to
generate hM3DgqWT and hM3DoKO mice, respectively. 3 weeks after injection, the mice were intraperitoneally injected with CNO (0.3 mg/kg) or saline (as vehicle)

for 6 days at room temperature, followed by cold exposure for 10 days. CNO was continuously injected in a daily manner during cold exposure. The first day
CNO injection is defined as day 1.

mCherry fluorescent signal (red) was directly examined under a fluorescent microscope. Representative images were shown.

Representative images of IHC staining of c-Fos in VMH. The right panel represents the quantification of the number of c-Fos-positive neurons in the VMH.
Core body temperature of mice during cold exposure at day 7.

Oxygen consumption of mice under 22°C at day 4.

Oxygen consumption under 4°C at day 14.

mRNA levels of UCP1, DIO2, and Cidea normalized with 18S in SWAT and BAT (day 16).

Representative images of IHC staining of UCP1 (H) and TH (red, panel 1) of SWAT and BAT sections (day 16). (I) The nuclei were stained with DAPI (blue).

of

Data information: n = 5. Data are represented as mean + SEM. *P < 0.05, **P < 0.01 ("M3DgqWT + Veh vs. hM3DgqKO + Veh), #p < 0,05, ##p < 0.01, (hM3DgqKO + Veh
vs. hM3DgqKO + CNO), @@p < 0,01 (AM3DgqWT + Veh vs. hM3DgqKO + CNO); two-tailed independent Student’s t-test. Scale bar: 50 um.
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Figure 7. Inhibition of AMPKa activity in VMH restores beiging of SWAT in RIP-APPL2-KO mice.

A, B Twelve-week-old male RIP-APPL2-KO mice and their WT littermates fed with STC and housed at cold room (4°C) for 10 days were used. (A) Immunoblotting
analysis of phospho-AMPK at threonine 172 (pAMPK), total AMPK, phospho-ACC at serine 79 (pACC), total ACC, phospho-Akt at serine 473 (pAkt), and total Akt in
hypothalamus of the mice. (B) The bar chart is densitometric analysis of relative abundance of pAMPK, pACC, and pAkt normalized with total AMPK, ACC, and Akt,
respectively.

C-) Twelve-week-old male RIP-APPL2-KO mice and their WT littermates were bilaterally injected with 2 x 10° viral particles of either AAV-GFP or AAV-DN-AMPK into
VMH, followed by 3-week post-surgery recovery. The first week of AAV injection is defined as week-1. (C) Immunoblotting analysis of pAMPK, total AMPK, pACC, and
total ACC in hypothalamus of the AAV-injected mice at week-8. (D) Oxygen consumption of the AAV-injected mice under 4°C at week-6. (E) Core body temperature
upon acute cold exposure at week-5. (F) mRNA levels of UCP1, DIO2, and Cidea normalized with 18S in SWAT at week-8. (G) Immunoblotting analysis of UCP1 in
SWAT at week-8. The lower panel is densitometric analysis of UCP1 expression relative to HSP90. (H, I) Representative images of IHC staining of UCP1 (H) and TH
(red, panel I) of SWAT sections at week-8. () Representative images of IHC staining of c-Fos in RPa at week-8.

Data information: n = 5. Data are represented as mean + SEM. *P < 0.05, **P < 0.01 (WT vs. KO or WT-GFP vs. KO-GFP), #P < 0.05, *#P < 0.01 (KO-GFP vs. KO-DN-
AMPK). N.S., not significant (two-tailed independent Student’s t-test). Scale bar: 50 pm.
Source data are available online for this figure.
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inactivation in RIP-APPL2-KO mice to a level similar to their WT
controls (Fig 7D-J).

