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Individuals with Prader-Willi syndrome (PWS) display devel-
opmental delays, cognitive impairment, excessive hunger,
obesity, and various behavioral abnormalities. Current PWS
treatments are limited to strict supervision of food intake and
growth hormone therapy, highlighting the need for new thera-
peutic strategies. Brain-derived neurotrophic factor (BDNF)
functions downstream of hypothalamic feeding circuitry and
has roles in energy homeostasis and behavior. In this preclinical
study, we assessed the translational potential of hypothalamic
adeno-associated virus (AAV)-BDNF gene therapy as a thera-
peutic for metabolic dysfunction in the Magel2-null mouse
model of PWS. To facilitate clinical translation, our BDNF vec-
tor included an autoregulatory element allowing for transgene
titration in response to the host’s physiological needs. Hypotha-
lamic BDNF gene transfer prevented weight gain, decreased fat
mass, increased lean mass, and increased relative energy expen-
diture in female Magel2-null mice. Moreover, BDNF gene
therapy improved glucose metabolism, insulin sensitivity, and
circulating adipokine levels. Metabolic improvements were
maintained through 23 weeks with no adverse behavioral
effects, indicating high levels of efficacy and safety. Male
Magel2-null mice also responded positively to BDNF gene ther-
apy, displaying improved body composition, insulin sensitivity,
and glucosemetabolism. Together, these data suggest that regu-
lating hypothalamic BDNF could be effective in the treatment
of PWS-related metabolic abnormalities.

INTRODUCTION
Prader-Willi syndrome (PWS) is a contiguous gene syndrome that
occurs in approximately 1 in 15,000 individuals.1 Individuals with
PWS display developmental delays, cognitive impairment, excessive
appetite, obesity, hypothalamic hypogonadism, obsessive compulsive
behavior, anxiety, and temper tantrums.2-4 Current treatments to
address metabolic dysfunction and behavioral abnormalities are
limited to strict supervision of daily food intake and growth hormone
(GH) therapy.5,6 While GH therapy remains the standard of care for
PWS, it has several shortcomings, as (1) it requires daily administra-
tion and thus patient compliance, (2) it does not target the hypotha-
lamic origins of PWS, (3) data about its efficacy in older adults are
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scant,7 and (4) exclusion criteria include common comorbidities
such as severe obesity, uncontrolled diabetes, and active psychosis.8

Management of individuals with PWS is otherwise largely supportive
and results in high levels of caregiver burden.9-12

Loss of function ofMAGEL2 (MAGE Family Member L2) is thought
to contribute to several aspects of PWS pathophysiology,13 including
alterations in the hypothalamic leptin-proopiomelanocortin (POMC)
pathway. This pathway interprets peripheral signals of energy needs
to drive feeding or fasting through opposing neuronal populations.
In mice, Magel2 is required for leptin-mediated depolarization of
hypothalamic anorexigenic POMC neurons.14 Furthermore, loss of
Magel2 reduced anorexigenic a-melanocyte-stimulating hormone
(a–MSH) axons,15,16 while orexigenic agouti-related peptide
(AGRP) fibers remained unchanged.16,17 Thus, in the PWS-driven
absence of Magel2, the response to peripheral hormones is blunted,
resulting in an inability to maintain energy homeostasis.

Brain-derived neurotrophic factor (BDNF) serves as a potential ther-
apeutic target, as it functions downstream in the leptin-POMC
pathway and regulates energy homeostasis and behavior.18-25

Furthermore, individuals with PWS display reductions in peripheral
BDNF26 and PWS-related transcriptomic alterations in the leptin-
POMC pathway may result from reduced BDNF expression.20

Administration of native or recombinant BDNF to the brain for ther-
apeutic means proves difficult due to (1) the need for fine delivery
localization, because, as a growth factor, BDNF has pleiotropic roles
across various brain regions; (2) unfavorable pharmacokinetics; and
(3) the need for repeated dosing.27-29

Previous work by our laboratory has shown that hypothalamic injec-
tion of a recombinant adeno-associated virus (rAAV)-BDNF vector
in mice efficiently alleviates deficits in the leptin-POMC signaling
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pathway,30 thus mitigating obesity, hyperphagia, hyperglycemia, and
hepatic steatosis. Moreover, adeno-associated virus (AAV)-BDNF
gene therapy has been shown to reduce anxiety- and depression-
like behavior and improve cognitive function.31-33 To facilitate
clinical translation, we developed an autoregulatory AAV system to
control therapeutic BDNF expression and mimic the body’s natural
feedback systems. This autoregulatory approach leads to a sustainable
plateau of body weight after substantial weight loss is achieved—
minimizing the risk of cachexia—and has been validated in various
physiologically related animal models.30,31,34-36 Given these data, we
hypothesized that applying hypothalamic BDNF gene therapy to
the Magel2-null murine model of PWS would ameliorate the meta-
bolic dysregulation that results from deficiencies in the hypothalamic
leptin-POMC signaling pathway. In this preclinical study, we assess
the translational potential of hypothalamic AAV-BDNF gene therapy
as a first-in-class therapeutic for PWS.

RESULTS
Hypothalamic BDNF gene therapy improves metabolic function

in female Magel2-null mice

Prior to vector administration, an EchoMRI was performed to assess
body composition and allow for experimental group randomization.
Consistent with genotype, female Magel2-null mice exhibited
increased fat mass and decreased lean mass over wild-type controls
at baseline (Figures S1A–S1D). Adult (16–20 weeks old) female
wild-type and Magel2-null mice were injected with either AAV-
yellow fluorescent protein (YFP) or AAV-BDNF vectors (Figure 1A)
to the arcuate nucleus of the hypothalamus (ARC)/ventromedial hy-
pothalamus (VMH), known sites of BDNF and POMC/AGRP
action.18,37 In vivo monitoring continued over 23 weeks, beginning
with metabolic measures (Figure 1B).

As early as 3 weeks post injection, AAV-BDNF-treated female
Magel2-null mice exhibited a significant decrease in body weight
and prevention of excessive body weight gain over genotype-matched
counterparts injected with AAV-YFP (Figures 1C and 1D). This
reduction in body weight was maintained over the 23-week experi-
ment.Magel2-null mice do not exhibit hyperphagia, despite manifes-
tation of various other metabolic abnormalities.38,39 Consistent with
previous reports, we observed reduced food intake in Magel2-null
mice compared with wild-type counterparts (Figure 1E). AAV-
BDNF-treated Magel2-null mice displayed a further reduction in
food intake, consistent with BDNF’s anorexigenic actions.18,40,41

At 23 weeks post AAV injection, female Magel2-null mice treated
with AAV-YFP displayed a significant increase in relative fat mass
Figure 1. Hypothalamic BDNF gene therapy improves metabolic function in fem

(A) AAV constructs. (B) Experimental timeline ofmetabolic parameters, spanning from 0 t

(E) Average daily food intake. (F) Relative fat mass as measured by EchoMRI at 23 week

post injection. (H) Insulin tolerance test at 6 weeks post AAV injection. (I) Area under th

injection. (K) Area under the curve of the glucose tolerance test. Data are means ± SEM

n = 8–9. * or #p < 0.05, ** or ##p < 0.01, *** or ###p < 0.001, ****p < 0.0001. For time co

asterisk symbols (*) denote Magel2-null YFP versus Magel2-null BDNF.
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and decrease in relative lean mass over wild-type controls, whereas
AAV-BDNF gene therapy rescued wild-type-like fat and lean mass
composition (Figures 1F and 1G). AAV-BDNF-driven reductions
in total body weight could be accounted for by losses in both absolute
fat mass and lean mass (Figures S1E and S1F). Additional body
composition measurement time points can be found in Figure S2.

