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Neuronal hypothalamic regulation of body metabolism
and bone density is galanin dependent
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energy status, and vice versa.

Introduction

The hypothalamus plays a central role in the systemic regulation
of energy homeostasis (1). Several hypothalamic sites sense nutri-
ent (e.g., glucose, lipids) and endocrine (e.g., leptin, insulin, ghre-
lin) cues and coordinate metabolic responses (2). Within the arcu-
ate nucleus (ARC), 2 types of neurons coexist: neurons expressing
the anorexigenic o-melanocyte-stimulating hormone derived
from proopiomelanocortin (POMC) and neurons expressing the
orexigenic agouti-related peptide (AgRP). Genetic ablation (3) and
optogenetic activation of AgRP neurons established their promi-
nent role in feeding (4) and foraging behavior (5), whereas POMC
neurons were shown to exert opposite effects (6). Beyond the
ARC, the ventromedial hypothalamus (VMH) area, harboring the
steroidogenic factor 1 (SF1) neurons, is also implicated in the con-
trol of adiposity, energy expenditure, and thermogenesis (7). The
inhibitory neuropeptide galanin, abundantly expressed within the
ARC but at low levels in the VMH (8), is also known to modulate
the consumption of food, drugs, and alcohol (9, 10).

AFosB, a splice isoform of the AP1 transcription factor
FosB, acts as a central regulator of both energy metabolism and
bone (11-15). AFosB, which lacks the C-terminal transactivation
domain, is an AP1 antagonist (16). Mice overexpressing AFosB
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In the brain, the ventral hypothalamus (VHT) regulates energy and bone metabolism. Whether this regulation uses the

same or different neuronal circuits is unknown. Alteration of AP1signaling in the VHT increases energy expenditure, glucose
utilization, and bone density, yet the specific neurons responsible for each or all of these phenotypes are not identified. Using
neuron-specific, genetically targeted AP1 alterations as a tool in adult mice, we found that agouti-related peptide-expressing
(AgRP-expressing) or proopiomelanocortin-expressing (POMC-expressing) neurons, predominantly present in the arcuate
nucleus (ARC) within the VHT, stimulate whole-body energy expenditure, glucose utilization, and bone formation and
density, although their effects on bone resorption differed. In contrast, AP1 alterations in steroidogenic factor 1-expressing
(SF1-expressing) neurons, present in the ventromedial hypothalamus (VMH), increase energy but decrease bone density,
suggesting that these effects are independent. Altered AP1 signaling also increased the level of the neuromediator galanin in
the hypothalamus. Global galanin deletion (VHT galanin silencing using shRNA) or pharmacological galanin receptor blockade
counteracted the observed effects on energy and bone. Thus, AP1antagonism reveals that AgRP- and POMC-expressing
neurons can stimulate body metabolism and increase bone density, with galanin acting as a central downstream effector. The
results obtained with SF1-expressing neurons, however, indicate that bone homeostasis is not always dictated by the global

driven by the enolase 2 (ENO2) promoter exhibit a lean pheno-
type with improved glucose metabolism and insulin sensitiv-
ity, elevated energy expenditure, and high bone mass due to
increased bone formation (12, 14, 15). Moreover, mice in which
AFosB or the artificial AP1 antagonist dominant-negative JunD
(DNJunD) are stereotactically targeted to the ventral hypothala-
mus (VHT) phenocopy the ENO2-AFosB mice (13). Whereas AP1
is thought to be central to energy regulation and inflammation
(17) and c-Fos expression is commonly used a marker of neuronal
activation (18), the mechanisms by which VHT AP1 antagonism
increases energy expenditure, glucose utilization, and bone for-
mation still remain obscure.

VHT neuropeptides regulate not only metabolism but also
bone remodeling and homeostasis (19). While energy-conserving
AgRP and energy-expending POMC neurons conform to the met-
abolic polarity, their roles in the regulation of the skeleton appear
less uniform. For instance, studies involving hypothalamic overex-
pression of NPY, a neurotransmitter that is colocalized with AgRP
(20), and hypothalamic Y2R receptor deletion (21) suggested that
NPY is a negative regulator of bone formation. In contrast, activa-
tion of AgRP neurons has a positive influence on bone mass (22).
Additional coregulators of bone and metabolism include the adi-
pokine leptin, which acts as a master switch of fat balance (23) and
appears to control bone via 2 antagonistic mechanisms: negatively
affecting bone mass via central activation of the sympathetic tone
(24) and the serotonergic system (25), and positively affecting
bone mass via CART, a neurotransmitter colocalized with POMC
(26). The skeletal effects of leptin are mediated both centrally and
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peripherally, whereas CART was reported to have the strongest
influence as a circulating hormone (27). Unlike AgRP/NPY and
CART, so far no link has been established between central galanin
signaling and bone.

Here we used AP1 antagonism as a tool to elucidate the role of
AgRP, POMC, and SF1 neurons in the control of energy and bone
in adult mice and understand whether the same or different hypo-
thalamic neuronal circuits regulate bone and energy. Combining
genetically and stereotactically restricted delivery of several AP1
antagonists to adult mice, including AFosB, A2AFosB (a further
truncated form of FosB) and DNJunD, or the AP1 agonist FosB, to
individual AgRP-, POMC-, or SF1-producing neurons, we demon-
strate the ability of the neuronal AP1 machinery to consistently
induce whole-body energy metabolism in either neuron type. Fur-
thermore, we show that neurons predominantly presentinthe ARC
are responsible for the increase in bone mass, although via differ-
ent and neuron-specific effects on bone formation and resorption,
whereas the VMH SF1 neurons have the opposite effect on bone.
Finally, we have identified galanin as a central neuromediator in
the VHT, essential for transducing both the metabolic and skeletal
effects from these neurons to their target organs.