Activation of RIP-Cre neurons in VMH enhances beiging of sSWAT
and adaptive thermogenesis

A previous study demonstrated that activation of RIP-Cre neurons in
ARC by pharmacogenetic method enhances BAT thermogenesis
[38], whereas the precise role of RIP-Cre neurons in VMH in the
regulation of beiging and sympathetic circuits of sWAT is still
unknown. To investigate the effect of activation of RIP-Cre neurons
in VMH on energy balance and adipose tissue functions, we injected
Cre recombinase-dependent AAV with hM3Dq into VMH of RIP-Cre
mice (so-called hM3Dg4RIP mice). mCherry fusion tag was visual-
ized only in the VMH of RIP-Cre mice, confirming successful expres-
sion of the transgene muscarinic receptor (Fig 8A). Treatment with
CNO evoked an increase in c-Fos immunoreactivity in VMH of
hM3DgRIP mice (Fig 8B). hM3DgRIP mice treated with CNO
displayed higher energy expenditure under room temperature and
were resistant to acute cold challenge when compared to those
treated with vehicle (Fig 8C and D). Treatment with CNO promoted
beiging of sWAT, and increased sympathetic outflow to SWAT and
neuronal activity in RPa in hM3Dg4RIP mice (Fig 8E-I), whereas
BAT functions, food intake, RER, and locomotor activity were simi-
lar between the mice treated with CNO or vehicle (Fig 8E-H and
Appendix Fig S6A-C). In addition, mice with activation of RIP-Cre
neurons displayed normal responses to starvation (Appendix Fig
S6D-F). To further support the notion that activation of VMH RIP-
Cre neurons promotes beiging of sWAT via SNS, we treated the
mice with the B3-adrenergic receptor antagonist SR59230A. Treat-
ment with SR59230A abolished CNO-induced adaptive thermogene-
sis and beiging of sWAT but had no effect on neuronal activation in
VMH and RPa of hM3DgqRIP mice (Fig EVSA-F). Taken together,
these findings suggest that RIP-Cre neurons in VMH selectively regu-
late sympathetic outflow to sWAT through the f3-adrenergic recep-
tor in response to cold challenge.

Discussion

Several regions of the hypothalamus and subsets of hypothalamic
neurons have been shown to control thermogenic program in BAT
and sWAT [11]. However, whether activation of brown and beige
adipocytes can be differentially controlled by neuronal circuits and
population remains poorly understood. The present study demon-
strates that RIP-Cre neurons in VMH act as critical regulators of
systemic energy balance by mediating the crosstalk between
hypothalamus and sWAT via SNS. We propose a model whereby
disruption of proper function of RIP-Cre neurons in VMH through
APPL2 deletion leads to increased VMH AMPK activity, reduced
neuronal activation in RPa, diminished sympathetic outflow to
SWAT, defective beiging in sSWAT, and increased adiposity (synop-
sis image). In contrast, activation of RIP-Cre neurons in VMH by
pharmacogenetic approach exerts opposite effects. In addition,
defects in cold-induced beiging by APPL2 deletion can be rescued
by activation of RIP-Cre neurons or AMPK inhibition, suggesting
that the regulation of APPL2 on AMPK activity is essential for proper
function of RIP-Cre neurons under cold environment.

© 2018 The Authors
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Sympathetic nervous system outflow to WAT and BAT are dif-
ferentially regulated in response to different extrinsic factors such as
fasting and cold exposure [12]. The differential lipolytic and thermo-
genic responses may be ascribed to different densities of sympa-
thetic innervation and/or distinct hypothalamic networks to BAT
and WAT [39-41]. Transneuronal viral tract tracing studies revealed
that hypothalamic origins of the SNS outflow to BAT and sWAT are
largely disparate, despite that some of the neuronal population
(~10-20%) are overlapped [11,13,40,41]. A recent study indicated
that fasting and activation of AgRP neurons in ARC control beiging
selectively in sWAT without affecting BAT [16]. In this study, we
demonstrated that RIP-Cre neurons in VMH regulate beiging and
lipolysis preferentially in WAT but not in BAT in response to cold
exposure. We showed that this neuronal population is crucial for
cold-induced rather than fasting-mediated thermogenic and lipolytic
responses in WAT. These findings also suggest that beiging in WAT,
which can be controlled by discrete hypothalamic neurons and
networks such as AgRP and RIP-Cre neurons, is a dynamic physio-
logical protection against extreme conditions such as fasting and
cold exposure, respectively.