At 6 weeks post AAV injection, an insulin tolerance test was per-
formed. AAV-YFP-injected female Magel2-null mice exhibited no
changes in sensitivity to an exogenous insulin bolus over wild-type
counterparts, whereas AAV-BDNF-treated Magel2-null mice dis-
played improved insulin sensitivity (Figures 1H and 1I). At 8 weeks
post AAV injection, a glucose tolerance test was performed to assess
glycemic processing ability. AAV-YFP-treated Magel2-null mice ex-
hibited worsened processing of an exogenous glucose bolus over
wild-type controls; this deficit was rescued with AAV-BDNF
administration (Figures 1J and 1K). Notably, compared with wild-
type counterparts, AAV-YFP-injected Magel2-null mice exhibited
elevated fasting blood glucose at baseline (t = 0) for both the insulin
(Figure 1H) and glucose tolerance tests (Figure 1J), which was
reversed by AAV-BDNF treatment.

Between 10 and 12 weeks post AAV injection, mice were subjected to
indirect calorimetry. Body composition has known effects on energy
expenditure (EE);42 larger animals typically have higher absolute rates
of EE, due in part to increases in total metabolically active mass,
whereas smaller animals typically have higher per-kilogram rates of
EE.43 At the time of indirect calorimetry, AAV-YFP-treated female
Magel2-null mice exhibited increased body weight over wild-type
counterparts (Figure 2A), while AAV-BDNF-treated mice had
reduced body weight. Accordingly, we observed lower hourly EE in
the lighter AAV-BDNF-treated mice (Figures 2B and 2C), likely a by-
product of reductions in total metabolically active mass following
gene therapy. Next, we compared the relationship between EE and
body weight for each experimental group. Female AAV-BDNF-
treated Magel2-null mice displayed increased EE per gram of body
weight (Figure 2D), denoting increased energy efficiency over
AAV-YFP genotype-matched counterparts (p = 0.049) and wild-
type counterparts (p = 0.061). The respiratory exchange ratio (RER;
calculated as VCO2/VO2) provides an indirect measurement of the
predominant metabolic source (carbohydrate versus fat) for whole-
body EE. Magel2-null AAV-YFP mice displayed reduced RER
(Figures 2E and 2F) compared with wild-type counterparts, indi-
cating fat as the main fuel source. This genotype-driven deficit was
ameliorated by AAV-BDNF gene therapy; the RER indicated a shift
toward carbohydrate use over fat use. Similar to previous reports,39,44
ale Magel2-null mice

o 12weeks post AAV injection. (C) Bodyweight. (D) Percentage change bodyweight.

s post AAV injection. (G) Relative lean mass as measured by EchoMRI at 23 weeks

e curve of the insulin tolerance test. (J) Glucose tolerance test at 8 weeks post AAV

. Sample size: wild-type (WT) YFP n = 11,Magel2-null YFP n = 8,Magel2-null BDNF

urse measurements, hash symbols (#) denote WT YFP versusMagel2-null YFP and
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Figure 2. Hypothalamic BDNF gene therapy increases EE per gram body weight in female Magel2-null mice

(A) Body weight at time of indirect calorimetry. (B) EE over time. (C) Average hourly EE. (D) Daily EE comparedwith body weight. (E) Respiratory exchange ratio (RER) over time.

(F) Average hourly RER. (G) Ambulation over time. (H) Average hourly ambulation. Data are means ± SEM. Sample size: WT YFP n = 10,Magel2-null YFP n = 8,Magel2-null

BDNF n = 9. Dark phases are denoted by shaded areas on indirect calorimetry time-course panels. Plus sign (+) indicates p < 0.10; *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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Magel2-null were hypoactive compared with wild-type counterparts
(Figures 2G and 2H). Importantly, AAV-BDNF gene therapy did
not ameliorate genotype-driven lethargy; increases in various metrics
of metabolic function could not be explained by increased locomotor
activity. Additional weight-normalized and absolute measures of VO2

and VCO2 can be found in Figure S3.
134 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
Hypothalamic BDNF gene therapy improves metabolic function

in male Magel2-null mice

A similar experiment was initiated in male mice (between 16 and
22 weeks old at time of AAV injection). As seen in the female mice,
metabolic measures were normalized in AAV-BDNF-treated male
mice through 10 weeks post AAV injection. AAV-BDNF-treated
ber 2022
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maleMagel2-null mice exhibited a significant decrease in body weight
and prevention of excessive body weight gain over genotype-matched
counterparts injected with AAV-YFP (Figures 3A and 3B). We
observed a lack of hyperphagia in male AAV-YFP-injected Magel2-
null mice compared with wild-type counterparts (Figure 3C). AAV-
BDNF-treated Magel2-null mice displayed reduced food intake
compared with genotype-matched controls (Figure 3C). At 4 weeks
post AAV injection, male Magel2-null mice treated with AAV-YFP
displayed a significant increase in relative fat mass and decrease in
relative lean mass over wild-type controls, whereas AAV-BDNF
gene therapy rescued wild-type-like fat and lean mass composition
(Figures 3D and 3E). AAV-BDNF-driven reductions in total body
weight could be accounted for by losses in both absolute fat mass
and lean mass (Figures 3F and 3G). At 6 weeks post AAV injection,
AAV-YFP-injected male Magel2-null mice exhibited no alterations
in sensitivity to an exogenous insulin bolus over wild-type counter-
parts, whereas AAV-BDNF-treated Magel2-null mice displayed
improved insulin sensitivity (Figures 3H and 3I). At 8 weeks
post AAV injection, AAV-YFP-treated male Magel2-null mice
exhibited a reduction in glycemic processing ability over wild-type
controls; this deficit was rescued with AAV-BDNF administration
(Figures 3J and 3K).

HypothalamicBDNFgene therapy normalizes behavior in female

Magel2-null mice

To assess safety and determine whether hypothalamic BDNF gene
therapy alters behavior in female Magel2-null mice, comprehensive
behavioral profiling was performed following metabolic assessments
(Figure 4A). At 13 weeks post AAV injection, an open field test45

was performed, asMagel2-null mice exhibit alterations in exploratory
activity and anxiety-like behavior.46,47Magel2-null AAV-YFP-treated
mice exhibited a trending—but not significant (p = 0.081)—decrease
in exploratory activity over wild-type counterparts (Figure 4B).
Magel2-null AAV-BDNF mice exhibited a significant increase in
exploratory activity over AAV-YFP-treatedMagel2-null counterparts
Figure 4B). No changes were observed in percentage time spent in the
periphery (Figure 4C) or center (Figure 4D) of the open field arena,
indicating no changes in anxiety-like behavior.