Results

Generation of CRE-inducible AP1 lentiviruses and validation of ste-
reotactic injection. To determine which neurons are responsible for
the metabolic and skeletal responses, we used a Cre recombinase-
based (CRE-based) genetic model in combination with the anatom-
ical targeting approach to target AP1 antagonists to specific neurons
within the VHT. We designed CRE-inducible constructs, where
FLAG-tagged AP1 antagonists AFosB, A2AFosB, DNJunD, or the
AP1 agonist FosB, were subcloned into the pTomo backbone vector
carrying red fluorescent protein (RFP) and a stop codon positioned
between 2 loxP sites. Recognition of loxP by CRE excises the RFP
and stop codon and allows translation of the downstream AP1 fac-
tors and GFP. We packaged these constructs into lentiviruses (LVs)
for stereotactic delivery into the VHT of mice expressing CRE under
the control of neuron-specific promoters, specifically AgGRP-CRE,
POMC-CRE, and SF1-CRE (Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI99350DS1). To test the efficiency and CRE specificity of the
cloned constructs, they were transfected into 293T HEK cells in
the presence or absence of CAG-CRE. Western blots show that all 4
vectors exhibit detectable expression of FLAG and of their respec-
tive proteins, which are “silent” in the absence of CRE (Supplemen-
tal Figure 1B), confirming their CRE inducibility. As expected, CRE
led to a reduction in the RFP signal intensity with an unchanged
GFP signal after transduction of AP1 LVs into either 293T HEK
cells (Supplemental Figure 1C) or primary neurons isolated from
the hypothalami of AgRP-CRE or POMC-CRE mice (Supplemen-
tal Figure 1D). Quantitative PCR (qPCR) analysis further confirmed
the expression of specific AP1 factors in LV-infected primary hypo-
thalamic neurons (Supplemental Figure 1E). Having demonstrated
the CRE-specific inducibility of our vectors, we then optimized the
stereotactic injection protocols and validated the specific anatomi-
cal region of the brain where our AP1 antagonists are expressed. For
this purpose, the neuron-specific CRE mice were crossed with the
reporter R26R-Brainbow?2.1 mice, to allow individual neurons to be
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distinguished by fluorescent labels. The VHTSs of these mice were
then stereotactically injected with CRE-inducible AP1 LVs (Supple-
mental Figure 1F) and subjected to histological examination. Sup-
porting previous findings, red fluorescence showed that AgRP and
POMC neurons were present mostly in the ARC region, whereas
SF1 neurons were detected mostly in the VMH area. Bilateral len-
tiviral vector injection was shown to be delivered in the vicinity of
neuronal cells of interest (Supplemental Figure 1G, yellow label with
aproportion of green). Examination of several sections anterior and
posterior to the injection site showed no fluorescence, confirming
that the viral particles do not spread to large and undefined areas
and remain restricted to the injection site. To show neuron-specific
expression of our constructs, we performed immunostaining of
brain sections in mice injected with FLAG-tagged AFosB LV. FLAG
was colocalized with AgRP or POMC in AgRP-CRE or POMC-CRE
mice, respectively, and we did not observe FLAG staining in non-
targeted neuronal cells (we found no green signal in the absence of
red), demonstrating, as expected, neuron-specific AFosB protein
expression (Supplemental Figure 2A). Furthermore, AFosB sig-
nal was colocalized with AgRP or POMC in primary hypothalamic
neurons isolated from AgRP-CRE or POMC-CRE mice, respec-
tively (Supplemental Figure 2B). Finally, to exclude a potential pro-
moter “escape” in vivo, we injected AP1 LV to the VHT of C57BL
(lacking CRE) mice and found no effect on energy expenditure, glu-
cose metabolism, or bone density (Supplemental Figure 3). Taken
together, these data supported the ability of our tools to selectively
target individual populations of VHT neurons, allowing their fur-
ther evaluation in the AgRP- and POMC-CRE mice models.

API antagonism in AgRP neurons increases energy metabolism
and bone density. The CRE-inducible AP1 LVs were first deliv-
ered into the VHT of AgRP-CRE mice, ensuring the expression
of AFosB, A2AFosB, or DNJunD, all AP1 antagonists in AgRP-
producing neurons. Empty vector LV and the AP1 agonist FosB LV
were used as negative controls. Selective AP1 antagonism in AgRP
neurons suppressed weight gain and enhanced energy expendi-
ture, as measured by heat production (Figure 1, A and B), recapitu-
lating the phenotype observed with non-neuron-specific VHT AP1
blockade (13). Abdominal fat pads were smaller (Figure 1, C and D)
and with reduced adipocyte size (Figure 1E), suggesting an altered
energy balance in favor of energy utilization. Dual-energy x-ray
absorptiometry (DXA) analysis showed a reduction in fat mass,
whereas lean mass remained unchanged (Supplemental Figure
8). In addition to lower weight, we observed an increased glucose
clearance and insulin sensitivity, as measured by the glucose tol-
erance test (GTT) and insulin tolerance test (ITT) (Figure 1F), as
well as smaller insulin-positive islets of Langerhans (Supplemen-
tal Figure 4). Expression of the AP1 agonist FosB, used here as a
control, failed to induce an increase in energy expenditure or to
affect glucose metabolism (Figure 1, A-F). In line with recapitu-
lating the metabolic phenotype of ENO2-AFosB overexpression
(13), AP1 antagonism in AgRP neurons also resulted in increased
trabecular bone volume (Figure 1, G and H, and Supplemen-
tal Figure 5). AFosB expression induced a 50% increase in bone
mass (bone volume over total volume [BV/TV]) over the respec-
tive empty vector control (Figure 1G and Table 1). Expression of
A2AFosB and DNJunD followed similar trends (Supplemental
Figure 6). Mechanistically, while the measured bone formation
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Figure 1. AP1 antagonism in AgRP neurons increases energy expenditure and bone density. The VHTs of male 6- to 7-week-old AgRP-CRE mice were
stereotactically injected with CRE-inducible AP1(AFosB, A2AFosB, DNJunD, or FosB) LVs, and metabolic and bone profiles were assessed 6 weeks after
surgery. (A) Weight gain at 3 and 6 weeks. (B) Calorimetric analysis of energy expenditure. (C) Representative images of epididymal white adipose tissue
(eWAT). (D) Percentage of body fat calculated from abdominal fat pad weight in relation to total body weight. (E) H&E-stained sections of e WAT. Values
and graphs correspond to adipocyte size mean and distribution. (F) Glucose tolerance test and insulin tolerance test. *P < 0.05.(G) Micro-CT analysis

of femurs (see Table 1 for values). (H) von Kossa staining of tibiae. (I) BFR/BS histomorphometry. (J) Serum PINP and CTX. Statistical analysis included
ANOVA followed by Tukey-Kramer HSD test, P < 0.05, comparing 5 groups (n = 6-9). Groups marked by different letters significantly differ from each other
(e.g., ais significantly different from b, but a is not significantly different from ab). The Empty, AFosB, and FosB groups are shown. The expanded data

set, including the A2AFosB and DNJunD groups, is in Supplemental Figure 6.

rate (bone formation rate over bone surface [BFR/BS]) as well as
the level of bone formation marker serum procollagen I intact N-
terminal (P1NP) were increased (Figure 1,1 and J), the level of bone
resorption marker serum carboxy-terminal collagen type I cross-
links (CTX) was reduced (Figure 1]). In contrast, FosB decreased
PINP, increased CTX, and had no effect on BV/TV (Figure 1, G,
and Table 1). Overall, these data suggest that inhibition of AP1 in
AgRP-expressing neurons is sufficient to enhance systemic energy
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metabolism and bone formation in mice. Of note, although FosB
expression had the expected opposite effects on several of the
measured parameters, it sometimes had no measurable effects,
possibly due to the fact that FosB is further truncated to long-
acting AFosB isoform (28), masking FosB effects by increasing
antagonism over the course of the study.

