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SUMMARY

The obesity epidemic is associated with significant healthcare and economic burdens. Pharmacological
administration of the endocrine hormone fibroblast growth factor 21 (FGF21) increases energy expenditure
and reverses obesity. However, the central targets and neural pathways for these metabolic benefits remain
elusive. Here, we demonstrate that p-klotho (KLB)-expressing neurons in the hindbrain, specifically the nu-
cleus of the solitary tract (NTS) and area postrema (AP), are both necessary and sufficient for FGF21’s effect
on energy expenditure and weight loss. These pharmacological benefits are mediated largely by NTS/AP
KLB-expressing neurons that project to the parabrachial nucleus (PBN) and not the hypothalamus. Our re-
sults provide insights into the central mechanisms of pharmacological FGF21 action to modulate energy ho-

meostasis.

INTRODUCTION

Obesity is a chronic, multifactorial disease caused by an imbal-
ance between energy intake and expenditure.’ Obesity leads to
various complications, including type 2 diabetes, cardiovascular
disease,” and cancer® that reduce life expectancy” and place a
heavy burden on the healthcare system and economy.® Recent
advances in obesity therapeutics, such as glucagon-like peptide
(GLP)-1 analogs, have led to clinically meaningful weight loss by
reducing calorie intake.®” However, the degree of weight loss
varies greatly among individuals, and patients often discontinue
use due to gastrointestinal side effects.®'® Discontinuation of
these obesity therapeutics leads to rapid weight regain, likely
due to a compensatory reduction in energy expenditure.®& -2

Fibroblast growth factor 21 (FGF21) is a predominantly liver-
derived hormone that regulates energy homeostasis and macro-
nutrient preference.’® FGF21 signals to target tissues that
express the FGF receptor 1c (FGFR1c) and the obligate co-re-
ceptor p-klotho (KLB).">'” KLB expression is restricted to meta-
bolic tissues and is absolutely required for FGF21 signaling.>'®
Pharmacological FGF21 administration significantly reduces
body weight and improves lipid profiles in diet-induced obese
(DIO) mice, non-human primates, and patients with obesity.'92°

FGF21-mediated weight loss is largely attributed to an increase
in energy expenditure in DIO rodents.'®*! Physiologically, this in-
crease in energy expenditure by FGF21 is important for brown fat
thermogenesis during neonatal milk consumption,”® and in
adults for mediating the protein-leverage effect during macronu-
trient consumption.””*® However, the underlying mechanisms
remain insufficiently defined. Previous studies have shown that
FGF21 acts primarily on the central nervous system (CNS) to in-
crease energy expenditure and sympathetic outflow to brown
adipose tissue (BAT).??*° Specifically, this occurs through
FGF21 signaling to glutamatergic, but not GABAergic neurons.?®
However, despite the identification of KLB-expressing glutama-
tergic neurons in multiple brain areas implicated in energy ho-
meostasis, such as the hypothalamus and hindbrain, the brain
region where FGF21 acts to promote energy expenditure and
weight loss has not been identified.?® In addition, although
FGF21 acts on the ventromedial hypothalamus (VMH) to lower
sucrose intake, FGF21 signaling to VMH KLB-expressing neu-
rons is not required to mediate FGF21’s effect on energy expen-
diture and body weight.®’

The nucleus of the solitary tract (NTS) and area postrema (AP)
in the hindbrain integrate central and peripheral signals to regu-
late energy homeostasis.*>>® Indeed, multiple NTS/AP neuron
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populations suppress feeding and promote negative energy
balance®* " and are targets of several anorectic molecules,
like the GLP-1 receptor agonists.***> Moreover, NTS neurons
connect to brain areas that regulate energy expenditure’® and
have been proposed to regulate BAT thermogenesis.*'*?
Here, we demonstrate that FGF21 signaling to neurons in the
NTS/AP, but not the hypothalamus, is both necessary and suf-
ficient for activating energy expenditure and decreasing body
weight. In addition, the body weight and thermogenic effect
of FGF21 in the NTS/AP are primarily mediated by neurons
that project to the parabrachial nucleus (PBN). Together, this
work reveals a projection-defined subset of NTS/AP neurons
utilized by FGF21 to regulate energy expenditure and
weight loss.

RESULTS

Pharmacological FGF21 signaling to the hypothalamus
is not required or sufficient to reduce body weight

The hypothalamus is widely implicated in body weight regulation
by controlling appetite and energy expenditure.*>** We previ-
ously identified that glutamatergic (Vglut2*) KLB* neurons regu-
late FGF21’s effects to reduce body weight, and that these
Vglut2* KLB* neurons are present in metabolically relevant hy-
pothalamic nuclei, including the paraventricular nucleus (PVN)
of the hypothalamus, VMH, lateral hypothalamus (LH), dorsome-
dial hypothalamus (DMH), and ventral premammillary nucleus
(PMv).?° To investigate whether FGF21 signaling in the hypothal-
amus is required for its effect to reduce body weight, we gener-
ated mice that lack KLB in cells that have expressed NK2 ho-
meobox 1 (Nkx2.1), a transcription factor with broad
expression in the hypothalamus, by crossing Nkx2.1-Cre
mice*® with KLB"™ mice (KLBN*?1-C"® mice). A similar approach
was used previously to explore the role of the leptin receptor
(LepR) in the hypothalamus.*® The distribution of Nkx2.1
throughout the entire hypothalamus was assessed with whole
organ clearing of brains harvested from Nkx2.1-Cre;Ai14-tdTo-
mato mice using an enhanced DISCO protocol,*” which allows
visualization of tdTomato-expressing cells (Nkx2.1*) across the
entire brain using a light sheet fluorescence microscope. Consis-
tent with previous characterizations of Nkx2.1-Cre mice,
Nkx2.1" cells were broadly distributed in the hypothalamic re-
gions, including but not limited to the PVN, VMH, DMH, and
PMv (Video S1).*584° Importantly, Nkx2.1* cells were not ex-
pressed in the hindbrain regions, including the NTS/AP
(Figure S1A).
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Following chronic consumption of an obesogenic 60% high-
fat diet, DIO KLBN®2-1-C"® and control DIO wild-type (WT) litter-
mates were administered FGF21 via osmotic minipump for
14 days (Figure 1A). The starting body weight was not different
between DIO KLBNW2-1-Cr® gand WT mice (Figure 1B). Unexpect-
edly, both DIO WT and KLBY2-1=C® animals exhibited compa-
rable weight loss in response to FGF21 administration (Figures
1C and 1D). FGF21 treatment did not result in discernible
changes in home-cage food intake (Figure S1B). To extend these
findings, we administered a therapeutic FGF21 analog, PF-
05231023, to a separate cohort of DIO WT and KLBNk*2-1-Cre
mice via intraperitoneal (i.p.) injection every 3 days for 15 days.
Like FGF21 treatment, both DIO WT and DIO KLBNk21-Cre
mice exhibited similar weight reductions in response to PF-
05231023 administration (Figures 1E and 1F). Together, these
data indicate that FGF21 signaling to the hypothalamus is not
necessary for FGF21 to reduce body weight.