At 14 weeks post injection, the novel object recognition test was per-
formed. Female Magel2-null mice have been shown to be averse to
novel objects and environments.46 Consistent with the literature,46

we observed a reduced discrimination index in Magel2-null YFP-
treated mice over wild-type controls (Figure 4E). This deficit was
ameliorated in theMagel2-null mice receiving AAV-BDNF gene ther-
apy treatment (Figure 4E). One interpretation of these results indi-
cates that AAV-BDNF treatment resolves non-discrimination of
novel objects previously reported inMagel2-null mice.46 The alterna-
tive interpretation of these data suggests that AAV-BDNF gene ther-
apy improves short-term memory48,49 in Magel2-null mice.

At 16 weeks post injection, mice were subjected to the marble burying
test to assess repetitive behaviors.50,51 Consistent with previous
work,46 Magel2-null female mice buried fewer marbles than wild-
Molecular The
type counterparts (Figure 4F). Wild-type-like burying behavior was
observed in Magel2-null mice receiving AAV-BDNF gene therapy.

Previous reports suggest Magel2-deficient mice have altered social
phenotypes.47,52 At 19 weeks post injection, mice were subjected to
the three-chamber sociability test to assess social affiliation and social
novelty preference.53 Mice were given the opportunity to wander
three chambers while investigating social stimuli. In the first test
phase—assessing social affiliation—mice were exposed to a novel
confined peer and an opposing empty chamber. We observed no
genotype- or AAV-BDNF-induced alterations in social preference
(Figure 4G) during this first test phase. During the second test
phase—assessing social novelty engagement—mice were exposed to
both familiar and novel confined peers in opposing chambers. Simi-
larly, we observed no genotype- or AAV-BDNF-induced alterations
in social novelty-seeking behavior (Figure 4H).

At 21 week post injection, mice were subjected to the tail suspension
test to assess depression-like behavior.54 AAV-YFP-treated Magel2-
null mice exhibited increased levels of immobility compared with
wild-type counterparts (Figure 4I). AAV-BDNF gene therapy yielded
a trending, but not yet significant (p = 0.060), reduction in immobility
of Magel2-null mice during this test (Figure 4I).

Hypothalamic BDNF gene therapy reduces white adipose tissue

depot size and improves circulating markers of systemic

metabolism in female Magel2-null mice

Female mice were euthanized at 23 weeks post AAV injection and tis-
sues were collected. No changes were observed in relative brown
adipose tissue (BAT) weight (Figure 5A). Consistent with EchoMRI
observations, AAV-YFP-treatedMagel2-null mice displayed increased
relativemass of three white adipose tissue (WAT) depots—the inguinal
white adipose tissue (iWAT), gonadal white adipose tissue (gWAT),
and retroperitoneal adipose tissue (rWAT)—compared with wild-
type counterparts (Figure 5A). Increases in Magel2-null mouse WAT
depot sizewere amelioratedwithAAV-BDNF gene therapy (Figure 5A)
and relative liver weight was normalized.

Serum was profiled to assess changes in systemic metabolism
following AAV-BDNF gene therapy. Leptin serves as a central-pe-
ripheral messenger to maintain energy homeostasis and its produc-
tion is positively correlated with adipose tissue mass.55 Consistent
with gross adipose observations, AAV-YFP-treated Magel2-null
mice exhibited increased serum leptin over wild-type counterparts
(Figure 5B). Heightened serum leptin in Magel2-null mice was
ameliorated with AAV-BDNF administration (Figure 5B). Adiponec-
tin plays roles in insulin sensitivity, glucose homeostasis, and systemic
metabolic function;56 circulating adiponectin levels are negatively
correlated with adipose tissue mass and impaired glucose tolerance.
Magel2-null mice exhibited no significant increase in total (Figure 5C)
or high-molecular-weight (HMW) adiponectin (Figure 5D)
compared with wild-type counterparts. AAV-BDNF gene therapy
increased both total and HMW adiponectin in Magel2-null mice
over wild-type AAV-YFP-treated mice (Figures 5C and 5D). We
rapy: Methods & Clinical Development Vol. 27 December 2022 135
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Figure 3. Hypothalamic BDNF gene therapy improves metabolic function in male Magel2-null mice

(A) Body weight. (B) Percentage change body weight. (C) Average daily food intake. (D) Relative fat mass as measured by EchoMRI at 4 weeks post AAV injection. (E) Relative

leanmass asmeasured by EchoMRI at 4 weeks post AAV injection. (F) Absolute fast mass asmeasured by EchoMRI at 4 weeks post AAV injection. (G) Absolute leanmass as

measured by EchoMRI at 4 weeks post AAV injection. (H) Insulin tolerance test at 6 weeks post AAV injection. (I) Area under the curve of the insulin tolerance test. (J) Glucose

tolerance test at 8 weeks post AAV injection. (K) Area under the curve of the glucose tolerance test. Data are means ± SEM. Sample size: WT YFP n = 19,Magel2-null YFP

n = 14–15,Magel2-null BDNF n = 17. * or #p < 0.05, ** or ##p < 0.01, *** or ###p < 0.001, ****p < 0.0001. For time course measurements, hash symbols (#) denote WT YFP

versus Magel2-null YFP and asterisk symbols (*) denote Magel2-null YFP versus Magel2-null BDNF.
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Figure 4. Hypothalamic BDNF gene therapy normalizes behavior in female Magel2-null mice

(A) Continued experimental timeline, spanning from 13 to 23 weeks post AAV injection. (B) Total distance traveled in the open field arena. (C) Percentage time spent in the

periphery of the open field arena. (D) Percentage time spent in the center of the open field arena. (E) Novel object discrimination index (WT YFP n = 8,Magel2-null YFP n = 8,

Magel2-null BDNF n = 9). (F) Marbles buried during the marble burying test. (G) Social preference index as measured during the three-chamber sociability test. (H) Social

novelty index as measured during the three-chamber sociability test (WT YFP n = 10, Magel2-null YFP n = 8, Magel2-null BDNF n = 9). (I) Immobile time during the tail

suspension test (WT YFP n = 8,Magel2-null YFP n = 8,Magel2-null BDNF n = 9). Data are means ± SEM. Sample size: WT YFP n = 11,Magel2-null YFP n = 8,Magel2-null