API antagonism in POMC neurons also increases energy metabo-
lism and bone density. AGRP and POMC neurons exert opposite
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Table 1. AP1 antagonism in AgRP or POMC neurons elevates bone density, but AP1 antagonism in SF1 neurons decreases bone density

BV/TV (%) Tb.N (mm~)
AgRP-CRE Empty 010 +0.01° 40+01
AFosB 0.15 £ 0.02° 049 +0.1°
FosB 011+ 0.01® 3601
POMC-CRE Empty 0.11+0.01 4201
AFosB 0.15 £ 0.02° 40+£01
FosB 010 +0.01° 41£00°
SF1-CRE Empty 0.20 £ 0.02 51+0.3
AFosB 0.14 +0.02° 41+0.0°
FosB 017 + 0.01® 54+00°

Tb.Th (mm) Tb.Sp (mm) M.BV/TV (%) CTh (mm)
0.045 + 0.002° 0.25+0.07° 049 +0.01? 0.23£0.00°
0.044 + 0.004* 0.19 + 0.01° 048 +0.07° 0.24 +0.01®
0.049 £ 0.004* 0.27 £ 0.01 0.50 + 0.00° 0.24 + 0.01®
0.045 + 0.001° 0.23 +0.01 044 +0.01 0.20 + 0.00°
0.057 + 0.005* 0.24 £ 0.01° 045 +0.01° 0.21+0.07°
0.044 +0.001 0.23+0.07° 043+0.07° 0.20 £ 0.00°
0.050 + 0.002° 019 + 0.01° 048 +0.07° 0.22 +0.07°
0.050 + 0.003° 0.23 +0.00° 0.44 +0.01 0.21+0.00®
0.044 + 0.003° 0.18 + 0.00° 045 +0.01® 0.19 +0.01°

Micro-CT analysis values are related to Figures 1, 2, and 8. Groups marked by different letters significantly differ from each other (e.g., a is significantly
different from b, but a is not significantly different from ab). Bold values are significantly different from Empty (control), P < 0.05.

actions on feeding and metabolic balance (3, 4). POMC neurons
could therefore have opposite effects to those of the AgRP neu-
rons on energy and bone metabolism. Surprisingly, the delivery of
CRE-inducible LVs expressing AFosB into the VHT of POMC-CRE
mice also resulted in an enhanced metabolic profile with lower
body weight, decreased fat mass, increased energy expenditure,
smaller abdominal fat pads with smaller adipocytes, and improved
glucose metabolism with smaller pancreatic islets and higher
insulin sensitivity (Figure 2, A-F, and Supplemental Figures 4 and
7). Furthermore, this metabolic enhancement was also associated
with an increase in trabecular BV/TV (Figure 2, G and H, and Table
1). The mechanism leading to the increase in bone mass was, how-
ever, different from AgRP-expressing neurons: BFR/BS and both
PINP and CTX were increased (Figure 2, I and ]). These changes
were confirmed by histomorphometry (Supplemental Figure 5).
The other AP1 antagonists, A2AFosB and DNJunD, exhibited simi-
lar increases in metabolism and bone parameters, and FosB had
no effect (Figure 2 and Supplemental Figure 7). Interestingly, the
AP1 blockade-dependent induction of energy metabolism in both
POMC and AgRP neurons is not the consequence of altered feed-
ing, as it remained unchanged in both groups of mice (Supplemen-
tal Figure 8). Collectively, these data suggest that in contrast to the
classically divergent roles of AgRP and POMC neurons, inhibition
of AP1 in neurons expressing one or the other of these neuromedi-
ators stimulates whole-body energy and improves glucose metab-
olism. Moreover, AP1 blockade in any of these neurons promotes
a positive regulation of bone mass, yet the effects on osteoclast
function appear to differ between AgRP and POMC.

API antagonism upregulates galanin expression and signaling
in the hypothalamus. Given that both types of neurons generated
similar energy phenotypes, we searched for a common neuro-
mediator rather than the neuron-restricted AgRP and POMC. To
identify the neuromediator alterations by which AP1 blockade in
the VHT mediates these effects, we performed a microarray and
differential gene expression analysis of hypothalami from ENO2-
AFosB transgenic mice (which showed the same phenotype as
observed here) or WT mice in which the VHT was injected with
AFosB AAV or DNJunD AAV, using littermates and GFP AAV
as controls, respectively. Whereas no significant changes were
observed in other neuropeptides, our data revealed a 3.5-fold

increase in the expression of galanin in the hypothalami of ENO2-
AFosB mice and AFosB AAV mice. Interestingly, we also observed
a parallel increase in 3 of the galanin-regulated hypothalamic-
born neurohormones — oxytocin, arginine vasopressin (AVP),
and thyrotropin-releasing hormone (TRH) (Supplemental Figure
9 and Figure 3A) — further confirming activation of the galanin
signaling pathway. These findings were validated by qPCR in
several APl antagonist-overexpressing models. Interestingly,
hypothalami from ENO2-AFosB mice (Figure 3B), WT mice in
which the VHT was injected with AFosB AAV and DNJunD AAV
(Figure 3, C and D), and primary hypothalamic neurons isolated
from WT mice and transduced with AFosB AAV and DNJunD AAV
(Figure 3E) all demonstrated an upregulation of galanin expres-
sion. In contrast, hypothalami from UFosB transgenic mice, in
which a mutation prevents the generation of the AFosB splice
variant from the full-length FosB (29), showed a lower galanin
expression level compared with littermate controls (Figure 3F). To
assess the site of galanin upregulation, and given the lack of
information regarding galanin expression in our specific neurons
of interest, we crossed AgRP-CRE (or POMC-CRE) mice with
reporter R26R-Brainbow?2.1 mice, marking all AgRP- or POMC-
expressing neurons one unique color (predominantly red). We
then injected the recombined animals with GFP-AAV or AFosB-
AAV (green) and isolated and FACS-sorted primary hypothalamic
neurons. As expected under our experimental conditions com-
bining genetic and stereotactic targeting, qPCR analysis revealed
that AFosB overexpression increased galanin levels specifically in
AgRP- or POMC-expressing neurons (red and green) (Figure 3G
and Supplemental Figure 10). Collectively, these observations
suggested a mechanistic link between galanin signaling and the
central regulation of energy, glucose, and/or bone metabolism in
response to AP1 blockade.