To determine if FGF21 signaling to the hypothalamus is suffi-
cient to drive body weight reduction, we generated mice that ex-
press KLB only in the hypothalamus by administering Cre re-
combinase to the hypothalamus of KLB loxTB mice. As
described previously,”® KLB loxTB mice lack endogenous KLB
expression due to a loxP-flanked transcription blocker (IloxTB).
However, in the presence of Cre recombinase, endogenous
KLB expression is restored (Figure 1G, KLB loxTB). Weight-
matched WT and KLB loxTB mice were transduced with Cre
(AAV-CMV-Cre-eGFP) or a control virus (AAV-CMV-eGFP) into
the hypothalamus (Figures S1C and S1D) and subsequently
administered vehicle or FGF21 via osmotic minipumps for
14 days (Figure 1H). As expected, administration of FGF21 re-
sulted in a significant reduction in body weight of DIO WT mice
(Figures 11 and 1J). In contrast, FGF21 treatment in both KLB
loxTB mice and KLB loxTB mice with Cre-induced KLB re-
expression specifically in the hypothalamus resulted in no
detectable weight loss (Figure 11 and 1J). No significant changes
in home cage food intake were observed following FGF21 treat-
ment (Figure S1E). These data reveal that FGF21 signaling to the
hypothalamus is not sufficient to mediate FGF21’s effects on
body weight.

Pharmacological FGF21 signaling to the NTS/AP is both
required and sufficient for its effect to reduce body
weight

KLB-expressing Vglut2* neurons are also found in the hindbrain,
primarily in the NTS and AP, which are well characterized for their
roles in energy balance and body weight regulation.?*** To

Figure 1. Pharmacological FGF21 signaling to the hypothalamus is not required or sufficient to promote weight loss in DIO mice

(A-D) Diet-induced obese (DIO) WT and KLBN®21-Cre (K| BM; Nkx2.1-Cre) mice (16-18 weeks old) were administered vehicle or FGF21 (1 mg/kg/day) by os-
motic minipump for 14 days (n = 9-13 per group). (A) Plasma FGF21 levels, (B) starting body weights, (C) daily percent change in body weight, and (D) final percent
change in body weight.

(E and F) DIO WT and KLBNK*21-Cre mice (16-18 weeks old) were administered vehicle or PF-05231023 (i.p. 3 mg/kg) every 3 days for 15 days (n = 8-11 per
group). (E) Daily percent change in body weight and (F) final percent change in body weight.

(G-J) DIO WT and KLB loxTB (KLB'°XT®*T8) mjice (16-18 weeks old) were injected with AAV-CMV-Cre-EGFP (KLB'**™®; Cre) or AAV-CMV-eGFP (KLB'*™®; GFP)
in the hypothalamus and administered vehicle or FGF21 (1 mg/kg/day) by osmotic minipump for 14 days (n = 6-13 per group). (G) Schematic illustration of the viral
targeting strategy to restore endogenous KLB expression specifically in the hypothalamus, (H) plasma FGF21 levels, (l) daily percent change in body weight, and
(J) final percent change in body weight of mice in (G)-(J).

Values are presented as mean + SEM. *p < 0.05. Statistical analyses were conducted using Student’s t test (B) or two-way ANOVA (C-F, |, and J) with Holms-
Sidak’s multiple comparison test.
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Figure 2. Pharmacological FGF21 signaling to the NTS/AP is both required and sufficient to promote weight loss in DIO mice

(A-G) Diet-induced obese (DIO) KLB™" mice (16-18 weeks old) were injected with AAV-CMV-Cre-EGFP (KLB™"; Cre) or AAV-CMV-eGFP (KLB"™: GFP) in the
nucleus of the solitary tract (NTS) and area postrema (AP) and administered vehicle or FGF21 (1 mg/kg/day) by osmotic minipump for 14 days (n = 8-10 per group).
(A) Schematic illustration of the viral targeting strategy to ablate KLB expression specifically in NTS/AP, (B) representative fluorescent image for viral targeting.
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investigate whether FGF21 signaling to the NTS/AP is required
for its effect to reduce body weight, we generated mice that
lack KLB in the NTS/AP (KLBNTS/AP=KOy 1y administration of
AAV-Cre into the NTS/AP (primarily the NTS) of DIO KLB™
mice (Figures 2A and 2B)."® RNAscope in situ hybridization re-
vealed a marked reduction in KIb mRNA signal in the NTS of
DIO KLB™" mice administered AAV-Cre compared to mice
administered AAV-EGFP (Figures S2A and S2B). Weight-
matched DIO KLBNTS/APKO and DIO control KLB™ littermates
were administered FGF21 via osmotic minipumps for 14 days
(Figures 2C and S2C). As expected, FGF21 treatment signifi-
cantly reduced body weight in control KLB"" mice (Figure 2D
and 2E). However, ablation of KLB in the NTS/AP completely
blocked FGF21-mediated weight loss, suggesting that FGF21
signaling to the NTS/AP is required to reduce body weight
(Figure 2D and 2E). There was also a slight increase in food intake
in  KLBNTS/AP=KO  mice following FGF21 administration
(Figure S2D), which could be secondary to a slight increase in
body weight. Like previous studies,”® FGF21 treatment induced
thermogenic gene expression in the BAT of KLB"" mice, and this
induction was prevented by NTS/AP KLB ablation (Figure S2E).
Consistent with its effects on body weight, FGF21 administration
also significantly reduced plasma glucose and insulin levels in
DIO KLB™ but not DIO KLBNTSAP-KO mjce (Figure 2F and 2G).
To explore whether FGF21 signaling to the NTS/AP is suffi-
cient for FGF21-mediated body weight reduction, we adminis-
tered AAV-GFP or AAV-Cre into the NTS/AP of weight-matched
DIO KLB loxTB mice and restored KIb mRNA expression in the
NTS/AP (Figures 2H-2J, S2F, and S2G). The expression of the
physiological levels of KLB in the NTS/AP restored FGF21’s abil-
ity to reduce body weight, comparable to the weight loss
observed in DIO WT mice (Figures 2K and 2L). Consistent with
the restoration of body weight responses to FGF21, NTS/AP
KLB re-expression also restored FGF21’s ability to reduce
plasma glucose and insulin levels (Figures S2H and S2I). In addi-
tion, restoration of FGF21 signaling to the NTS/AP rescued
FGF21’s ability to induce BAT thermogenic gene expression
(Figure S2J). Finally, the re-expression of KLB restored the ability
of FGF21 to reduce hepatic triglyceride levels (Figure S2K). This
is consistent with our previous report demonstrating a central
mechanism mediating FGF21-induced reductions in hepatic tri-
glycerides.®' Together, these data indicate that FGF21 signaling
in the NTS/AP is sufficient for FGF21-mediated induction of ther-
mogenic gene expression and reduction in body weight.