Insulin II mRNA has been shown to be expressed in the brain of
adult rat [42]. In the lower organism such as Drosophila, insulin-
producing neurosecretory cells can sense the changes in temperature
and nutrient availability, which in turn control growth and body size
via secretion of insulin-like peptides [43,44]. In rodents, RIP-Cre
neurons are crucial for energy balance [45-50]. This insulin II
promoter-expressing neuronal population is widely distributed in
many hypothalamic nuclei including ARC, VMH, and PVN, but does
not overlap any known neuronal populations in the hypothalamus,
yet its presence in human remains to be identified [27,46]. Disrup-
tion of leptin and insulin signaling in RIP-Cre neurons causes obesity
via an unidentified mechanism [45-48]. A recent study shows that
GABA released from RIP-Cre neurons in the arcuate nucleus (ARC)
increases energy expenditure by promoting BAT thermogenesis [38].
In contrast, we demonstrated that RIP-Cre neurons in VMH have no
effect on BAT metabolism but control SNS-dependent beiging of
sWAT. Moreover, activation of mTOR in RIP-Cre neurons alters
expression of the neuropeptides POMC and NPY in the hypothala-
mus, leading to hyperphagia and obesity [49]. These data collec-
tively suggest that different subsets of RIP-Cre neurons play distinct
roles in the regulation of energy metabolism in a fat depot-specific
manner. The unique feature of RIP-Cre neurons in VMH is crucial
because it selectively controls SNS outflow and beiging of sWAT but
not in other tissues and has no impact on food intake. Since obese
patients have increased amount of WAT but reduced amount and
activity of BAT, the selective conversion of WAT to beige fat may
help to combat against obesity. On the other hand, it is of importance
to identify whether such neuronal population responsible for selec-
tive beiging of WAT is conserved in humans.

The differential roles of RIP-Cre neurons in ARC and VMH on
energy balance may be due to their distinct neuronal connections
within hypothalamus and to other brain areas and/or neurotrans-
mitter circuits. First, RIP-Cre neurons in ARC are heterogeneous and
GABAergic (i.e., release the inhibitory neurotransmitter GABA) in
nature [38,51], whereas the majority of VMH neurons are gluta-
matergic (i.e., release the excitatory neurotransmitter glutamine)
[52]. Second, RIP-Cre neurons in ARC project to the PVH, while
VMH is anatomically connected to different areas of brain stem such
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Figure 8. Activation of RIP-Cre neurons induces beiging and adaptive thermogenesis in mice.
Six-week-old male RIP-Cre mice were bilaterally injected with 2 x 10° viral particles of AAV-hM3Dg-mCherry into VMH to generate hM3D¢qRIP mice. 3 weeks after injection,
mice were intraperitoneally injected with CNO (0.3 mg/kg) or saline (as vehicle) every day for 21 days under 22°C. The first day of CNO injected is defined as day 1.

A mCherry fluorescent signal (red) was directly detected under a fluorescent microscope. Representative images were shown. Noted that WT mice were injected with
AAV-hM3Dg-mCherry as negative control in the upper panel.

B Representative images of IHC staining of c-Fos in VMH. The right panel represents the quantification of the number of c-Fos-positive neurons in the VMH.
C  Oxygen consumption of mice under 22°C (day 11).

D  Mice were subjected to acute cold exposure (4°C) for 6 h at day 15. Core body temperature was measured.

E-

The mice were acclimated at 22°C for 6 days after the acute cold exposure, followed by tissues collection at day 21. (E) mRNA levels of UCP1, DIO2, and Cidea
normalized with 18S in sSWAT and BAT. (F) Immunoblotting analysis of UCP1 and B-tubulin in SWAT (upper panel) and BAT (lower panel). The right panel is the
densitometric analysis relative abundance of UCP1 normalized with B-tubulin. (G) Representative images of IHC staining of UCP1 in sections of SWAT and BAT. (H)
Representative images of IHC staining of TH (red) and DAPI (blue) in sections of SWAT and BAT. (I) Representative images of IHC staining of c-Fos in RPa. The right
panel represents the quantification of the number of c-Fos-positive neurons in the RPa.