Expression of AP1 antagonists is associated with galanin pro-
moter activation. To determine whether AFosB associates directly
with the galanin gene, we performed a ChIP assay on galanin-
producing mHypoE 42 cells transfected with CRE-inducible FLAG
AFosB constructs in the presence or absence of cotransfected
CRE. The ChIP results demonstrated more than 2.5-fold enrich-
ment of AFosB at the level of the promoter, but not at the level of
other evolutionary conserved regions (ECRs), suggesting physi-
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Figure 2. AP1 antagonism in POMC neurons increases energy expenditure and elevates bone density. The VHTs of male 6- to 7-week-old POMC-CRE mice
were stereotactically injected with CRE-inducible AP1(AFosB, A2AFosB, DNJunD, or FosB) LVs, and metabolic and bone profiles were assessed 6 weeks
after surgery. (A) Weight gain at 3 and 6 weeks. (B) Calorimetric analysis of energy expenditure. (C) Representative images of eWAT. (D) Percentage of
body fat calculated from abdominal fat pad weight in relation to total body weight. (E) H&E-stained sections of eWAT. Values and graphs correspond to
adipocyte size mean and distribution. (F) Glucose (GTT) and insulin (ITT) tolerance tests. (G) Micro-CT analysis of femurs (see Table 1 for values). (H) von
Kossa staining of tibiae. () BFR/BS histomorphometry. (J) Serum PINP and CTX. Statistical analysis included ANOVA followed by Tukey-Kramer HSD test,
P < 0.05, comparing 5 groups (n = 6-9). Groups marked by different letters significantly differ from each other (e.g., a is significantly different from b, but a

is not significantly different from ab). The Empty, AFosB, and FosB groups are shown. The expanded data set, including the A2AFosB and DNjunD groups,
is found in Supplemental Figure 7.
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cal interaction between AFosB and the galanin promoter region
(Figure 4A). In galanin promoter luciferase assays, FosB, AFosB,
and DNJunD alone, as well as the pure agonists JunD, FosB/JunD,
and the pure antagonist AFosB/DNJunD combinations, failed to
activate the galanin promoter. In contrast, antagonist-agonist het-
erodimers, including AFosB/JunD and DNJunD/FosB, stimulated
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galanin promoter activity (Figure 4B), possibly because FosB or
JunD provide efficient DNA binding and transactivating domains.
Although the presence of an AP1 12-O-tetradecanoylphorbol-
13-acetate (phorbol-12-myristate-13-acetate) response element
(GTRE) octamer sequence (TGACGCGG) has been reported in
the galanin promoter (30), neither AFosB/JunD nor DNJunD/
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Figure 3. AP1antagonism increases galanin expression. (A) Microarray and differential gene expression with pathway analysis of ENO2-AFosB and control
hypothalami (n = 2). (B) Real-time PCR analysis of ENO2-AFosB mice hypothalami showing elevated galanin mRNA (n = 3). (C) Real-time PCR analysis of
hypothalami from mice in which the VHT was injected with AFosB AAV, DNJunD AAV, or GFP AAV, showing elevated galanin mRNA (n = 6) 6 weeks after sur-
gery. (D) Western blot of hypothalami (6 weeks after surgery) from mice in which the VHT was injected with AFosB AAV or GFP AAV (n = 3). (E) Real-time PCR
analysis of primary hypothalamic neuronal cells isolated from WT C57BL mice and transduced with AP1AAV (n = 4). (F) Real-time PCR analysis of hypothalami
from UFosB mice (no AFosB or A2AFosB splices) showing suppressed galanin mRNA (n = 4). (G) AgRP-CRE (or POMC-CRE) mice were crossed with reporter
R26R-Brainbow2.1 mice marking all AgRP neurons with a single, unique color (predominantly red). Recombined mice were then injected in the VHT with GFP-
AAV or AFosB-AAV (green), and primary hypothalamic neurons were isolated and subjected to FACS sorting using PE-A filter for red fluorescence and FITC-A
for green fluorescence. A population displaying both red and green represents AgRP (or POMC) neurons infected with AAV. gPCR analysis showing increased
galanin expression by AFosB in AgRP and POMC neurons (n = 4). Statistical analysis included 1-tailed t test. *P < 0.05, **P < 0.001.
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(B) Galanin luciferase assay performed on 239A cells using various combinations of AP1 constructs alone or as heterodimers. Statistical analysis included

1-tailed t test. *P < 0.05.

FosB activated this region in the Gal GTRE-pEZX-PG04 construct
(Supplemental Figure 11), suggesting that these AP1 factors dock at
sites other than this GTRE. These results suggest that AP1 antago-
nists, possibly as heterodimers with AP1 components, are capable
of binding and stimulating galanin promoter activity. We did not
find direct binding of the other antagonists tested. Thus, because
we did not find AP1 or DNJunD binding on the galanin promoter
sequence that we tested, we cannot exclude the possibility that
the regulation of galanin expression can be direct, via AFosB bind-
ing, or through AP1 binding on other promoters, affecting galanin
expression indirectly.

Temporal and spatial silencing of galanin in the VHT prevents
AFosB-induced increases in energy, glucose metabolism, and bone den-
sity in AgRP and POMC neurons. To assess the functional signifi-
cance of hypothalamic galanin upregulation in response to AFosB
we used 2 different models: (a) silencing of galanin with shRNA
inserted in the same vectors that induce AFosB and (b) pharmaco-
logical blockade of galanin signaling. We used the same conditions
as in the neuron-specific experiments, combining temporally and
spatially targeted deletion of galanin in the CRE-expressing mice
in the same LV vectors expressing AFosB. Since we did not find
binding to the classical AP1 site on the galanin promoter, we posi-
tioned galanin shRNA under the non-CRE-inducible H1 promoter
to restrict AFosB overexpression in only 1 CRE-selected neuron
type but allow galanin silencing in any infected cell in the imme-
diate environment of these specific neurons within the injected
area, effectively preventing galanin-dependent communication
between neurons within the VHT (Figure 5A). Three galanin
shRNA sequences were tested for suppression efficiency and the
most potent, galanin shRNA2 and shRNA3, were pooled for sub-
sequent experiments (Figure 5, B and C). A scrambled shRNA
(sc) sequence was incorporated into the empty vector (Empty/sc)
or the AFosB vector (AFosB/sc), packaged into LVs, and used as a
control. Testing these LVs in vivo using neuron-specific CRE mice
revealed a comparable overexpression of AFosB and greater than
50% reduction in galanin mRNA levels (Supplemental Figure 12).
Silencing of galanin at the site of AFosB overexpression (AFosB/
GalshRNA compared with AFosB/sc) abolished the increase in

jci.org  Volume128  Number6  June 2018

energy expenditure in both AgRP (Figure 5D) and POMC (Figure
6A) neurons. GalshRNA prevented the decrease in glucose levels
inthe GTT and ITT seen with AFosB alone. Galanin silencing had
opposing effects on insulin secretion, however, actually increasing
insulin levels markedly beyond control levels in AgRP-CRE mice
(Supplemental Figure 13A) while reducing insulin levels in POMC-
CRE mice (Supplemental Figure 13B), confirming that AFosB-
induced reduction in glucose stems from galanin effects on insulin
sensitivity rather than on insulin levels. Most importantly, analysis
of bone revealed that silencing of galanin concomitant with AFosB
overexpression prevented the AFosB-driven increase in trabecular
BV/TV in both AgRP and POMC neurons (Figure 5E, Figure 6B,
and Table 2). Serum PINP and CTX (Figure 5G and Figure 6D)
showed that the effects of AFosB on bone formation and resorp-
tion were galanin sensitive in both AgRP and POMC neurons,
despite the fact that these 2 parameters were affected in opposite
directions by these 2 neurons. Histomorphometric measurements
showed similar trends (Figure 5F and Figure 6C).