Pharmacological FGF21 increases firing of NTS Vglut2*
neurons, SNA to BAT, and energy expenditure

Previous work from our lab has demonstrated that FGF21 affects
neuronal activity by increasing the activation and excitability of
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neurons in the VMH, as well as in basolateral amygdala neurons
that project to the nucleus accumbens.>*° To explore how
FGF21 affects neuronal activity in the NTS, we utilized KLB-
Cre; Vglut2-IRES-Flp; Ai65-tdTomato triple-knockin mice as
previously described.?® Acute brain slices were prepared, and
cell-attached recordings from tdTomato™ cells (KLB* Vglut2*)
were performed in lean and DIO triple-knockin mice under syn-
aptic blockade (CNQX, AP5, and PTX) (Figure 3A). While con-
sumption of an obesogenic diet reduced baseline firing of
KLB* Vglut2* neurons in the NTS, FGF21 application signifi-
cantly increased the firing frequency of these neurons in both
lean and DIO triple-knockin mice (Figures 3B and 3C). Thus,
consistent with FGF21’s effects on KLB* neurons in the VMH,
FGF21 also activates the KLB* Vglut2* neurons in the NTS under
both lean and DIO conditions.

As previously reported, FGF21’s effects on body weight are
primarily due to an increase in energy expenditure in ro-
dents.??*? To explore whether FGF21 signaling to the NTS/AP
is required for its effect on energy expenditure, DIO KLB"™ and
DIO KLBNTSAP=KO mice were first housed in metabolic cages
(Promethion) for 5 days for baseline measurements of energy
expenditure (Figures 3D and S3A). Next, mice were administered
FGF21 via osmotic minipump for 14 days and were housed in
metabolic cages for the last 5 days of FGF21 administration
(Figure 3D). As expected, no difference in baseline energy expen-
diture was observed between DIO KLB"" and DIO KLBNTS/AP-KO
mice (Figure 3E and 3F). However, while FGF21 administration
significantly elevated energy expenditure in the DIO KLB"
mice, FGF21 failed to elevate energy expenditure in DIO
KLBNTS/AP-KO mice (Figures 3E and 3F). Consistent with the meta-
bolic cage data, KLBNTSAP—KO gpolished FGF21-mediated in-
duction of thermogenic gene expression (Figure 3G). Together,
these data indicate that FGF21 signaling to the NTS/AP is
required for FGF21 to induce energy expenditure.

FGF21 can act on the CNS to stimulate sympathetic nerve ac-
tivity (SNA) in BAT.*° To explore if NTS/AP FGF21 signaling is
required for this sympathoexcitation effect, we recorded SNA
to BAT in anesthetized DIO KLB"" and DIO KLBNTS/AP-KO mice
following vehicle or FGF21 treatment (Figures 3H, 3l, and S3B).
As expected, FGF21 administration resulted in significantly
elevated BAT SNA in DIO KLB™" but not DIO KLBNTS/AP-KO
mice (Figures 3H, 3I, and S3C), suggesting that FGF21 signaling
to the NTS/AP is required for its effect to increase BAT SNA.

To investigate whether the activation of NTS/AP KLB* neurons
is sufficient to increase energy expenditure, we expressed a hu-
man M3 muscarinic designer receptor exclusively activated by
designer drugs (DREADD; hM3Dgq) in the hindbrain KLB* neu-
rons by administering an AAV-hSyn-DIO-hM3Dg-mCherry into
the hindbrain of DIO KLB-Cre mice (Figure S3D). Control DIO

Scale bars, 1 mm for overview (top) and 500 um for zoom in (bottom). (C) Starting body weight, (D) daily percent change in body weight, (E) final percent change in

body weight, (F) plasma glucose level, and (G) plasma insulin level.

(H-L) DIO WT or KLB loxTB (KLB'*XT81°XTB) mjice (16-18 weeks old) were injected with AAV-CMV-Cre-EGFP (KLB'°XTB; Cre) or AAV-CMV-eGFP (KLB'°XT®; GFP) in
NTS/AP and administered vehicle or FGF21 (1 mg/kg/day) by osmotic minipump for 14 days (n = 9-13 per group). (H) Schematic illustration of the viral targeting
strategy to restore endogenous KLB expression specifically in NTS/AP. () Representative fluorescent image for viral targeting. Scale bars, 1 mm for overview (top)
and 500 pm for zoom in (bottom). (J) Starting body weight, (K) daily percent change in body weight, and (L) final percent change in body weight.

Values are presented as mean + SEM. “p < 0.05. Statistical analyses were conducted using Student’s t test (C and J) and two-way ANOVA (D-G, K, and L) with

Holms-Sidak’s multiple comparison test.
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Figure 3. FGF21 signaling in the NTS/AP activates KLB*Vglut2* neurons and is required for pharmacological FGF21-mediated potentiation of
brown fat SNA and energy expenditure

(A-C) Patch clamp recording of tdTomato* nucleus of the solitary tract (NTS) neurons for 16-18-week-old diet-induced obese (DIO) or lean KLB-Cre; Vglut2-FLP;
Ai65-tdTomato triple-knockin mice, before or after bath application of FGF21 (50 ng/mL) (25-32 cells per group). (A) Fluorescent image of NTS/AP KLB*/Vglut2*/
tdTomato+ neurons. Scale bars, 1 mm for overview (top) and 500 um for zoom-in (bottom). (B) Representative traces of neural firing and (C) firing frequencies.
(D-F) Energy expenditure of 16-18-week-old DIO KLB"" mice injected with AAV-CMV-Cre-EGFP (KLB™"; Cre) or AAV-CMV-eGFP (KLB""; GFP) in the NTS and
area postrema (AP), presented as baseline (day —2 to 0) and during FGF21 (1 mg/kg/day) administration by osmotic minipump (days 12-14) (n = 13-19 per group).
(D) Schematic illustration of viral targeting strategy to ablate KLB expression in NTS/AP and the experimental timeline, (E) hourly energy expenditure, and
(F) average energy expenditure.

(G) Relative BAT Bmp8b mRNA level in 16-18-week-old DIO KLB™"": Cre or KLB""; GFP mice treated with vehicle or FGF21 (1 mg/kg/day) by osmotic minipump
for 14 days (n = 8-10 per group).

(H and l) Sympathetic nerve activity (SNA) to brown adipose tissue (BAT) in 16-18-week-old DIO KLB""; Cre or KLB""; GFP mice treated with vehicle or FGF21
(i.v. 1 mg/kg; n = 5 per group). (H) Percent change in BAT SNA and (l) final change in BAT SNA.