Data information: n = 5. Data are represented as mean + SEM. *P < 0.05, **P < 0.01 (two-tailed independent Student’s t-test). Scale bar: 50 pm.
Source data are available online for this figure.
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as RPa and inferior olive [38,53,54]. Third, ARC contains heteroge-
neous neuronal population including POMC-, NPY-, AgRP-expres-
sing neurons [55], whereas VMH mainly contains SF1- and Nkx2.1-
expressing neurons [56]. These differences may contribute to the
distinct actions of VMH and ARC RIP-Cre neurons on energy meta-
bolism. On the other hand, it is currently unknown whether and
how RIP-Cre neurons in VMH directly control SNS outflow to sSWAT
via RPa or indirectly via intrahypothalamic connections or neuro-
transmitters. Further investigations mapping the neuronal network
linking VMH RIP-Cre neurons, SNS and WAT, and characterization
of VMH RIP-Cre neurons (such as their molecular signature, gluta-
matergic, or GABAergic) are warranted.

Ventromedial hypothalamus was the first hypothalamic site iden-
tified to regulate adaptive thermogenesis [57]. Ventromedial
hypothalamus lesions diminish sympathetic drives to WAT and
BAT, leading to defective cold-induced lipolysis and obesity in
rodents [58-60]. Various thermogenic factors, including thyroid
hormone, estrogen, bone morphogenetic protein 8B (BMP8B), and
glucagon-like peptide-1 (GLP-1) receptor agonist liraglutide, act on
VMH to induce beiging and activation of BAT via the inhibition of
AMPK pathway [5,36,61,62]. In this study, we showed that deletion
of APPL2 leads to activation of AMPK in the hypothalamus, which
in turn diminishes SNS outflow to SWAT and subsequent adaptive
thermogenesis. As an interacting partner of the adiponectin recep-
tors, APPL2 suppresses adiponectin-induced activation of AMPK in
myotubes [22]. Indeed, we found that APPL2 interacts with AMPK
in hypothalamus, and this interaction is augmented by cold expo-
sure (Wang B. Unpublished observation). However, further study
deciphering the underlying mechanism by which APPL2 regulates
AMPK activity, and whether the APPL2-AMPK signaling axis is
essential for the thermogenic factors (such as BMP8P and thyroid)
in VMH as well as how APPL2 regulates activation of RIP-Cre
neurons are warranted.

In summary, we have employed both genetic models and pharma-
cogenetic approaches to demonstrate that a subset of RIP-Cre neurons
is crucial for activation of SNS outflow to sSWAT, adaptive thermogen-
esis, and energy homeostasis. APPL2 deficiency in RIP-Cre neurons
in VMH is an important contributor for defective beiging of sWAT,
and targeted activation of RIP-Cre neurons in VMH is able to convert
energy storing white adipocytes to energy burning beige adipocytes.

Materials and Methods
Animal study

All animals were sex- and age-matched, and littermates were used,
as indicated in the figure legends. Animals were allocated to their
experimental group according to their genotypes, and therefore, no
randomization is used, unless otherwise noted. The investigators
were not blinded to the experimental groups. Homozygous APPL2
floxed (APpPL2Moxed/floxedy mice  generated in our previous study
[21], were crossed with RIP-Cre mice (RIP-Cre*, from Jackson
Laboratory) to generate heterozygous RIP-APPL2-KO mice (RIP-Cre™
APPL2M0%¢d/=y and APPL2M**¥/~ mice. RIP-Cre* APPL2"**¥~ mice
were intercrossed with APPL2M**¥~ mice to generate RIP-Cre control
mice (RIP-Cre™-APPL2~/~), wild-type (WT) littermates (APPL2/*ed/foxed)
and RIP-APPL2-KO mice (RIP-Cre -APPL2/"*e/floxed) = Rp_Cre-GFP