BDNF n = 9 unless otherwise noted. Plus sign (+) indicates p < 0.10; *p < 0.05, **p < 0.01.
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observed no genotype- or AAV-BDNF-induced alterations changes
in the total/HMW adiponectin ratio (Figure 5E). Increased adiponec-
tin/leptin ratios are correlated with reduced body mass index and car-
diometabolic risk.57,58 AAV-YFP-treatedMagel2-null mice exhibited
reduced adiponectin/leptin ratios compared with wild-type controls;
this deficit was ameliorated with AAV-BDNF gene therapy (Fig-
ure 5F). No genotype- or gene-therapy-induced changes were
observed in circulating glucose levels (Figure 5G). Magel2-null
AAV-BDNF-treated mice exhibited a significant decrease in fasting
serum insulin over AAV-YFP-treated counterparts (Figure 5H).
Similar results were observed in the HOMA-IR (homeostatic model
assessment for insulin resistance) index; together, both are indicative
of improved insulin sensitivity following AAV-BDNF gene therapy
(Figure 5I). No changes were observed in two systemic inflammatory
markers, chemokine (C-C motif) ligand 2 (CCL2, also known as
MCP-1) and plasminogen activator inhibitor-1 (PAI-1) (Figures 5J
and 5K). We observed a gene-therapy-induced increased in serum
corticosterone (Figure 5L), consistent with previous reports that sug-
gest BDNF activates the hypothalamic-pituitary-adrenal (HPA)
axis.59-61 The GH/IGF-1 (insulin-like growth factor 1) axis is
controlled in part by the hypothalamus and is dysfunctional in
PWS patients and Magel2-null mice.62 Importantly, GH administra-
tion remains the current standard of care for PWS patients.5,6 AAV-
YFP-treated wild-type and Magel2-null mice displayed no difference
in GH levels, whereas BDNF gene therapy treatment resulted in a
strong induction of circulating GH (Figure 5M). Serum IGF-1 was
reduced in AAV-YFP-treated Magel2-null mice compared with
wild-type counterparts; this genotype-driven decrease in IGF-1 was
not ameliorated by AAV-BDNF gene therapy (Figure 5N).

Hypothalamic BDNF gene therapy normalizes adipocyte size in

female Magel2-null mice

Previous work by our laboratory described a brain-adipose axis
driven by hypothalamic BDNF expression.63 Environmental- or
genetic-driven increases in hypothalamic BDNF confer a white-to-
brown adipose phenotypic shift via increased sympathetic tone.
Accordingly, we profiled expression of various metabolism-relevant
genes in the largest visceral WAT depot, the gWAT (Figure 6A).
Magel2-null mice showed a trend of Lep upregulation in gWAT
(not reaching significance) compared with wild type, which appeared
to be corrected by BDNF gene therapy. It is possible that the geno-
type-induced increase in circulating levels of leptin is not caused
solely by transcription changes, but instead reflects increases in total
fat mass. We observed no significant differences in Adipoq (encoding
Figure 5. Hypothalamic BDNF gene therapy reducesWAT depot size and impro

(A) Relative tissue weight at 23 weeks post AAV injection. (B) Serum leptin (WT YFP n =

YFP n = 10,Magel2-null YFP n = 7,Magel2-null BDNF n = 5). (D) Serum high-molecular-w

(E) Ratio of high-molecular-weight adiponectin to total adiponectin within serum (WT Y

ponectin to leptin within serum (WT YFP n = 9,Magel2-null YFP n = 7,Magel2-null BDN

Magel2-null BDNF n = 8). (I) Homeostatic model assessment for insulin resistance index (

CCL2, also known as MCP-1. (K) Serum PAI-1. (L) Serum corticosterone. (M) Serum GH

(WT YFP n = 9,Magel2-null YFP n = 8,Magel2-null BDNF n = 6). Data are means ± SEM.

otherwise noted. *p < 0.05, **p < 0.01, ***p < 0.001.
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adiponectin), Hsl (encoding hormone-sensitive lipase), and Pten (en-
coding phosphatase and tensin homolog) expression. We observed a
genotype-induced reduction in Adrb3 (encoding adrenoceptor b3).
Magel2-null mice exhibited increased Ppargc1a (encoding peroxi-
some proliferator-activated receptor gamma coactivator 1-alpha)
expression following gene therapy. Consistent with gross tissue obser-
vations, Magel2-null mice exhibited increased adipocyte size over
wild-type counterparts; genotype-driven increases in adipocyte size
were ameliorated with AAV-BDNF gene therapy (Figures 6B–6D).

Target validation of a hypothalamic AAV-BDNF vector in female

Magel2-null mice

To verify the expression of our vector, transgene expression was
probed using various methods. Hypothalamic gene expression
profiling revealed a 4.5-fold upregulation of Bdnf in AAV-BDNF-
treated mice over AAV-YFP controls (Figure 7A). No changes were
observed in BDNF receptor TrkB-FL (encoding tropomyosin receptor
kinase B full length), Agrp, or Pomc gene expression. Consistent
with obese states, we observed a baseline reduction in Mc4r
(encoding melanocortin-4 receptor) expression and increase in
Insr (encoding insulin receptor) expression in Magel2-null mice.
Obrb (encoding leptin receptor long form) expression was increased
in Magel2-null mice following BDNF gene therapy. We observed
reduced expression of Crh (encoding corticotrophin-releasing hor-
mone) in AAV-YFP-injected Magel2-null mice compared with
wild-type counterparts; this deficit was ameliorated with AAV-
BDNF gene therapy. Consistent with increased Bdnf expression,64

we observed a strong upregulation of Vgf (non-acronymic) in
AAV-BDNF-treated mice over AAV-YFP-treated mice.

Immunoblotting of a hemagglutinin (HA) tag was performed as a
proxy for BDNF transgene expression. As expected, we observed no
HA signal in AAV-YFP-treated controls and positive HA protein in
AAV-BDNF-treated mice (Figure 7B). For spatial targeting valida-
tion, representative brain samples were sectioned and YFP fluores-
cence was observed in the ARC and VMH of the hypothalamus
(Figure 7C).

DISCUSSION
For the past two decades, GH therapy and strict supervision of food
intake have remained the standard of care for PWS. Unfortunately,
caregiver burden remains high, and, in some estimates, exceeds that
of caregivers for persons with dementia, Alzheimer’s, and traumatic
brain injury.11,12 Recent work has focused on therapeutics that can
ves circulating markers of systemic metabolism in femaleMagel2-null mice

9,Magel2-null YFP n = 8,Magel2-null BDNF n = 8). (C) Serum total adiponectin (WT

eight adiponectin (WT YFP n = 10,Magel2-null YFP n = 7,Magel2-null BDNF n = 5).