Blockade of galanin receptors prevents a AFosB-induced increase
in energy. To mediate its effects, the neuropeptide galanin binds
to postsynaptic receptors within the VHT. To confirm the role of
galanin in mediating the metabolic and bone effects of AFosB, we
pharmacologically blocked galanin receptors in the VHT. The pan-
galanin receptor blocker M35 or vehicle were delivered i.c.v. into
the third ventricle via osmotic pumps. The animals were simulta-
neously injected with AFosB AAV or GFP AAV, following our stan-
dard VHT stereotactic viral delivery protocol (Figure 7A). Based
on the literature (31), the effects of M35 were assessed 2 weeks
instead of 6 weeks later. Remarkably, blocking galanin receptors
prevented a AFosB-induced increase in energy expenditure and
reduction in weight gain and fat pad size (Figure 7, B-E). In con-
trast, control animals receiving 10 uM or 100 uM M35 in combina-
tion with GFP AAV showed no change in energy expenditure (Fig-
ure 7C) or in abdominal fat pad size (Figure 7, D and E). Of note,
although the metabolic effects of AP1 antagonism can be observed
as early as 2 weeks after LV injection (Supplemental Figure 8), the
bone effects take longer (4-6 weeks) to be measurable. According-
ly, and given the young age and short time frame of the minipump
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Figure 5. Silencing of galanin in the VHT of AgRP-CRE mice pre-
vents AFosB-induced elevation of energy metabolism and bone
density in AgRP neurons. (A) CRE-inducible FLAG-tagged AFosB
pTomo or empty pTomo constructs were modified to incorporate
the H1 promoter and scrambled or galanin shRNA. These constructs

25 MAR ’ BFH/E’S 25 Ob-S/BS “ OCS'S/BS were packaged into LVs and stereotactically delivered to VHT of
) a <03 2 a 12 P 6- to 7-week-old male neuronal promoter AgRP-CRE mice for
§ 15| Lpebemb N‘é’ 06 abab*b s : ! - 12 I aa simultaneous AFosB expression and galanin silencing in selected
\% . -* \E o4 —i e 10 iab L ﬁ! neurons. Energy metabolism and bone were analyzed 6 weeks after
= s "% 02 . * b 4 | - surgery. (B) Real-time PCR and Western blot validation of galanin
o T . ] g mRNA and protein suppression in the mHypoE 42 hypothalamic

cell line transfected and selected with G418 for stable expression of
modified constructs (n = 4). (C) Western blot validation of AFosB
protein overexpression in the presence of CRE using the mHypoE 42
cell line transfected with modified constructs (n = 3). (D) Calorimet-
ric analysis of metabolism. (E) Micro-CT analysis of femurs (see
Table 2 for values). (F) Histomorphometric analysis of tibiae. (G)
Serum PINP and CTX. Statistical analysis included ANOVA followed
by Tukey-Kramer HSD test comparing 4 groups (n = 6-9), *P < 0.05.
Groups marked by different letters significantly differ from each
other (e.g., a is significantly different from b, but a is not signifi-
cantly different from ab).
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Figure 6. Silencing of galanin in the VHT of POMC-CRE mice prevents AFosB-induced
elevation of energy metabolism and bone density in POMC neurons. CRE-inducible
FLAG-tagged AFosB pTomo or empty pTomo constructs were modified to incorporate
the H1 promoter and scrambled or galanin shRNA. These constructs were packaged
into LVs and stereotactically delivered to VHTs of 6- to 7-week-old male neuronal
promoter POMC-CRE mice for simultaneous AFosB expression and galanin silencing
in selected neurons. Energy metabolism and bone were analyzed 6 weeks after
surgery. (A) Calorimetric analysis of metabolism. (B) Micro-CT analysis of femurs (see
Table 2 for values). (C) Histomorphometric analysis of tibiae. (D) Serum PINP and CTX.
Statistical analysis included ANOVA followed by Tukey-Kramer HSD test comparing 4
groups (n = 6-9), P < 0.05. Groups marked by different letters significantly differ from
each other (e.g., a is significantly different from b, but a is not significantly different

from ab).
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i.c.v. protocol, the AFosB AAV-injected animals did not
develop a high bone density. Although galanin receptor
blockade downregulated BV/TV independent of AFosB,
as shown by micro-CT analysis (Figure 7F and Table
3), the level of PINP was significantly higher in AFosB
mice than in AFosB mice treated with M35 (Figure 7G),
suggesting that galanin receptor blockade prevents the
effects of AFosB in the VHT on bone formation. Simi-
larly, CTXs were not altered in this context (Figure 7G)
although their values were elevated because younger
mice have higher bone turnover (32). Overall, these stud-
ies provide support for the essential role of galanin in the
central neuronal pathway responsible for the stimulation
of energy metabolism and bone by AP1 antagonists.

API antagonism in SF1 neurons increases energy and
glucose metabolism but decreases bone density. In contrast
with the parallel increase in metabolic activity and bone
density triggered by the overexpression of AP1 antago-
nists in either AgRP or POMC neurons, delivery of the
same factors to SF1-expressing neurons in the VMH led
to a complete dissociation of the metabolic and skeletal
phenotypes. Whereas the energy metabolic profile was
increased to a similar extent as with the other 4 neu-
rons (Figure 8, A-D, and Supplemental Figure 4), AFosB
expression in SF1-expressing neurons induced a marked
reduction of trabecular bone mass driven by suppressed
formation (PINP) and elevated bone resorption (CTX)
(Figure 8, E-G, and Table 1). Interestingly, although
galanin silencing in these mice prevented the increase
in metabolic activity (Figure 94), it did not prevent the
negative effects of AFosB on bone mass (Figure 9B).