© 2018 The Authors
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mice were generated by crossing Z/EG mice (with the permission of
Dr. Corrinne Lobe from Sunnybrook and Women’s Health Science
Center in Canada, and obtained from the Transgenic Core Facility in
The University of Hong Kong) with RIP-Cre mice. Genotyping of
mice carrying RIP-Cre, Z/EG, and the floxed APPL2 allele was
performed as previously described [21,30,63]. To generate VMH-
RIP-APPL2-KO mice, G6-week-old APPL2/Toxed/Mloxed
randomly assigned to bilateral stereotaxic injection of AAV-RIP-Cre
or AAV-RIP-GFP (2 x 10° viral particles) into VMH. To activate RIP-
Cre neurons in RIP-APPL2-KO mice, AAV-hM3Dg-mCherry (2 x 10°
viral particles) was injected into the VMH of 10-week-old RIP-
APPL2-KO mice and their WT littermates. In Figs 8 and EV5, 6-
week-old RIP-Cre mice injected with AAV-hM3Dg-mCherry were
randomly assigned to intraperitoneal injection of CNO, SR59230A,
or vehicle for 21 days. To inhibit AMPK activity (Fig 7), AAV-DN-
AMPK or AAV-GFP (2 x 10° viral particles) was bilaterally injected
into the VMH of 12-week-old WT and RIP-APPL2-KO mice. The
above mice were maintained onto a C57BL/6 genetic background.
Age-matched male RIP-APPL2-KO mice and their WT littermates
and RIP-Cre controls were used in all the experiments of this study.
Animals were allocated to their experimental group according to
their genotypes. The mice were kept at room temperature
(22°C £ 1°C) on a 12 h/12 h light/dark cycle, with ad libitum
access to water and either fed on a STC or 45% HFD (Cat No.
D12451, Research Diets). For cold challenge experiments, mice were
housed at 4°C for different durations as specified in figure legends.
For thermoneutral condition (30°C), the mice were housed in a
small animal intensive care unit (Harvard Apparatus). Body weight
and accumulative food intake were monitored on a biweekly basis.
Body composition was determined using a minispec body composi-
tion analyzer (Bruker Minispec LF90). Environment-controlled
comprehensive laboratory animal monitoring system (CLAMS,
Columbus Instruments) was used to continuously record food
intake, oxygen consumption, locomotor activity, and RER at dif-
ferent temperatures as indicated in the figure legends. The mice
were acclimated to the system for 2-3 days before the measure-
ment. Core body temperature during cold challenge test was
measured by a thermometer with a rectal probe (Model 4610 Preci-
sion Thermometer, Measurement Specialties). All experimental
protocols were approved by the Committee on the Use of Live
Animals in Teaching and Research at The University of Hong Kong.

mice were

Quantitative real-time PCR (qPCR)

RNA was extracted from the tissues using TRIzol reagent (Life Tech-
nology), followed by reverse transcription using an ImProm-II reverse
transcription kit (Promega) with random hexamer primers. cDNAs
were processed for real-time PCR using SYBR Green master mix (Qia-
gen) with specific primers (Table 1) on a StepOnePlus Real-Time PCR
System (Applied Biosystems). All data were normalized with 18S.

Immunoblotting

Proteins were extracted from different fat pads and hypothalami
using a RIPA lysis buffer containing 0.5% NP-40, 0.1% sodium
deoxycholate, 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), phos-
phatase inhibitors, and protease inhibitor cocktail (Roche). Equal
amounts of proteins were separated by SDS-PAGE, transferred to
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Table 1. Sequences of qPCR primers.

Primer sequences
Gene names

ucPL Forward  5-TGG AGG TGT GGC AGT GTT CA-3'
Reverse 5/'-GCT CTG GGC TTG CAT TCT G-3
DIO2 Forward  5-CAG TGT GGT GCA CGT CTC CAA TC-3'
Reverse 5/-TGA ACC AAA GTT GAC CAC CAG-3'
Cidea Forward  5-TGC TCT TCT GTA TCG CCC AGT-3
Reverse 5/-GCC GTG TTA AGG AAT CTG CTG-3'
185 Forward  5-GTAACC CGT TGA ACC CCA TT-3'
Reverse 5-CCA TCC AAT CGG TAG TAG CG-3'
GFP (for Forward  5-GCA CAA GCT GGA GTA CAA CTA-3'
A AU Reverse 5/'-TGT TGT GGC GGA TCT TGA A-3'
Cre (for Forward 5-CTG ACG GTG GGA GAA TGT TAA T-3'
A ) Reverse 5/-CAT CGC TCG ACC AGT TTA GTT-3'
mCherry (for Forward 5-ATG AAC TGA GGG GAC AGG ATG-3
O ) Reverse 5/-TGG CCA TCA TCA AGG AGT TCA-3'