FP n = 10, Magel2-null YFP n = 7, Magel2-null BDNF n = 5). (F) Ratio of total adi-

F n = 5). (G) Serum glucose. (H) Serum insulin (WT YFP n = 8,Magel2-null YFP n = 8,

HOMA-IR) (WT YFP n = 8,Magel2-null YFP n = 7,Magel2-null BDNF n = 8). (J) Serum

(WT YFP n = 10,Magel2-null YFP n = 7,Magel2-null BDNF n = 7). (N) Serum IGF-1

Sample size: WT YFP n = 11,Magel2-null YFP n = 8,Magel2-null BDNF n = 9 unless
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Figure 6. Hypothalamic BDNF gene therapy normalizes adipocyte size in female Magel2-null mice

(A) Relative gene expression of gWAT. (B) Representative images of gWAT. (C) Area distribution of all sampled adipocytes. (D) Mean adipocyte area per animal. Data are

means ±SEM for (A) and (D). The violin plot in (C) depicts first quartiles, medians, and third quartiles. Sample size:WT YFP n = 6,Magel2-null YFP n = 6,Magel2-null BDNF n =

6 for (A) and (D). Plus sign (+) indicates p < 0.010; *p < 0.05, ****p < 0.0001.
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regulate food intake and EE through mechanisms targeting the
hypothalamic leptin-POMC pathway. Melanotan II (MT-II) and set-
melanotide are MC4R agonists that have known roles in food intake
reduction. Although Magel2-null mice are sensitive to both com-
pounds,14,44 setmelanotide translation into the clinic proved less
than fruitful (NCT02311673). More recently, intranasal carbetocin
was proposed for treatment of hyperphagia, anxiousness, and distress
associated with PWS (CARE-PWS; NCT03649477). Study trial diffi-
culties stemming from early 2020 COVID-19 pandemic lockdowns
limited efficacy data and ultimately led the US Food and Drug
Administration (FDA) to deem the phase 3 study’s data to be insuf-
140 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
ficient for approval, although the drug was regarded as generally
safe and well tolerated. To date, no FDA-approved therapies exist
to target the day-to-day challenges PWS patients and families face
surrounding excessive hyperphagia and emotional reactivity.65

Notably, our work represents the first attempt at an AAV-based,
PWS-targeted gene therapy. The gene-therapy field has grown
dramatically over the last decade as researchers and clinicians have
focused efforts on treating genetic diseases such as PWS. With all
gene therapies, the risk/benefit ratio must be considered. While gen-
eral obesity can be better managed with interventions targeting
ber 2022



Figure 7. Target validation of a hypothalamic AAV-

BDNF vector in female Magel2-null mice

(A) Relative gene expression of hypothalamic tissue. (B)

Immunoblotting of an HA tag as a proxy for BDNF expres-

sion; each lane depicts protein obtained from a unilateral

hypothalamic dissection from an individual mouse. (C)

Representative image of AAV-YFP fluorescence (ARC,

arcuate nucleus of the hypothalamus; VMH, ventromedial

hypothalamus; 3V, third ventricle). Data are means ±

SEM. Sample size: WT YFP n = 6, Magel2-null YFP n = 6,

Magel2-null BDNF n = 5–6. Plus sign (+) indicates

p < 0.010; *p < 0.05, **p < 0.01, ***p < 0.001.
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exercise and nutrition, certain severe genetic forms of obesity may
indicate the use of CNS-targeted gene therapies. Importantly, typical
obesity interventions—such as self-monitoring of food intake—
remain difficult in the PWS population due to incessant food-seeking
behavior and associated cognitive rigidity. Patients are highly depen-
dent upon caregivers for maintenance of “food security; restricting of
food access and control of food intake occurs through drastic mea-
sures such as locks on refrigerators and pantries.66 To some, surgical
methods may seem to be a better alternative to the lock-and-key
method. While sleeve gastrectomy was well tolerated in Magel2-null
mice,67 bariatric procedures in PWS patients result in far greater
levels of complications than those observed in non-PWS obese pa-
tients68 and furthermore require patient or caregiver post-surgical
compliance to guarantee adequate weight loss.69 Exercise and behav-
ioral interventions have proved successful70-72 to treat symptoms but
remain limited in their ability to address the root causes of satiety
imbalance. In sum, therapies targeting the hypothalamic and genetic
roots of PWS are sorely needed.

Energy homeostasis requires dynamic feedback systems; peripheral
tissues are in constant communication with the brain to convey the
need for fasting or feeding. Our autoregulatory AAV-BDNF vector
provides significant advantages over other pharmacological inter-
ventions, as transgene expression is inherently tied to central-pe-
ripheral feedback systems and thus reflects the host’s physiological
needs. In contrast to repeated dosing of MC4R agonists, our
therapeutic vector would need to be administered only once for
Molecular Therapy: Methods & Cli
long-term efficacy and would require limited pa-
tient/caregiver dosing compliance. Notably,
AAV vectors have shown reasonable safety
and tolerability when administered to the hu-
man CNS, although administration methods
vary.73-76 Development and optimization of
minimally invasive administration methods
continues to be an area of focus in the field.77

Importantly, intracranial injection of hypo-
thalamic tissue in humans—as in this proof-of-
concept experiment—remains highly challen-
ging due to the region’s deep location within
the brain. Alternative administration methods
(e.g., delivery of AAV to the hypothalamus via
endoscopic endonasal procedures) must be considered on the path
to clinical development.

As with any preclinical AAV work, future experiments will need to
validate the vector in larger animal models, determine the optimal
serotype and administration method, and assess toxicity and immune
response. Furthermore, determination of the proper dose will be
necessary to observe a functional response, but not one that is clini-
cally dangerous. Special care must be taken to avoid hypoglycemic
states, as individuals with PWS remain insulin sensitive.78 While
cachexia is unlikely due to the autoregulatory nature of the vector,
it remains unclear whether body weight and food intake reduction
below that of healthy individuals would be clinically indicated, as
was observed in our AAV-BDNF-treated Magel2-null mice.

Our data demonstrate that hypothalamic BDNF gene therapy results
in sustained metabolic improvement inMagel2-null mice. Several ca-
veats and limitations of the current study remain.MAGEL2 is just one
of many genes located within the PWS deletion region of chromo-
some 15q11-q13. Mouse models with large deletions at the PWS locus
were found to display high levels of lethality, leading researchers to
favor single-gene knockout models targeting various PWS genes
including Magel2, Snord116, and Ndn.65,79 As such, current preclini-
cal models remain limited, as they recapitulate some, but not all, PWS
phenotypes.65,79 Furthermore, animal models cannot fully mirror
nuanced human emotionality and behavioral aspects of food-seeking
behavior. Regarding specific limitations of the model used herein,
nical Development Vol. 27 December 2022 141
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Magel2-null mice do not mirror human hyperphagia,38,39 despite
broad systemic metabolic dysfunction and impaired sensitivity to pe-
ripheral hormones. Notably, Schaaf-Yang syndrome is driven by loss
of function of MAGEL2; individuals with Schaaf-Yang syndrome
display many PWS-like phenotypes, albeit with a notable lack of hy-
perphagia and obesity.80-82 Despite this modeling issue, we observed
an anorexigenic effect of AAV-BDNF administration that may prove
useful in PWS-relevant translation efforts. Moreover, this BDNF gene
therapy reversed hyperphagia inMc4r-deficient mice, a model for the
most common monogenic form of human obesity.30 On a different
note, while AAV-BDNF gene therapy ameliorated metabolic deficits
in both female and male mice, sex differences may exist for other out-
comes. Notably, BDNF has known interactions with estrogen that
may influence metabolic outcomes,83-85 and previous work suggests
female and male Magel2-null mice display some variations in endo-
crine responses.62 Further investigation is warranted prior to transla-
tional efforts.