Values are presented as mean + SEM. *p < 0.05. Statistical analyses were conducted using two-way ANOVA with Holms-Sidak’s multiple comparison test.
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Figure 4. FGF21 action in NTS/AP neurons that project to the PBN, but not to the PVN, is both necessary and sufficient to promote weight loss

in DIO mice

(A-D) Diet-induced obese (DIO) KLB loxTB (KLB'XT®°XTB) mice (16-18 weeks old) were injected with rgAAV-EF1a-Flpo (KLB'°XT®; NTS/AP—PBN-Cre) or rgAAV-
hSyn-DIO-EGFP (KLB'XT®; NTS/AP—PBN-GFP) into the parabrachial nucleus (PBN) and AAV-EF1a-fDIO-Cre into the nucleus of the solitary tract (NTS) and area
postrema (AP), and then administered vehicle or FGF21 (1 mg/kg/day) by osmotic minipump for 14 days (n = 6-7 per group). (A) Schematic illustration of viral
targeting strategy to restore endogenous KLB expression specifically in PBN-projecting NTS/AP neurons. (B and C) Daily percent change in body weight in
KLB'*TB: NTS/AP—PBN-GFP (B) and KLB'>*™®; NTS/AP—PBN-Cre (C), and (D) final percent change in body weight.

(legend continued on next page)
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KLB-Cre mice received an AAV-hSyn-DIO-mCherry. Baseline
energy expenditure was measured in metabolic cages, followed
by chemogenetic activation of hindbrain KLB* neurons with de-
schloroclozapine dihydrochloride (DCZ) administered in drinking
water. Surprisingly, chemogenetic activation of the hindbrain
KLB* neurons did not result in visible changes in energy expen-
diture (Figure S3E). To exclude insufficient receptor engagement
as a confounding factor, DCZ was subsequently delivered i.p. at
a dose that robustly activates the hM3Dg-expressing neurons.**
Despite the increased dose of DCZ administration, no difference
was observed between chemogenetic activation and controls
(Figure S3F). Importantly, intraperitoneal administration of DCZ
resulted in robust cFos induction, supporting effective chemoge-
netic activation (Figures S3G and S3H). Together, these findings
indicate that the activation of hindbrain KLB* neurons is not suf-
ficient to drive energy expenditure induced by FGF21.

To explore whether activation of KLB* neurons in the hindbrain
is sufficient to increase BAT sympathetic input, we indepen-
dently recorded SNA to BAT in anesthetized DIO KLB-Cre
mice expressing hM3Dq or mCherry in hindbrain KLB* neurons.
After achieving a stable baseline, mice were given clozapine-N-
oxide (CNO) or saline as previously described® to activate the
hindbrain KLB* neurons. Consistent with the energy expenditure
data (Figures S3D-S3H), chemogenetic activation of hindbrain
KLB* neurons did not increase BAT SNA (Figure S3l). Therefore,
although FGF21 signaling increases the activation of glutamater-
gic KLB+ NTS/AP neurons, the chemogenetic activation of all
KLB+ NTS/AP neurons is not sufficient to drive BAT SNA.

PBN-projecting neurons in the NTS/AP are responsible
for pharmacological FGF21-mediated body weight
reduction

The NTS/AP projects to multiple brain regions implicated in the
regulation of energy balance.®® For further insight on how
FGF21 signaling in the NTS/AP influences energy expenditure
and weight loss, we mapped NTS/AP KLB* neuron projections
by injecting an AAV-FLEX-tdTomato-expressing virus into the
NTS/AP of KLB-Cre mice (Figures S4A and S2B). We found
that KLB* NTS/AP neurons innervate the brain areas that are
linked to energy homeostasis, including the PBN, PVN, the bed
nucleus of stria terminalis (BNST), and LH (Figure S4C). Interest-
ingly, the PBN was most robustly innervated by NTS/APX"8 neu-
rons. To determine if these PBN-projecting neurons are sufficient
for FGF21 to reduce body weight, we injected a retrograde AAV-
FLP virus into the PBN and a Flp-dependent Cre virus into the
NTS/AP of KLB loxTB mice, enabling Cre expression, and there-
fore KLB re-expression specifically in PBN-projecting NTS/AP
neurons (NTS/AP—PBN) (Figures 4A and S4D). FGF21 treatment
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via osmotic minipump significantly reduced body weight in
KLBNTS/AP=PBN  ro_expression mice but not in littermates
receiving a control retrograde AAV-GFP-expressing virus into
the PBN (Figures 4B-4D). The degree of weight loss is compara-
ble to other experiments in this paper (e.g., Figures 1C and 1)
and other papers.®® In addition, and importantly, the degree of
weight loss is comparable to that of mice in which KLB expres-
sion is restored to the NTS/AP of KLB loxTB mice (Figures 2K
and 2L), which are on a mixed genetic background. No change
in food intake was observed following FGF21 administration
(Figure S4E). These data suggest that PBN-projecting NTS/AP
KLB* neurons are sufficient for the body weight-reducing effects
of NTS/AP FGF21 signaling. To evaluate the role of other NTS/AP
KLB* neural projections in mediating the weight loss effects of
FGF21, we next targeted PVN-projecting NTS/AP neurons in
DIO KLB loxTB mice using a similar approach (Figures 4E and
S4F). Unlike PBN-projecting neurons, restoration of KLB expres-
sion in PVN-projecting NTS/AP neurons did not rescue the
weight loss associated with FGF21 administration (Figure 4F
and 4G), indicating that PVN-projecting NTS/AP neurons are
not sufficient to drive the effect of FGF21 to reduce body weight.
No significant differences in food intake were observed
(Figure S4G).

To investigate whether FGF21 signaling to NTS/AP PBN-pro-
jecting neurons is required for its effect on body weight, we per-
formed the same intersectional approach in KLB™" mice, result-
ing in KLB deletion specifically from NTS/AP neurons that project
to the PBN (Figures 4H and S4H). Consistent with KLBNTS/AP-KO
mice, FGF21-mediated weight loss was significantly attenuated
in mice with KLB deletion from NTS/AP—PBN neurons (KLB"™;
NTS/AP—PBN-Cre), as compared with control-injected mice
(KLB"™: NTS/AP—PBN-GFP). This indicates that PBN-projec-
ting NTS/AP neurons are required for most of the FGF21-
induced weight loss (Figures 41 and 4J). In addition to preventing
body weight loss, KLBNTSAP=FPBN inockout also abolished
FGF21-mediated activation of BAT thermogenic gene expres-
sion (Figures 4K and 4L). No significant change in food intake
was observed following FGF21 treatment (Figure S41). Together,
these data demonstrate that PBN-projecting NTS/AP KLB* neu-
rons are required for pharmacologically administered FGF21 to
exert most of its effect to induce energy expenditure and pro-
mote weight loss.