Discussion

In this study, we used AP1 antagonism as a tool to iden-
tify the specific VHT neurons that regulate energy and
bone in adult mice and determine whether (a) these
neurons share the same or distinct functions, (b) ener-
gy, glucose, and bone controlling pathways are common
at the level of VHT, and (c) the regulation of these func-
tions is interrelated. We found that AP1 antagonism in
either AgRP- or POMC-expressing neurons drives uti-
lization of energy, with a calorimetric increase in heat
production, glucose utilization, and a corresponding
reduction in adiposity. Furthermore, AP1 antagonism
in both neuron types also increased bone density, but
the mechanisms leading to bone accrual differed. Bone
formation was increased by both neuron types, whereas
bone resorption was suppressed by AgRP-expressing
neurons and enhanced by POMC-expressing neurons
(Supplemental Figure 14). Although the expression of
FosB often led to effects opposite to those of the AP1
antagonists, it sometimes had no effect, possibly due in
part to the fact that FosB is further truncated to AFosB
(28). Nevertheless, FosB never had effects similar to
AFosB and the conclusion that the observed effects
are due to AP1 antagonism is further supported by the
consistent effects of A2AFosB and DNJunD, pure AP1
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Figure 7. Blockade of galanin receptors in the VHT of WT C57BL mice prevents AFosB-mediated increase in energy and reduces bone density. (A) WT
C57BL mice in which the VHTs were stereotactically injected with AFosB AAV or GFP AAV, and nonselective galanin receptor blocker M35 was delivered for
a period of 2 weeks via intrascapularly positioned osmotic pump connected to third ventricle-implanted cannula. (B) Weight gain at 2 weeks after surgery.
(C) Calorimetric analysis of energy expenditure. (D) Representative images of eWAT with average weight (grams). (E) Weight gain and percentage of body
fat calculated from eWAT weight in relation to body weight. (F) Micro-CT analysis of femurs (see Table 3 for values). (G) Serum PINP and CTX. Statistical
analysis included ANOVA followed by Tukey-Kramer HSD test (n = 5-6), P < 0.05. Groups marked by different letters significantly differ from each other
(e.g., ais significantly different from b, but a is not significantly different from ab).

antagonists. Altogether, these results demonstrate that both
neurons, predominantly expressed in the ARC, can regulate
energy, glucose metabolism, and bone homeostasis in a coordi-
nated manner in response to AP1 antagonists.

It has been suggested that changes in energy can influence
glucose metabolism and bone homeostasis (24, 26, 33) and recip-
rocally, that bone remodeling can affect energy and glucose
metabolism (34, 35). In contradiction to this concept, AP1 antago-
nists targeted to SF1-expressing neurons, predominantly present

in the anatomically distinct VMH, demonstrated that in adult mice
the changes in bone are not due to global changes in metabolism,
since the same high metabolic state can be observed concur-
rently with either high bone mass, as seen with AgRP- or POMC-
expressing neurons, or low bone mass, as seen with SF1 neurons.
This important finding demonstrates that (a) within the VHT,
VMH neurons regulate bone differently from ARC neurons and
(b) the energy, glucose, and bone phenotypes are not ineluctably
linked, either centrally or peripherally (i.e., the changes in bone
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Table 2. AP1 antagonism-induced bone changes are galanin dependent in AgRP and POMC neurons, but not in SF1 neurons

BV/TV (%) Tb.N (mm™)
AgRP-Cre Empty/sc 010 +0.01° 40+03°
Empty/GalshRNA 012+0.01® 3.9+01
AFosB/sc 0.14 £ 0.00° 46+0.7°
AFosB/GalshRNA 010+ 0.01° 40+0.2°
POMC-Cre Empty/sc 0.11+0.03* 3.8+03°
Empty/GalshRNA 013+0.02*® 42+01
AFosB/sc 015+ 0.01° 49102
AFosB/GalshRNA 0.09 + 0.00° 44+01
SF1-CRE Empty/sc 0.22 + 0.00° 5.6+0.7
Empty/GalshRNA 015+ 0.00* 49+ 0.1®
AFosB/sc 0.12 £ 0.02° 4404
AFosB/GalshRNA 014 +0.02® 45+0.2®

Tb.Th (mm) Tb.Sp (mm) M.BV/TV (%) C.Th (mm)
0.045 + 0.002° 0.24 + 0.02° 049 + 0.02° 0.23+0.07°
0.048 + 0.002° 0.26 £ 0.01 048 +0.01° 0.24 +0.07°
0.047 + 0.007 0.21+0.00° 049 + 0.00° 0.23+0.07°
0.043 + 0.007° 0.25+0.01 0470.01 0.22 +0.00°
0.049 + 0.005° 0.27 +0.03* 045 +0.022 0.20 + 0.01°
0.047 + 0.004® 0.24 + 0.0 048 +0.01° 0.21+0.00°
0.046 + 0.002* 0.21+0.01 047 +0.07° 0.21+0.00°
0.036 + 0.007 0.22 +0.00° 044 +0.00° 0.17 £ 0.00°
0.047 + 0.007 0.17 £ 0.00? 0.46 + 0.00? 0.23 £ 0.00°
0.043 + 0.007° 0.19 + 0.00° 046+ 0.00° 0.21+0.00®
0.041+0.002° 0.23 +0.022 046+ 0.02° 0.20 + 0.00°
0.045 +0.001° 0.22+0.07° 047 +0.022 0.22 +0.00®

Micro-CT analysis values are related to Figures 5, 6, and 9. Groups marked by different letters significantly differ from each other (e.g., a is significantly
different from b, but a is not significantly different from ab). Bold values are significantly different from Empty (control), P < 0.05.

remodeling and homeostasis are neither the cause nor the conse-
quence of the changes in energy and/or glucose metabolism and
vice versa). It should be pointed out that, as opposed to commonly
used tools such as transgenic or knockout mice, which exhibit
developmental adaptations, or optogenetics and chemogenetics,
which exert short-term modulation of neuronal activity (seconds
to hours) (36), we modulated AP1 signaling in adult mice over a
period of 8 weeks, a time frame sufficient for the establishment of
anew metabolic and bone steady state. It should also be noted that
our approach, combining CRE-dependent genetics with anatomi-
cal targeting, resulted in a consistently reproducible phenotype in
which AP1 LV VHT delivery was sufficient to drive both metabo-
lism and bone formation, circumventing the variability often seen
with purely anatomical targeting.

Given that AgRP- and POMC-expressing neurons were able to
induce similar energy, glucose, and bone formation phenotypes,
we searched for a common neuromediator and identified galanin
as a mediator of the central effects of AP1 antagonists responsible
for the shift toward catabolic energy and anabolic bone homeo-
stasis. Although the changes in bone resorption differed between
AgRP and POMC neurons, galanin silencing blocked these effects.
In contrast, galanin silencing did not affect the bone effects of SF1
neurons, but it still was responsible for the increased energy and
glucose metabolism.