The hypothalamic leptin-POMC pathway remains a prime target for
PWS therapeutics. InMagel2-null mice, leptin administration fails to
(1) reduce food intake, (2) depolarize anorexigenic POMC+ neurons
in the ARC, and (3) induce STAT3 phosphorylation.14 Additional
work suggests that MAGEL2 regulates leptin receptor cell surface
abundance, subcellular localization, and lysosomal degradation.86 In
tandem with unchanged levels of orexigenic AGRP fibers,16 alter-
ations in leptin sensitivity14,15,86 and POMC activity17 underlie meta-
bolic dysregulation in theMagel2-null mouse model. Here, we did not
observe changes in POMC expression as measured by qPCR. It is un-
clear whether normalization occurred over time or an alternative
explanation exists. Future work by our laboratory will provide an un-
biased screening of transcriptomic-wide changes in the hypothalamus
ofMagel2-null mice following short-term AAV-BDNF gene therapy.

On a different note, BDNF works downstream18 of aberrant leptin-
POMC signaling to regulate food intake and energy homeostasis.
Previous work by our group describes how environmental or ge-
netic-driven increases in hypothalamic BDNF yield elevated b-adren-
ergic signaling, thermogenesis, and browning in adipose tissue along-
side reductions in fat depot size and circulating leptin levels.63 We
observed reduced circulating leptin levels and increased hypothalamic
Obrb expression in Magel2-null mice following BDNF gene therapy.
Notably, reduced leptin levels restore leptin sensitivity in POMC
neurons,87 providing one feasible mechanism for observations pre-
sented herein. Additional work may delineate whether BDNF gene
therapy alters central leptin sensitivity through direct or indirect
means, thus normalizing central-peripheral feedback systems in the
Magel2-null mouse model. Such work may provide additional mecha-
nistic insights relevant to PWS etiology and potential druggable targets.

In this preclinical study, we conducted several behavior tests as safety
assessments and observed no adverse behavioral changes in female
Magel2-null mice following AAV-BDNF treatment. Unexpectedly,
AAV-BDNF gene therapy rescued genotype-associated behavioral al-
terations in female Magel2-null mice, improving novel object recog-
142 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
nition and increasing exploratory activity. Improved cognition in
the novel object recognition test is of particular interest, as it is
thought to be hippocampus dependent. It remains to be seen whether
systemic metabolic improvements induced by hypothalamic BDNF
gene transfer reflect back to extrahypothalamic regions of brain,
thereby ameliorating cognitive and affective deficits of PWS models.
Regarding the open field and marble burying tests, we observed geno-
type-driven behavioral deficits were ameliorated by AAV-BDNF gene
therapy. While baseline reductions in total distance traveled and mar-
bles buried (Figures 4B and 4F) can feasibly be explained by the
hypoactivity observed in the Magel2-null model, the rescue of these
behavioral outcomes following BDNF gene therapy cannot be ex-
plained by a mere amelioration of hypoactivity; AAV-BDNF-treated
Magel2-null mice displayed no change in locomotion over AAV-
YFP-injected Magel2-null counterparts (Figures 2G and 2H).
Another interesting finding is that Magel2-null mice displayed
increased immobility in tail suspension test—a commonly used test
for depression-like behavior—while BDNF gene therapy rescued
this deficit. Notably, scarce data regarding depression-like behavior
have been reported. It is possible that our observations reflect differ-
ences in lean muscle mass and overall weight, known confounds of
the tail suspension test.88 Nevertheless, these behavioral data
encourage further investigation of potential therapeutic benefits
beyond metabolic improvement.

In summary, we present preclinical data that suggest hypothalamic
AAV-BDNF gene therapy is efficacious and safe for treatment of
metabolic dysfunction in female andmaleMagel2-null mice. Further-
more, we observed BDNF gene therapy has no adverse effects on
behavior in female Magel2-null mice. These proof-of-concept data
indicate BDNF as a promisingmolecular target for PWS and other ge-
netic forms of obesity.

MATERIALS AND METHODS
Animals

Magel2-null mice harbor a maternally inherited imprinted/silenced
wild-type allele and a paternally inheritedMagel2-lacZ knockin allele
that abolishes endogenousMagel2 gene function. Male mice contain-
ing theMagel2-lacZ allele (Jackson Labs #009062) were bred with fe-
male C57BL/6 mice to produce both wild-type mice andMagel2-null
littermates. Mice were genotyped from ear notch biopsies. Identifica-
tion of mutant offspring was performed by polymerase chain reaction
genotyping withMagel2 and LacZ oligonucleotide primers (common
forward, 50-ATGGCTCCATCAGGAGAAC;Magel2 reverse, 50-GAT
GGAAAGACCCTTGAGGT; and LacZ reverse, RW4237, 50-GGGA
TAGGTCACGTTGGTGT). Magel2-null mice develop metabolic
deficiencies over time15,16; systemic manifestation occurs by 16 weeks
of age.38 Therefore, all mice were between 16 and 22 weeks of age
at experiment start date. All mice had ad libitum access to food
(normal chow diet, 11% fat, caloric density 3.4 kcal/g, Teklad)
and water. Mice were housed in standard laboratory cages
(19.4 � 18.1 � 39.8 cm) within temperature (22�C–23�C) and hu-
midity (30%–70%) controlled rooms under a 12:12 light:dark cycle.
All animal experiments were in accordance with the regulations of
ber 2022
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The Ohio State University’s Institutional Animal Care and Use Com-
mittee (IACUC).

rAAV design

The rAAV vector (Figure 1A) was designed to be self-regulating in
nature to allow for sustainable, safe weight loss. HA-tagged human
BDNF (HA-BDNF, referred to as BDNF) or destabilized YFP control
(dsYFP, referred to as YFP) was inserted in a multiple cloning site
following a cytomegalovirus enhancer and a chicken b-actin pro-
moter. Woodchuck posttranscriptional regulatory element (WPRE)
and a bovine GH polyadenosine (BGH poly(A)) tail followed
BDNF or YFP transgenes. In the BDNF vector, a second regulatory
cassette included an AGRP promoter driving a microRNA targeting
BDNF (miR-Bdnf) and WPRE/polyA elements. As body weight de-
creases and AGRP is physiologically induced, microRNA expression
is activated to inhibit BDNF transgene expression; this leads to a sus-
tainable plateau of body weight after a substantial weight loss is
achieved, thus limiting the risk of cachexia.34 All vectors were pack-
aged into serotype 1 capsids and purified by iodixanol gradient centri-
fugation as previously described.34