PVDF membranes, and probed with different primary antibodies as
specified in each figure legend. Rabbit polyclonal antibodies
against phospho-HSL (Ser-660; 1:1,000, Cat No. 4126), total HSL
(1:1,000, Cat No. 4107), GAPDH (1:2,500, Cat No. 5174), B-tubulin
(1:2,500, Cat No. 2128), phospho-AMPK (Thr-172; 1:1,000, Cat
No. 2531), total AMPK (1:1,000, Cat No. 2532), phospho-ACC
(Ser-79; 1:1,000, Cat No. 3661), total ACC (1:1,000, Cat No. 3662),
phospho-Akt (Ser-473; 1:1,000, Cat No. 9271), total Akt (1:1,000,
Cat No. 9272), and HSP90 (1:1,000, Cat No. 4874S) were from Cell
Signaling Technology. Rabbit polyclonal antibody against UCP1
(1:2,500, Cat No. Ab10983) was purchased from Abcam. Rabbit
polyclonal antibody against TH (1:1,000, Cat No. AB152) was from
EMD Millipore. Rabbit polyclonal antibody against APPL1 (1:2,000,
Cat. No. 11430) and APPL2 (1:2,000, Cat. No. 11140) was
obtained from Antibody and Immunoassay Services (AIS), The
University of Hong Kong (HKU). The specific signals were visual-
ized by horseradish peroxidase-conjugated secondary antibodies
(Cell Signaling Technology) and enhanced chemiluminescence
reagents (GE Healthcare). Intensities of the protein bands were
quantified by ImageJ software.

Histological and immunohistochemical analyses

Mice were anesthetized with an overdose of pentobarbital
(200 mg/kg) for intracardial perfusion of PBS, followed by 4%
paraformaldehyde (PFA) in phosphate buffer (0.1 M, pH 7.4).
Brains, pancreases, and different fat depots were post-fixed over-
night in 4% PFA, dehydrated and embedded with paraffin, and
then sectioned at the thickness of 5 pm. The paraffin sections of
adipose tissues were stained with hematoxylin and eosin. For
immunofluorescence staining, deparaffinized and rehydrated
sections were subjected to antigen retrieval in a sodium citrate
buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6.0) at 99°C
for 20 min. Sections were blocked with 10% fetal bovine serum
(FBS) and 3% bovine serum albumin (BSA) in PBS for 1 h at
room temperature and incubated with anti-APPL2 (1:200, mouse
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polyclonal, Abnova #H00055198-BO1P or 1:200, rabbit polyclonal,
AIS, HKU), anti-insulin (1:500, mouse monoclonal, HyTest #2IP10-
D6C4), anti-GFP (1:100, rabbit polyclonal, Santa Cruz #sc-8334 or
1:200, mouse monoclonal, Abcam #ab1218), anti-Cre (1:200, rabbit
polyclonal, Millipore #69050), anti-Nkx2.1 (1:200, rabbit mono-
clonal, Abcam #ab76013), anti-c-Fos (1:200, mouse monoclonal,
Abcam #ab208942), or anti-TH (1:500, rabbit polyclonal, Millipore
#AB152) antibody in 3% BSA overnight at 4°C. After washing
three times with PBS, the sections were incubated with secondary
antibodies (Alexa Fluor 488 anti-Rabbit IgG, Alexa Fluor 594 anti-
Rabbit IgG, Alexa Fluor 488 anti-Mouse IgG, or Alexa Fluor 594
anti-Mouse IgG, 1:500, Thermo Fisher Scientific) for 1 h at room
temperature. Nuclei were counterstained by 4/, 6-diamidino-2-
phenylindole (DAPI, 10 ng/ml, Thermo Fisher Scientific #P36931).
For immunohistochemistry, tissue slides were incubated with anti-
UCP1 (1:500, rabbit polyclonal, Abcam #ab10983) or anti-c-Fos
(1:200, mouse monoclonal, Abcam #ab208942) antibody overnight
at 4°C, followed by incubation with horseradish peroxidase-conju-
gated secondary antibodies against rabbit IgG (Cell Signaling Tech-
nology), and developed by SIGMAFAST 3, 3’ diaminobenzidine
(DAB) tablets (Sigma-Aldrich) with counterstaining for nuclei
using hematoxylin solution. All the slides were visualized with an
Olympus biological microscope BX41. Images were captured using
an Olympus DP72 color digital camera. The intensities of positively
stained cells were quantified in each of five randomly selected
fields by the ImageJ software. Two independent investigators
blinded to sample identity: one investigator performed the staining
and another investigator analyzed the tissue sections.