One of the surprising findings of the present study is the
fact that all of the 3 neurons we tested can exert similar effects
on energy expenditure and glucose metabolism. However, the
deviation from the seemingly opposite roles ascribed to orexi-
genic AgRP and anorexigenic POMC neurons has been noted
before. For example, a recent study demonstrated a promot-
ing (as opposed to a suppressing) effect of POMC neurons on
feeding and energy conservation through the involvement
of cannabinoids (37), an observation that may be relevant to
AFosB, given its known effects on drug addiction (38). Like-
wise, a discrepancy exists between hypothalamic administra-
tion of CART peptide, shown to induce feeding behavior (39),
and gene ablation and overexpression studies, confirming its
anorexigenic role (40). In our models, AP1 antagonists exerted
a common induction of energy catabolism. Thus, our data sug-
gest that under certain conditions both AgRP-expressing and
POMC-expressing neurons can be triggered to orchestrate an
energy-burning state. It should also be noted that recent find-
ings suggest that there is more overlap in the expression of
these different neuromediators by individual neurons than
previously thought (40). The possibility therefore exists that
our neuromediator-CRE approach induced AFosB expression
in more than 1 neuron type at the same time. Our immuno-
cytochemistry and FACS and qPCR analysis (Figure 3G and

Table 3. Blockade of galanin receptor signaling in VHT reduces bone mass

BV/TV (%) Tb.N (mm™) Tb.Th (mm) Tb.Sp (mm) M.BV/TV (%) CTh (mm)

GFP + vehicle 019 + 0.07° 5.5 +0.0° 0.046 + 0.003° 017 + 0.00° 0.45 +0.00? 019 + 0.00°
+100 puM M35 0.13 £ 0.00° 51+0.0° 0.046 + 0.003° 017+ 0.00° 045 +0.00? 019 +0.00°

+1,000 uM M35 0.16 + 0.02*® 50+0.2° 0.046 + 0.004° 0.19 £ 0.07° 044 +0.022 019 £ 0.01

AFosB + vehicle 018 +0.01° 54 +0.2° 0.046 + 0.000° 017 +£0.01 045 +0.01? 019 +0.00°
+100 uM M35 0.15 + 0.00° 52+01 0.041 % 0.000° 018 +0.00° 044 +0.00° 019 + 0.00°

+1,000 uM M35 0.15 + 0.00° 52+01° 0.040 + 0.000° 018 +0.00° 043 +0.00° 018 +0.00°

Micro-CT analysis values are related to Figure 7. Groups marked by different letters significantly differ from each other (e.g., a is significantly different from
b, but a is not significantly different from ab). Bold values are significantly different from Empty (control), P < 0.05.
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Figure 8. AFosB in VMH SF-1 neurons elevates energy expenditure but reduces bone density. The VHTs of male 6- to 7-week-old SF1-CRE mice were
stereotactically injected with CRE-inducible AFosB or FosB LV, and metabolic and bone profiles were assessed 6 weeks after surgery. (A) Weight gain at 3
and 6 weeks. (B) Calorimetric analysis of energy expenditure. (C) Representative images of abdominal fat pads. (D) H&E-stained sections of abdominal fat
pads. Values and graphs correspond to mean adipocyte area mean and distribution. (E) Micro-CT analysis of femurs (see Table 1 for values). (F) von Kossa
staining of tibiae. (G) Serum PINP and CTX. Statistical analysis included ANOVA followed by Tukey-Kramer HSD test (n = 6-9), P < 0.05. Groups marked by
different letters significantly differ from each other (e.g., a is significantly different from b, but a is not significantly different from ab).

Supplemental Figure 2), however, suggested that this would be a
relatively limited rather than predominant situation.

The high energy metabolism was associated with high bone
mass with AP1 antagonism in AgRP and POMC neurons but not
in VMH neurons, suggesting that the bone controlling pathways
differ at the level of hypothalamic nuclei. Our observations con-
firm the recently highlighted role of AgRP as a positive regulator
of bone, increasing formation and suppressing resorption when
activated, in part via the sympathetic nervous system (SNS) (22).
Coresiding with AgRP is NPY, which acts as a negative regula-
tor of bone mass based on the observation that germline dele-
tion increased bone volume (41). Given the apparently diver-
gent roles of AgRP and NPY, it should be noted that the effect
of neuropeptides often differs from the effect of intact neurons.
Global deletion of either AgRP or NPY neuropeptides has neg-
ligible effects on feeding and weight (42), whereas full ablation
of AgRP or NPY neurons leads to starvation (43), indicating that
neuronal activity rather than neuropeptide expression is impor-
tant for feeding regulation.

The melanocortin 4 receptor (MC4R), which binds a product
of POMC cleavage, a-melanocortin stimulating hormone (a-MSH),

was shown to exert a contrastingly negative regulation of bone mass
in mice and humans (26, 44). On the other hand, CART, which core-
sides with POMC, was shown to act as a positive regulator of bone,
mediating the central action of fat-derived leptin via suppression of
osteoclastogenesis (26). Unlike AgRP and NPY, CART was shown
to mediate leptin’s action on bone in an SNS-independent manner
(23). Deletion of CART alleles in MC4R-null mice corrected the
bone but not the metabolic phenotype (43), supporting our conclu-
sion that these 2 phenotypes are not always linked.

An important finding in the present study is the identifica-
tion of the role of central galanin in the regulation of bone. While
the involvement of galanin in metabolic regulation has been
addressed before, the present study is to our knowledge the first
to show that galanin can act centrally to regulate bone mass. Inde-
pendent from our demonstration of a role of galanin expression
within the VHT in bone homeostasis, some studies have sug-
gested a peripheral role of galanin in bone. Galanin was observed
in neurons and in the bone of mouse embryos, suggesting that it
is involved in bone development (44). Galanin and GalR1 were
also detected in normal bone, and higher galanin plasma levels
were seen during bone repair (45). Galanin, GalR2, and GalR3
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Figure 9. Silencing of galanin in the VHT of SF1-CRE mice prevents AFosB-induced elevation of energy metabolism in SF1 neurons, but does not
prevent bone density reduction. CRE-inducible FLAG-tagged AFosB pTomo or empty pTomo constructs were modified to incorporate the H1 promoter
and scrambled or galanin shRNA, and delivered to the VHTs of male 6- to 7-week-old neuronal promoter SF1-CRE mice for simultaneous AFosB expres-
sion and galanin silencing. Energy metabolism and bone were analyzed 6 weeks after surgery. (A) Feeding and calorimetric analysis of energy expenditure.
(B) Micro-CT analysis of bone (see Table 2 for values). Statistical analysis included ANOVA followed by Tukey-Kramer HSD test (n = 6-9), P < 0.05. Groups

marked by different letters (a, b) significantly differ from each other.

were also shown in bone marrow mesenchymal cells (46). Final-
ly, administration of the galanin agonist galnon improved corti-
cal bone in healthy mice but unexpectedly exacerbated bone
loss in the ovariectomized model of osteoporosis (47). Thus,
galanin appears to play a role in the bone micro-environment,
possibly explaining the mild bone phenotype we observed in the
M35-treated mice. In contrast to these studies, we demonstrate
here that central galanin-mediated signals originating from the
brain are required to mediate the increase in energy expenditure,
improved glucose metabolism, and bone accrual following AP1
antagonism in the VHT. Interestingly, while AFosB-induced bone
gain is galanin dependent in both AgRP and POMC neurons, the
mechanisms appear to differ, suggesting that central galanin can
modulate both bone resorption and bone formation in favor of a
net bone gain, depending on the neuron involved.