Hypothalamic injections of AAV

Mice received either AAV-BDNF-miR-Bdnf (denoted as AAV-BDNF
throughout the text) or AAV-YFP to the hypothalamus, 1� 1010 viral
genomes per site, bilaterally. Prior to surgery, mice were treated with
Ethiqua XR (3.25 mg/kg body weight), an extended-release buprenor-
phine solution, for pain management. Mice were anesthetized with a
single intraperitoneal dose of ketamine/xylazine (80 mg/kg and 5 mg/
kg) and secured via ear and incisor bars on a stereotaxic frame (Kopf,
Tujunga, CA). Anesthesia was further maintained with 2.5% isoflur-
ane at 1 L/min during the injection procedure. A single midline inci-
sion was made through the scalp to expose the skull, and two small
holes were made with a dental drill above the injection sites. rAAV
vectors were administered bilaterally (0.5 mL per site) by a 10-mL
Hamilton syringe (Reno, NV) and a Micro4 Micro Syringe
Pump Controller (World Precision Instruments, Sarasota, FL)
at 200 nL/min to the arcuate/ventromedial hypothalamus (AP,
�1.1 mm; ML, ±0.50 mm; DV, �6.20). When the infusion was
finished, the syringe was slowly retracted from the brain and the scalp
was sutured. Animals were returned to clean cages resting atop a heat-
ing pad. Mice were provided with supplemental care—HydroGel
(ClearH2O, Westbrook, ME) and mash—and were carefully moni-
tored post surgery until fully recovered.

Food intake measurement

Food was measured at the cage level on a weekly basis throughout the
experiment. Data were excluded if they were collected in weeks during
which invasive profiling occurred that might disrupt normal feeding
patterns (e.g., removal from home cages for indirect calorimetry
monitoring and fasting periods for glucose tolerance tests).

Body composition assessment

An EchoMRI was utilized to measure fat and lean mass in live mice
without anesthesia. At baseline, 4 weeks, between 14 and 15 weeks,
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and 23 weeks post AAV injection, body composition analysis was per-
formed with a 3-in-1 Analyzer (EchoMRI LLC, Houston, TX) accord-
ing to manufacturer instructions. Mice were subjected to a 5-Gauss
magnetic field and whole-body masses of fat, lean, free water, and to-
tal water were determined during separate cycles by manufacturer
software comparison with a canola oil standard.

Insulin tolerance test

At 6 weeks post AAV injection, mice were injected intraperitoneally
with an insulin solution (0.5 U of insulin per kilogram body weight)
following a 2-h fast. Tails were cut (<0.5 mm) with surgical scissors to
elicit blood flow. Blood was obtained from the tail at baseline, 15, 30,
60, 90, and 120 min after insulin injection. Blood glucose concentra-
tions were measured with a portable glucose meter using default
manufacturer settings (Bayer Contour Next). Following blood collec-
tion, styptic powder was used to stop bleeding.

Glucose tolerance test

At 8 weeks post AAV injection, mice were injected intraperitoneally
with glucose solution (2.0 g glucose per kilogram body weight) after a
16-h overnight fast. Tails were cut (<0.5 mm) with surgical scissors to
elicit blood flow. Blood was obtained from the tail at 0, 15, 30, 60, 90,
and 120 min after glucose injection. Blood glucose concentrations
were measured with a portable glucometer using default manufac-
turer settings (Bayer Contour Next). Following blood collection, styp-
tic powder was used to stop bleeding.

Indirect calorimetry

Between 10 and 12 weeks post AAV injection, mice underwent
indirect calorimetry using the Comprehensive Laboratory Animal
Monitoring System (CLAMS; Columbus Instruments, Columbus,
OH). In short, the indirect calorimetry system pushes a flow of fresh
air through gas-tight animal housing cages. The system collects and
mixes expired air, measures the flow rate, and determines the
incoming/outgoing O2 and CO2 concentrations.

42 Mice were placed
in calorimetry chambers and allowed to habituate to the testing envi-
ronment for 16-18 h. Various physiological and behavioral parame-
ters (VO2, VCO2, RER, EE, and ambulation) were recorded for 24
h. Mice were returned to their home cages after indirect calorimetry
was performed.

Open field test

At 13 weeks post AAV injection, mice were individually placed into
the center of an open square arena (60 � 60 cm, enclosed by walls
of 48 cm). Each mouse was allowed to explore the arena for
10 min, during which time and locomotion—in the center and the pe-
riphery of the open field—was recorded and analyzed via TopScan
(Clever Sys) software. Between each trial, the arena was cleaned
with 70% ethanol to remove odor cues.

Novel object recognition test

At 14 weeks post AAV injection, mice were subjected to the novel ob-
ject recognition test.49 For the test familiarization period, mice were
placed in an open arena (60 � 60 cm, enclosed by walls of 48 cm)
rapy: Methods & Clinical Development Vol. 27 December 2022 143
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with two identical objects (either two Falcon tubes filled with water or
two stacks of large Legos; habituation objects were varied between
mice). Mice were allowed to explore the identical objects until 20 s
of cumulative exploration time was achieved. Mice were returned to
their home cage while the arena/objects were cleaned with 70%
ethanol. During the novel object recognition test session, the two
training objects were replaced with one matched item from the
training session and a novel item. Mice were placed in the arena
and allowed to explore both the novel and learned object until 20 s
of cumulative exploration time was achieved, with a maximal time
of 10 min to reach the criteria; those that did not meet the criteria
were excluded from statistical analyses. Time spent exploring each
respective object was recorded. Mice were returned to their home ca-
ges and the arena/objects were cleaned with 70% ethanol. As previ-
ously described, exploration activity was defined as “directing the
nose toward the object at a distance less than or equal to 2 cm” and
time spent climbing on or chewing on objects was not deemed explo-
ration activity.49 The discrimination index was calculated by dividing
the novel object exploration time by the total amount of object explo-
ration during the test.

Marble burying test

At 16 weeks post AAV injection, mice were individually placed
into cages (19.4 � 18.1 � 39.8 cm) with evenly spaced glass mar-
bles arranged in a three-by-four grid on the surface of clean aspen
bedding (5 cm in depth). An experimenter who was unaware of
genotype/treatment scored the number of marbles buried after
30 min. Marbles were washed with mild detergent and water
between each trial.

Three-chamber sociability test

At 19 weeks post AAV injection, mice were placed in an apparatus
consisting of three connected plexiglass chambers (18 � 41 � 20 cm
each) with removable dividers between each chamber. Each test subject
was individually placed in the center plexiglass chamber for 5 min of
habituation. In the first phase—testing social affiliation—another,
unfamiliar mouse was placed in either the right or left chamber in a
small wire cage, while another wire cage remained empty in the oppo-
site chamber. The wire cage restricted social or aggressive interactions
between the two mice beyond nose contact. Chamber dividers were
lifted after the habituation period to allow the test subject to move
freely about all three chambers for a 10-min observation period. A
second 10-min test—assessing novel social engagement—was per-
formed immediately afterward, using the conspecific from the first
test (now denoted as a familiar mouse) and a novel unfamiliar mouse
in the opposite chamber. Between each trial, the arena was cleaned
with Opticide to remove odor cues. Trials were video recorded. An
observer unaware of genotype/treatment used open-source event-log-
ging software, BORIS,89 to create a user-scored ethogram with time-
stamps and length calculations for behavioral activities (i.e., chamber
entry, mouse investigation). Once the behavioral coding process was
completed, observation data were exported and analyzed. The social
preference index was calculated by dividing the amount of time spent
with the novel mouse by the amount of time spent in the empty cham-
144 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
ber during the first test phase. The social novelty index was calculated
by dividing the amount of time spent with the novel unfamiliar mouse
by the amount of time spent with the familiarmouse during the second
test phase.