DISCUSSION
In this study, we reveal the central target of pharmacological

FGF21 to reduce body weight. We demonstrate that the NTS/
AP, and not the hypothalamus, is both required and sufficient

(E-G) DIO WT and KLB loxTB (KLB'°XT®°XT8) mice (16-18 weeks old) were injected with rgAAV-EF1a-Flpo (KLB'”*T8; NTS/AP—PVN-Cre) or rgAAV-hSyn-DIO-
EGFP (KLB'*TB; NTS/AP—PVN-GFP) into the paraventricular nucleus of the hypothalamus (PVN) and AAV-EF1a-fDIO-Cre into NTS/AP and administered vehicle
or FGF21 (1 mg/kg/day) by osmotic minipump for 14 days (n = 7-8 per group). (E) Schematic illustration of viral targeting strategy to restore endogenous KLB
expression specifically in NTS/AP PVN-projecting neurons, (F) daily percent change in body, and (G) final percent change in body weight.

(H-L) DIO KLB™™ mice were injected with rgAAV-EF1a-Flpo (KLB"; NTS/AP—PBN-Cre) or rgAAV-hSyn-DIO-EGFP (KLB™"; NTS/AP—PBN-GFP) (16-18 weeks
old) into the PBN and AAV-EF1a-fDIO-Cre into NTS/AP and administered vehicle or FGF21 (1 mg/kg/day) by osmotic minipump for 14 days (n = 5-17 per group).
(H) Schematic illustration of viral targeting strategy to ablate KLB expression specifically in NTS/AP PBN-projecting neurons, (I) daily percent change in body
weight, (J) final percent change in body weight, (K) relative Ucp1 mRNA level in the brown adipose tissue (BAT), and (L) relative Bmp8b mRNA level in BAT.
Values are presented as mean + SEM. *p < 0.05. Statistical analyses were conducted using two-way ANOVA with Holms-Sidak’s multiple comparison test.
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for FGF21-mediated weight loss. Specifically, pharmacologically
administered FGF21 activates the NTS/AP KLB* neurons and in-
duces BAT SNA and energy expenditure to reduce body weight.
Furthermore, the observed changes in energy expenditure and
body weight are largely attributable to NTS/AP neurons that proj-
ect to the PBN, but not PVN.

The hindbrain, specifically the NTS and AP, has received
considerable attention as regulators of energy homeostasis.*®
Despite most studies focusing on their role in satiety, previous
data have alluded to a role for these hindbrain regions in the
regulation of energy expenditure.*’*2°"*¢ However, direct evi-
dence for NTS and AP neurons to promote energy expenditure
is still lacking. Here, we identified a neural population in NTS/
AP that is activated by the pharmacological FGF21 treatment,
promotes energy expenditure, and reduces body weight without
lowering food intake. Notably, we unexpectedly discovered that
pharmacological FGF21 administration does not regulate body
weight by acting directly in the hypothalamus, a region that
has long been considered the target for FGF21 action to regulate
energy homeostasis. Although KLB* glutamatergic neurons are
found in several hypothalamic regions known for controlling en-
ergy expenditure, including the PVN, VMH, DMH, and LH,**
these hypothalamic regions are not necessary or sufficient for
FGF21-mediated weight loss. This is consistent with our previ-
ous finding that VMH KLB™ neurons are not responsible for
FGF21-induced weight loss, despite their prominent role in
FGF21-mediated suppression of sucrose intake.®' Furthermore,
re-expression of KLB in NTS/AP neurons also restored FGF21-
mediated reduction in hepatic triglycerides. This is consistent
with an earlier report demonstrating a central mechanism of
FGF21-mediated reductions in hepatic triglycerides,®' and high-
lighting the NTS/AP as the brain region mediating such effects.
However, as these studies did not include diets that promote
metabolic-associated steatohepatitis (MASH) (i.e., GAN or FPC
diet),°" additional research is needed to determine the involve-
ment of this circuit in mediating FGF21’s effects to reverse he-
patic fibrosis. In addition, whether NTS/AP KLB-expressing neu-
rons are also responsible for the physiological functions of
FGF21 on energy balance, or other metabolic functions of
FGF21, requires further investigation.

Following KLB ablation in the NTS/AP, we noted an unex-
pected increase in food intake and body weight following
FGF21 administration. This slight yet significant increase in
body weight and food intake might be attributable to the action
of FGF21 in the brain areas other than the hindbrain. When a
WT animal receives FGF21, FGF21 signaling in the hindbrain
stimulates robust body weight reductions, and any potential ef-
fect of FGF21 on other brain regions could be masked. Impor-
tantly, no increase in body weight and food intake was observed
in KLB loxTB animals expressing EGFP in the NTS/AP. Consis-
tent with our data, another study observed increased body
weight, body fat content, and a trend toward increased food
intake in FGF21-transgenic mice that lack KLB expression in
Camk2a™ neurons, indicating that FGF21 could have effects on
other types of neurons.*°

Our finding that FGF21 signaling to the hindbrain and not the
hypothalamus is required for its effects to lower body weight is
unexpected based on a previous study that crossed KLB™"
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mice to Phox2b-Cre mice,” which is supposed to delete KLB
from the NTS. That study reported that deletion of KLB from
Phox2b-Cre cells (KLB™"; Phox2b-Cre) did not block the
reduced body weight of FGF21 transgenic mice.®® However,
those studies did not report KLB deletion from the hindbrain.®°
Notably, using deposited NTS datasets,*”®" we find that there
are KLB neurons in the NTS which do not express Phox2b and
therefore would not eliminate FGF21 signaling in this region.

Previously, we demonstrated that FGF21-mediated weight
loss was attenuated when KLB was deleted from LepR-express-
ing neurons. LepR neurons are well documented within discrete
hindbrain nuclei, including the NTS/AP, and the spatial distribu-
tion of LepR neurons partially overlaps with KLB* Vglut2* neu-
rons.®? Our findings are therefore most consistent with the inter-
pretation that at least a subset of LepR-expressing neurons
within the hindbrain contributes to the KLB-dependent effects
of FGF21 on body weight and energy expenditure. Future
studies are needed to resolve LepR and KLB co-expression at
single-cell resolution and the potential involvement of hindbrain
LepR*/KLB* neurons in FGF21-mediated weight loss and
thermogenesis.

In this paper, we demonstrate that FGF21-induced increases
in SNA to BAT and BAT thermogenesis depend on KLB signaling
in the hindbrain. However, previous studies have also shown that
FGF21 can reduce body weight and improve glucose homeosta-
sis independent of UCP1.°257%% However, it is important to note
that BAT can regulate energy expenditure independent of UCP1,
and loss of UCP1 does not abolish BAT thermogenesis.®”%®
Nevertheless, as we noted previously,'* while FGF21’s primary
mode of action is to increase energy expenditure through adi-
pose thermogenesis, if this pathway is disrupted, then alterna-
tive mechanisms can be employed to promote weight loss. Crit-
ically, the hindbrain KLB-dependent circuit we have identified in
this study is required for any effect of FGF21 on body weight
reduction, and may represent an upstream regulatory node to
regulate whole-body energy balance. Further research is needed
to fully delineate the complex effects of FGF21 action on body
weight and energy homeostasis.