Measurement of norepinephrine content in peripheral tissues

To determine the norepinephrine contents in tissues, mice were
anesthetized with pentobarbital (200 mg/kg). Adipose tissues,
livers, and kidneys were immediately dissected and homogenized in
0.01 N HCI in the presence of EDTA (1 mM) and sodium metabisul-
fite (4 mM). Norepinephrine was extracted from 550 pl tissue
lysates using a cis-diol-specific affinity gel, acylated, derivatized
enzymatically, and then measured with a competitive ELISA kit
(Abnova #KA3836).

Generation of adeno-associated virus (AAV)

To construct pAAV-RIP-GFP, RIP coding sequence was amplified
from pRIP-Cre-GH (Labnodes) by PCR. The PCR product and pAAV-
CMV-GFP vector (Vector Biolabs) were digested with Mlul and
BamHI at 37°C for overnight and were then ligated by T4 DNA
ligase (NEB) to generate pAAV-RIP-GFP. To construct pAAV-RIP-
Cre, RIP-Cre sequence was amplified from pRIP-Cre-GH by PCR.
This PCR product containing the RIP-Cre sequence, together with
pAAV-mIP2-GFP vector [63], was digested with Mlul and Xhol for
overnight at 37°C, and was subsequently ligated to generate pAAV-
RIP-Cre. The AAV-hSyn-DIO-hM3D(Gq)-mCherry (AAV-hM3Dg-
mCherry) plasmid was obtained from Addgene (#44361). A domi-
nant-negative form AMPK-alpha-2 (D159A) was cloned into AAV-
CMV vector, which is so-called AAV-AMPK-DN [64]. The AAV
vector plasmid was cotransfected with pAAV2 rep cap, and pAAV
helper plasmids into HEK293 cells were obtained from American
Type Culture Collection and free of mycoplasma contamination.
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AAVs (serotype 2) were purified by polyethylene glycol/aqueous
two-phase partitioning method and were titrated by qPCR analysis
as we previously described [25,63].

Stereotaxic injection of AAV

Mice were anesthetized with ketamine (400 mg/kg) and xylazine
(40 mg/kg) and placed in a stereotaxic apparatus (Harvard Appara-
tus). AAV-RIP-GFP, AAV-RIP-Cre, AAV-GFP, AAV-DN-AMPK or
AAV-hM3Dg-mCherry (2 x 10° viral particles) were bilaterally
injected into VMH (coordinates, bregma: anterior—posterior,
—1.4 mm; dorsal-ventral, —5.6 mm; lateral, £0.4 mm, 2 pl/side) of
the mice using a 5-ul Hamilton syringe, followed by recovery and
AAV expression for 3 weeks. For those administered with AAV-
hM3Dg-mCherry, mice received daily intraperitoneal injections of
CNO (0.3 mg/kg, Sigma-Aldrich) or saline (as vehicle) for 6 days at
room temperature, followed by consecutive daily injections for
10 days in the cold environment.

Statistical analysis

All statistical analyses were performed using Prism 6 (GraphPad
Software Inc.) or SPSS. Animal sample size for each study was
chosen on the basis of literature documentation of similar well-char-
acterized experiments, and no statistical method was used to prede-
termine sample size. Data were presented as mean + SEM.
Statistical significance was assessed by two-tailed independent
Student’s t-test or one-way ANOVA with Bonferroni correction for
multiple comparisons. A value of P < 0.05 was considered statisti-
cally significant.

Data availability

The data supporting the findings of this study are available within
the article and its Supplementary Information Files or are available
from the corresponding author upon reasonable request.

Expanded View for this article is available online.
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