Beyond neuronal control, galanin also regulates the activity
of the anterior and posterior (48) pituitary, where it affects the
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secretion of oxytocin and AVP. Both anterior and posterior pitu-
itary hormones can regulate energy homeostasis and bone (49).
Intriguingly, oxytocin- or oxytocin receptor-deficient mice exhibit
severe obesity and osteopenia (50), and our microarray analysis
identified galanin and its downstream pituitary hormones as the
most enhanced mRNAs in hypothalami from AP1 antagonized
mice. Further studies will be required to distinguish the neuro-
nal versus endocrine function of galanin in the control of energy
metabolism and bone.

From a translational perspective, research into the underpin-
nings of the obesity epidemic highlighted the pivotal role played
by the CNS in the regulation of energy and glucose homeostasis in
humans. This has become evident from work demonstrating that
neuronal populations within the hypothalamus are not uniform and
consist of clustered cells that may have opposing properties (51).
Our studies provide further support for that tenet and underline the
importance of galanin as a putative mediator of energy-regulating
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processes. The CNS has also been experimentally tied to the bidi-
rectional regulation of skeletal remodeling and substrate utiliza-
tion. Here we show that subpopulations of hypothalamic neurons
may also have distinct functions in regard to skeletal metabolism
in mice. Human studies, primarily epidemiologic in nature, have
shown conflicting results in terms of the relative importance of the
CNS or the SNS in bone acquisition or maintenance, although use
of some centrally acting drugs has been associated with low bone
mass and fractures (52-54). This could be related in part to the rela-
tive complexity of regulatory circuits, the pharmacology of cen-
trally acting agents, and as noted here, the heterogeneity in distinct
neuronal subpopulations that ultimately mediate these effects. Our
studies underline the fact that if the CNS regulates both energy and
skeletal homeostasis, the 2 are not ineluctably linked. Galanin is
also thought to be involved in several chronic diseases associated
with aging yet no link has been previously established with osteo-
porosis. Since galanin receptor blockers are currently tested for a
variety of indications, including addiction, pain, and epilepsy (9,
55), the information provided here that they may also affect bone
metabolism is of potential clinical importance and may shed some
light on these medically relevant questions.

Methods
An expanded Methods section is in the supplemental material.
Stereotactic viral transfer of AP1 factors into VHT of mice and calori-
metric assessment. C57BL, AgRP-CRE (56), POMC-CRE (57), SF1-CRE
(7), and R26R-Brainbow2.1 (58) mice were purchased from The Jack-
son Laboratories. For all studies, 6- to 7-week-old males were anesthe-
tized and positioned into stereotactic frame (David Kopf Instruments).
Bilateral holes were drilled in the scull using the following coordinates:
AP, 2.0; DV, from -5.7 to 6.0; LAT, 1.2 at 10° angle. A viral volume of
0.5 uL AVV or 0.75 pL LV (virus titer 1 x 10® IFU/ml) was delivered on
each side using a Hamilton syringe at a rate of 0.5 pL/min. Animals
were allowed to recover and analyzed 6 weeks after surgery, unless
stated otherwise. Metabolic parameters were assessed using the para-
magnetic oxygen sensor-equipped Comprehensive Lab Animal Moni-
toring System (CLAMS, Columbus Instruments) for the measurement
of energy expenditure and locomotion. Mice were allowed ad libitum
access to food and water, with simultaneous monitoring of up to 8 ani-
mals. DXA was measured with In Vivo MS FX PRO (Bruker).
Evaluation of bone density by micro-CT, histomorphometry, and
serum PINP and CTX. For micro-CT, femurs were removed and placed
in 70% ethanol until scanning by SCANCO p-CT35 (outsourced to
Harvard School of Dental Medicine). Scans were conducted with an
isotropic voxel size of 7 mm, x-ray tube potential of 70 kVP, an x-ray
intensity of 0.145 mA, and an integration time of 600 ms per tomo-
graphic projection. From the scans, a region starting 280 pm proximal
to the distal femoral growth plate and extending trabecular bone 2.1
mm was selected for trabecular bone analysis. A Gaussian filter using
afixed threshold at 26% of maximal grayscale value was applied to the
femur images. Three-dimensional images were reconstructed from
the 2-dimensional images from the contoured regions. For bone den-
sity, tibiae were removed, fixed in 4% formaldehyde, then infiltrated
with a mixture of 90% methyl methacrylate (Sigma-Aldrich), 10%
dibutyl phthalate (Sigma-Aldrich), and 0.15% benzoyl peroxide (Poly-
science) at 4°C. Tibiae were then embedded in a mixture composed
of 85% methyl methacrylate (Sigma-Aldrich), 15% dibutyl phthalate

RESEARCH ARTICLE

(Sigma-Aldrich), and 0.05% benzoyl peroxide (Polyscience). Polym-
erization was performed at 37°C. Standard undecalcified sections
(4 pm) were prepared using a Reichert-Jung microtome (Cambridge
Scientific) and were stained with von Kossa. Quantitative bone histo-
morphometric measurements were performed according to standard-
ized protocols using the OsteoMeasure system (OsteoMetrics). Serum
PINP and CTX were measured using commercial kits according to the
manufacturer’s instructions (Immunodiagnostic Systems).

Microarray and molecular pathway analysis. Hypothalami from
transgenic ENO2-AFosB (littermate WT control) and C57BL mice
injected with AFosB AAV or GFP AVV control were dissected 2 weeks
after injection, snap frozen in liquid nitrogen, and subjected to RNA
extraction (n =2 each group). Analysis was performed by the Dana Far-
ber Microarray Core Facility using the Affymetrix Mouse Genome 430
2.0 platform (ThermoFisher Scientific). Quality control, normaliza-
tion, and expression values were analyzed by Affymetrix Expression
Console (ThermoFisher Scientific). Ingenuity Pathway Analysis (IPA)
software (Qiagen) was used to analyze molecular pathways from the
established fold-change values. Heatmap was generated using Gene-E
software (Broad Institute). All original microarray data were deposited
in the NCBI’s Gene Expression Omnibus database (GEO GSE111028).

Statistics. All data are expressed as mean * SD. Due to larger inter-
animal variability, feeding and locomotion are expressed as mean *
SEM. The significance of differences between groups was determined
using JMP 8.0 Statistical Discovery Software (SAS Institute 2000) by
1-way ANOVA, followed by Tukey-Kramer honest significant differ-
ence (HSD) test. Differences were considered significant at P < 0.05.
Groups marked by different letters significantly differ from each other
(e.g., a is significantly different from b, but a is not significantly dif-
ferent from ab). Student ¢ test (1-tailed) was used only when 2 groups
were compared (treatment vs. control) in GTT, ITT, gPCR, ChIP, and
galanin-luciferase assays, as denoted by *P < 0.05 and **P < 0.01.

Study approval. All animal studies were approved by the Harvard
University IACUC.
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