A surprising result from these studies is that while FGF21
administration activates glutamatergic KLB* neurons in the
NTS/AP, chemogenetic activation of all NTS/AP KLB* neurons
is not sufficient to trigger the elevations in energy expenditure
and BAT SNA observed with FGF21 administration. The effect
of FGF21 signaling in hindbrain neurons to regulate energy
expenditure and SNA may involve other known cellular functions
of FGF21, such as changes in gene expression or activation of
unique phosphorylation cascades. Alternatively, the effect of
FGF21 on neuronal firing (i.e., firing rate, neurotransmitter
release, synaptic plasticity, etc.) may not fully be recapitulated
by an activating DREADD.

Neurons in the NTS/AP project to a number of brain regions
regulating energy homeostasis.® However, most of this
research has focused on NTS/AP projections that regulate
food consumption.®*"® Our tracing experiments revealed that
NTS/AP KLB™* neurons project to multiple brain areas implicated
in the regulation of BAT thermogenesis, with the most prominent
axonal projections in the PBN. While excitatory NTS/AP projec-
tions to the PBN have been established to regulate feeding
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behavior,*® less is known about NTS/AP — PBN circuits regu-
lating energy expenditure. Previous work suggests that projec-
tions from the NTS to the PBN can regulate thermogenesis in
response to environmental temperature.”’’> However, we
demonstrate for the first time that the recruitment of PBN-projec-
ting NTS/AP neurons by FGF21 can induce BAT thermogenic
gene expression and promote weight loss. Future studies are
required to fully characterize the role of this NTS/AP—PBN pro-
jection in the regulation of energy expenditure with indirect calo-
rimetry. NTS/AP KLB™ neurons also project to other brain regions
that regulate energy expenditure, including the PVN. Although a
majority of PVN neurons project to the BAT,”>’* activation or
disinhibition of PVN neurons reverses BAT SNA increases
evoked by cooling, likely by activating GABAergic neurons in
the raphe pallidus (RPa).”® Given the glutamatergic nature of
KLB* neurons that regulate energy expenditure and body
weight,”® it seems unlikely that NTS/AP KLB* neurons would
act on the PVN to promote energy expenditure and weight
loss. Indeed, re-expression of KLB specifically in PVN-projecting
NTS/AP neurons did not restore weight loss associated with
FGF21 treatment.

While the hypothalamus is not a direct target of KL
neurons in FGF21-mediated weight loss, multiple hypothalamic
pathways could be recruited by the NTS/AP—PBN circuit
following pharmacological FGF21 treatment. Indeed, PBN neu-
rons project to the median preoptic nucleus (MnPO)"® and likely
disinhibit BAT thermogenesis by suppressing GABAergic medial
preoptic area neurons.”” Recently, a PBN—DMH circuit has
been identified that functions parallel to the PBN—POA pathway
to promote the thermogenic response to cold.”® Whether one or
multiple of these pathways, or an yet unknown pathway, are re-
cruited by FGF21-mediated activation of the KLBNTS/AP—~PEN
pathway to reduce body weight requires further investigation.

Finally, our data on the ability of KLBNTS/AP~PEN neyrons to drive
BAT thermogenic gene expression and weight loss following
FGF21 treatment provide valuable insights into the therapeutic ap-
plications of FGF21. The NTS and AP are targeted by multiple
pharmacological agents for obesity treatment, including GLP-1
analogs.®® However, most of these agents signal to neurons in
the NTS and AP that suppress food intake.®'""® Attempts for
weight loss by reducing food intake are often associated with a
chronic reduction in energy expenditure,'"'® which limits the effi-
cacy of treatment and leads to weight regain following drug
discontinuation.®®' The mechanisms for this reduction in energy
expenditure are unclear, but it is likely acompensatory response to
maintain body weight. FGF21 has been shown to enhance the ef-
fects of leptin and GLP-1 analogs on weight loss®*®"; thus, co-
administration of FGF21 with therapeutics that minimize food con-
sumption may be promising for more potent weight loss, as well as
longer-lasting effects to maintain weight loss. While efforts have
been made to develop therapeutics that boost energy expendi-
ture, off-target signaling limits their use.®? Here, we detail a highly
specific neural pathway that could induce energy expenditure,
improve glucose homeostasis and insulin sensitivity, and lower
body weight independent of food intake. Future research is
warranted to explore the therapeutic value of targeting the
KLBNTS/AP=PBN nathway for weight loss therapeutics. Further-
more, although we illustrated mechanistically that FGF21 signaling

BNTS/AP
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to the hindbrain mediates its effect in promoting energy expendi-
ture, whether there is a long-lasting benefit in energy expenditure
following FGF21 treatment remains unclear and requires further
investigations.

Limitations of the study

The experiments in this study were performed in mice, and the
quantitative contribution of energy expenditure to body weight
regulation may differ between rodents and humans. As such,
future studies will be needed to explore the effects of FGF21 ac-
tion under thermoneutral conditions. In addition, these studies
used only male mice, as female mice do not gain as much weight
on a high-fat diet, which precludes sex-stratified analyses. Addi-
tionally, while our findings demonstrate that NTS/AP KLB
signaling is required for FGF21-mediated decreases in body
weight, the precise downstream effector tissues and molecular
mechanisms contributing to this response were not fully delin-
eated. Finally, although we establish that FGF21-mediated en-
ergy expenditure requires hindbrain signaling, additional studies
are necessary to confirm that projections from NTS/AP to PBN
functionally alter energy expenditure beyond changes in thermo-
genic gene expression. Some figures included illustrations made
using BioRender.com.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HA-Tag (C29F4) Rabbit Monoclonal Antibody Cell signaling 3724

c-Fos (9F6) Rabbit Monoclonal Antibody Cell signaling 2250

Alexa Fluor™ 568 goat anti-rabbit IgG (H + L) Invitrogen 3154584

Alexa Fluor™ 488 goat anti-rabbit IgG (H + L) Invitrogen 3192622

Bacterial and virus strains

AAV2/9CMVCreEGFP University of lowa viral N/A
vector core

AAV2/9CMVeGFP University of lowa viral N/A

AAV-hSyn-DIO-hM3Dq(Gg)-mCherry
AAV-hSyn-DIO-mCherry
AAV-hSyn-DIO-EGFP
AAV-FLEX-tdTomato
AAV-EF1a-Flpo