Tail suspension test

At 21 week post AAV injection, a small plastic cylinder generated
from a cut syringe (Becton, Dickinson and Company, Franklin Lakes,
NJ) was slipped over each mouse’s tail to prevent climbing motion
and escape from the test; mice that circumvented this anti-climb
apparatus were excluded. Mice were suspended in air individually
by tape attached to a shelf (64-cm height with bubble wrap laid
beneath for safety) for 6 min. Trials were video recorded An observer
unaware of genotype/treatment used the open-source event-logging
software, BORIS,89 to create a user-scored ethogram with timestamps
and length calculations for behavioral activities (i.e., immobility,
mobility). Once the behavioral coding process was completed, obser-
vation data were exported and analyzed.

Tissue collection

At 23 weeks post AAV injection, mice were euthanized following a
4-h fast. Mice were anesthetized with 2.5% isoflurane (1.0 L/min)
and then decapitated to collect trunk blood. Tissues to be used for
mRNA and protein analyses were flash frozen on dry ice and stored
at �80�C until further analysis. Hypothalamus was collected under
a dissection microscope at sacrifice, with the left and right sides being
collected separately to allow for RNA and protein isolation from each
mouse.

Serum harvest and analysis

Trunk blood was collected at euthanasia, clotted on ice, and centri-
fuged at 10,000 rpm for 10 min at 4�C. The serum component was
collected and stored at �20�C until further analysis. R&D Systems
ELISA kits were used to assay serum leptin (#DY498), insulin-like
growth factor (#DY791), PAI-1 (#DY3828), and CCL2 (#DY479).
Additional ELISAs were performed for insulin (ALPCO #80-
INSMSU-E01), corticosterone (Enzo #ADI-900-097), GH (EMD
Millipore #EZRMGH-45K), and adiponectin (ALPCO #47-ADP
MS-E01). Caymen Chemical colorimetric assay kits were used to
assay triglycerides (#10010303) and glucose (#10009582). Homeo-
static model assessment for insulin resistance (HOMA-IR) index
was calculated as [fasting serum glucose (mmol/L) � fasting serum
insulin (pmol/L)/22.5] as described elsewhere.90

qRT-PCR

Following tissue sonication, RNA was isolated using the RNeasy Mini
kit (QIAGEN #74804) with RNase-free DNase treatment. cDNA was
reverse transcribed using Taqman Reverse Transcription Reagents
(Applied Biosystems #N8080234). qRT-PCR was completed on the
StepOnePlus Real-Time PCR System using Power SYBR Green
(Applied Biosystems #A25742) PCR Master Mix. Primer sequences
are available in Table S1. We calibrated data to endogenous con-
trols—Hprt1 for hypothalamus, Actinb for gWAT—and quantified
the relative gene expression using the 2�DDCT method.91
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Immunoblotting

Tissue samples were homogenized in RIPA buffer (Pierce #89901)
containing 1� PhosSTOP (Roche #4906845001) and protease inhib-
itor cocktail III (Calbiochem #539134). Tissue lysates were separated
by gradient gel (4%–20%, Mini-PROTEAN TGX, Bio-Rad #4561096)
and then transferred to a nitrocellulose membrane (Bio-Rad
#1620115). Blots were incubated overnight at 4�C with the following
Cell Signaling Technology primary antibodies: beta actin #3700,
1:500; HA tag #3724, 1:500. Blots were rinsed and incubated with
HRP-conjugated secondary antibodies (Bio-Rad, 1:3,000). Chemilu-
minescence signal was detected and visualized by Odyssey Fc imaging
(LI-COR Biotechnology, Lincoln, NE).

Adipocyte size analysis

Portions of fat depots were fixed in 10% neutral buffered formalin for
72 h and dehydrated in 70% ethanol prior to processing. Paraffin sec-
tions (6 mm) were created and an H&E stain was performed by the
Comparative Pathology & Digital Imaging Shared Resource of The
Ohio State University’s College of Veterinary Medicine. Adipose tis-
sue sections were imaged at 20� magnification using an Olympus
BX43 microscope with an Olympus SC30 color camera attachment
and Olympus cellSens software. Downstream analysis was performed
as previously described.92

For each field, adipocyte area was measured in FIJI using a semi-auto-
mated custommethod based on the Adiposoft algorithm.93-95 Briefly,
each image was split into H&E color channels by Color Deconvolu-
tion, then made binary by the Otsu thresholding algorithm.96 The
images were then filtered with opening and median operators with
the Morphological Filters plugin to sharpen cell boundaries.97 Auto-
mated particle subtraction and manual removal of extraneous parti-
cles were performed to reduce noise. A cutoff of 100 mm2 was used
as the minimum size for an adipocyte. Six images were analyzed
per animal. Adipocyte distribution curves show all sampled adipo-
cytes within a given group. Average adipocyte sizes were calculated
on a per-animal basis and then compared.

Perfusion and YFP fluorescence imaging

Asubset ofmicewas anesthetized and transcardially perfusedwithphos-
phate-buffered saline (PBS), followed by 4% paraformaldehyde (PFA)
(Sigma, St. Louis, MO) in PBS. Fixed brains were extracted and incu-
bated overnight in 4% PFA on a rocker at 4�C. Brains were rinsed three
times with PBS for 30min before being submerged overnight in 30% su-
crose with 0.03% sodium azide on a rocker at 4�C. The sucrose solution
was replaced and left at 4�C for at least 3 days. Brains were embedded in
optimal cutting temperature (O.C.T.) compound (Sakura Finetek, Tor-
rance, CA), sectioned into 30-mm slices on a Thermo Scientific
HM525NX cryostat (Waltham, MA), and placed on glass microscope
slides. Fluorescence microscopy was performed on a Zeiss microscope
(Thornwood, NY), and images were captured with Zeiss Zen software.

Statistical analysis

Data are expressed as means ± SEM. Microsoft Excel, IBM SPSS v.25,
GraphPad Prism 9, and R v.4.1.3. software were used to analyze data.
Molecular The
One-way ANOVAs with Tukey’s post hoc test were utilized for com-
parisons between three groups. Time course data (BWs, GTT, ITT,
indirect calorimetry) were analyzed using a mixed ANOVA and
area-under-the-curve calculations were performed where applicable.
Normality was tested using the Shapiro-Wilk method. Outliers
were determined and removed using the robust regression and outlier
removal (ROUT) method.
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