AAV-EF1a-fDIO-Cre

vector core
Addgene
Addgene
Addgene
Addgene
Addgene
Addgene

Cat# 44361-AAV2
Cat# 50459-AAV2
Cat# 50457-AAVrg
Cat# 28306

Cat# 55637-AAVrg
Cat# 121675-AAV9

Chemicals, peptides, and recombinant proteins

Recombinant hFGF21 NovoNordisk N/A
PF-05231023 Pfizer N/A

CNQX Tocris Cat#: 0190
D-AP5 Tocris Cat#: 0106
PTX Tocris Cat#: 1128
Deschloroclozapine dihydrochloride (DCZ) (water soluble) Hello Bio HB9126
Clozapine-N-oxide Tocris Cat#: 4936
Gill’'s Hematoxylin | StatLab SL97-16 PINT
Ammonium hydroxide solution Sigma 320145
Critical commercial assays

Fibroblast Growth Factor 21 Human ELISA BioVendor Cat#: RD191108200R
Ultra Sensitive Mouse Insulin ELISA Crystal Chem 90080
Infinity Triglyceride Infinity, Thermo Scientific TR13421
Verichem Labs Matrix Plus Chemistry Fisher Scientific NC9592194
Reference Kit

High-Capacity cDNA Reverse Transcription Kit Life Technologies 4368814
SYBR green SYBR Greener QPCR for Thermofisher 1176002K
ABI 2000rxns

Autokit Glucose Wako Diagnostics 439-90901
RNAscope 2.5 HD Detection Reagent -RED Advanced Cell Diagnostics 322360
RNAscope H202 and Protease Reagents Advanced Cell Diagnostics 322381
RNAscope Wash Buffer Reagents Advanced Cell Diagnostics 310091
RNAscope Target Retrieval Reagents Advanced Cell Diagnostics 322000
RNAscope Positive control probe Mm PPIB Advanced Cell Diagnostics 313911
RNAscope Negative control probe Mm DapB Advanced Cell Diagnostics 310043
RNAscope Probe - Mm-KIb-O1 Advanced Cell Diagnostics 481211

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Nkx2.1-Cre The Jackson 008661
Laboratory

KLBMA Ding et al.'® N/A

KLB loxTB Flippo et al.*® N/A

KLB-Cre Jensen-Cody et al.”’ N/A

Vglut2-IRES-FLP The Jackson 030212
Laboratory

Ai65-tdTOMATO The Jackson N/A
Laboratory

C57BL/6J The Jackson 003548
Laboratory

Oligonucleotides

Primers for U36B4: 5'-CGTCCTCGTTGGAG Jensen-Cody et al.”’ N/A

TGACA-3', 5’- CGGTGCGTCAGGGATTG-3’;

Primers for Ucp1: 5' - AAGCTGTGCGAT Jensen-Cody et al.*’ N/A

GTCCATGT-3’, 5’ -AAGCCACAAACCCT

TTGAAAA-3

Primers for Bmp8b: 5’ - TCAACACAAC Jensen-Cody et al.”’ N/A

CCTCCACATCA-3’, 5’ -AGATCGGAGC
GTCTGAAGATC-3'

Software and algorithms

GraphPad Prism 9
Promethion Live

Axon pCLAMP 11.2.2 software

GraphPad

Sable Systems
International

Molecular Devices

http://www.graphpad.com/scientific-
software/prism/

https://www.sablesys.com/products/promethion-
core-line/promethion-live-software-platform/

N/A

Imaris Oxford Instruments N/A
PowerLab (for SNA recording) ADInstruments N/A
ImspectorPro LaVision BioTec N/A
Other

Mouse chow diet Teklad 2920X
60% HFD Research Diets D12492
ALZET osmotic pump Alzet 1002
EcoMount Biocare medical EM897L
VECTASHIELD antifade mounting Vector Laboratories H-1200-10
medium with DAPI

Trizol Invitrogen 15596026

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

The following mice were utilized in these studies: Nkx2.1-Cre (JAX 008661), KLB"™® KLB IoxTB,*° KLB-Cre; Vglut2-flp-Ai65,%° and
KLB-Cre.®" All mice used in experiments were males on a C57BL/6J genetic background, except for KLB loxTB male mice which
were on a mixed background (C57BL6/129Sv). The age of mice for each experiment is indicated in the figure legends. Mice were
individually housed in a 12 h light/dark cycle at 22°C-23°C. Mice were given ad libitum access to chow (Teklad; 2920X) or 60%
HFD (Research Diets; D12492). Health status was normal for all animals. All experiments presented in this study were conducted
according to the animal research guidelines from NIH and were approved by the University of lowa IACUC or the University of Okla-
homa Health Sciences Center IACUC.
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METHOD DETAILS

Administration of recombinant FGF21

16-20-week-old DIO KLBN2-1=Cre K| B |oxTB, KLB™" and control littermates on 60% HFD for 8 weeks were randomized by body
weight to receive either vehicle or FGF21 (1 mg/kg/day) via minipump (ALZET, 1002). Mice were individually housed for 2-5 weeks
prior to surgery. Mice were then subcutaneously implanted with osmotic minipumps, and body weight was recorded daily for
2 weeks.

Administration of PF-05231023

16-18-week-old DIO WT and KLBN1-C"® mice on 60% HFD for 8 weeks were randomized by body weight to receive either vehicle
or PF-05231023. Mice were given an intraperitoneal (i.p.) injection of vehicle or PF-05231023 (3 mg/kg) every three days and body
weight was recorded with every injection.

Surgery

Adult mice (8-18 weeks old) were anesthetized with 2%-3% isoflurane and placed on a stereotaxic frame. Heat pads were used
through the duration of the surgery to keep the body temperature stable. Eye ointment was applied to keep the eyes from drying.
An incision was made to the skin to expose the skull after asepsis with Betadine and medical alcohol application. For viral injection,
a craniotomy was made and a 10 pL Hamilton syringe was slowly inserted with an injection speed of 100 nL per minute. The following
coordinates were used for injection into the listed brain regions: hypothalamus (AP -1.34, ML +0.5, DV -5.8 to —4.8), nucleus of the
solitary tract (NTS, AP -7, ML +0.5, DV -5.1 and —4.9), paraventricular nucleus (PVN, AP -0.8, ML +0.35, DV -4.8), parabrachial nu-
cleus (PBN, AP -5.05, ML +1.4, DV -3.8). To facilitate viral spread across the hypothalamus, a large volume (1 pL) of AAV was injected
as the syringe continuously moved up across the ventral-dorsal span (1mm) of the hypothalamus throughout viral infusion. Animals
recovered for at least 4 weeks after surgery to allow for viral expression.

Whole organ clearing

An augmented DISCO protocol®®®* was utilized to clear whole brain tissue as previously described.*” Mice were anesthetized and
transcardially perfused with pH 9.5 saline followed by pH 9.5 4% PFA. After post-fixing in PFA overnight, the brains were washed 3
times in saline and dehydrated with 50% tetrahydrofuran (THF) in dH20 for 24 h. Every 24 h the brains were transferred to a higher
concentration of THF (50%, 70%, 80%), all at pH = 9.5. Brains were incubated in 100% THF for 48 h, and the solution was replaced
every 12 h to maximize tissue THF concentration. After the final incubation in 100% THF, brains were transferred to dichloromethane
(DCM) for 3 h followed by BABB-D15 for 4 h.%° All steps were performed at 4°C in the dark. Additionally, after transferring brains to a
new solution, argon gas was flowed over the sample to minimize oxygen interaction with the sample. Cleared brains were imaged in
BABB-D15 using a light sheet fluorescence microscope (LaVision BioTec Ultramicroscope ll) interfaced with an Andor Neo sCMOS
camera, an Olympus MVX10 zoom microscope body, and an MVPLAPO 2x dipping cap. Whole brain three-dimensional images were
achieved using a 3x3 mosaic tile scan of a 2x optical zoom and a z stack with step size of 2.5 mm. The raw lossless TIFF files of the
collected tile scans were stitched using the ImspectorPro software and reconstructed into three dimensions with Imaris File Con-
verter. Images and movies of brain samples were captured with Imaris and edited in Shotcut.

AAV viral constructs

The following viral constructs were used in this study: AAV2/9CMVCreEGFP (University of lowa viral vector core), AAV2/9CMVeGFP
(University of lowa viral vector core), AAV-hSyn-DIO-hM3D(Gqg)-mCherry (Addgene # 44361-AAV2), AAV-hSyn-DIO-mCherry (Addg-
ene # 50459-AAV2), AAV-hSyn-DIO-EGFP (Addgene # 50457-AAVrg), AAV-FLEX-tdTomato (Addgene #28306), AAV-EF1a-Flpo
(Addgene # 55637-AAVrg), AAV-EF1a-fDIO-Cre (Addgene # 121675-AAV9). AAV-EF1a-fDIO-Cre was diluted 1:10 with 1X PBS.

Gene expression

Gene expression analyses were performed as described previously.>® Briefly, RNA was isolated from the indicated tissues following
Trizol (Invitrogen) protocol. 2 pg RNA from each sample was used to generate cDNA (High-Capacity cDNA Reverse Transcription Kit;
Life Technologies), and QPCR was conducted using SYBR green (Invitrogen). QPCR primer sequences are as follows: U36B4:
5'-CGTCCTCGTTGGAGTGACA-3, 5- CGGTGCGTCAGGGATTG-3’; Ucp1: 5’ - AAGCTGTGCGATGTCCATGT-3’, 5’ -AAGCCAC
AAACCCTTTGAAAA-3; Bmp8b: 5’ - TCAACACAACCCTCCACATCA-3’, 5’ -AGATCGGAGCGTCTGAAGATC-3'.

Electrophysiology

For patch clamp recordings, Klb-CreVGlut2-flpAi65 tdTomato triple transgenic male mice were maintained on chow or HFD for
12 weeks. Brain sections containing the nucleus of the solitary tract (NTS) were prepared based on a previously published protocol.®®
Brains were enucleated from deeply anesthetized mice and placed in a slightly frozen NMDG-HEPES aCSF cutting solution (in mM):
92 NMDG, 2.5 KClI, 1.25 NaH,PO,4, 30 NaHCO3, 20 HEPES, 25 Glucose, 5 Na-Ascorbate, 2 Thiourea, 3 Na-Pyruvate, 10 MgSO,-
7H,0, and 0.5 CaCl,-2H,0 (pH 7.3-7.4 with HCI; 300-310 mOsm). The cold solution was aerated with 95% 0./5% CO,, and
300 um thick NTS slices were obtained with a vibratome. Obtained slices were transferred to the NMDG-HEPES aCSF solution
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heated to 37°C. NaCl concentration was gradually brought to 50 uM over the course of 10 min. Slices were transferred to a 95% O,/
5% CO, aerated holding solution at room temperature (25°C) containing (in mM): 92 NaCl, 2.5 KCl, 1.2 NaH,PO,4, 30 NaHCO3, 20
HEPES, 25 Glucose, 5 Na-Ascorbate, 2 Thiourea, 3 Na-Pyruvate, 2 MgSO,-7H,0, and 2 CaCl,-2H,O (pH 7.3-7.4; 300-310
mOsm). After NTS slices were incubated in the holding solution for at least 45 min, they were placed in the patch clamp recording
chamber perfused with an aCSF solution containing (in mM): 124 NaCl, 2.5 KCI, 1.2 NaH,PO,4, 24 NaHCO3, 5 HEPES, 12.5 Glucose,
2 MgS0,4-7H,0, and 2 CaCl,-2H,0 (pH 7.3-7.4; 300-310 mOsm). Fluorescence-guided loose seal recordings were performed in the
presence of synaptic blockers (10 pM CNQX, 50 uM AP5, and 50 uM PTX). Firing frequency was measured before and after bath
application of FGF21 (50ng/pL). MultiClamp 700B Amplifier (Molecular Devices, San Jose, CA) and Axon pCLAMP 11.2.2 software
(Molecular Devices, San Jose, CA) were used to collect and analyze data.

RNAscope in situ hybridization

RNAscope chromogenic in situ hybridization was performed using the RNAscope 2.5 HD Red Assay (Advanced Cell Diagnostics).
Fixed-frozen brain sections (20 um) were mounted onto Superfrost Plus slides (Fisherbrand), air dried, and post-fixed in 4% para-
formaldehyde at 4°C for 15 min. Following serial dehydration in ethanol, target retrieval was performed for 5 min on a steamer
and the sections was treated with RNAscope Protease Plus for 12 min at 40°C. Target probe (Mm-KLB-O1) hybridization, signal
amplification, and detection was performed according to the manufacturer’s instructions. Sections were counterstained with hema-
toxylin, baked dry, and coversplipped with EcoMount. Images were acquired using an Olympus VS1200 microscope.

Immunohistochemistry

For immunohistochemistry, brains were collected and post-fixed for 24 h in 4% PFA and transferred to 30% sucrose for at least 48 h.
Brains were cryoprotected in Tissue-Tek optimal cooling temperature (OCT) compound and stored at —80°C until use. 40 pm coronal
sections were cut using a Leica cryostat. Brain sections were washed and incubated in blocking solution (5% goat serum in PBST
(0.3% Triton X-100 in PBS)) for 1 h at room temperature. For immunohistochemical detection of the HA tag, slices were incubated in
rabbit a-HA-tag (1:1000, Cell signaling # 3724) overnight at 4°C. The following day slices were washed and incubated with Alexa-
Fluor568-fluorescently-conjuagted goat anti-rabbit secondary (1:1000, Life Technologies) for 2 h at room temperature. Following
a wash, all sections were mounted with VECTASHIELD antifade mounting media with DAPI (Vector Laboratories # H-1200-10)
and imaged using the Olympus VS200 slide scanner. For detection of c-fos, slices were incubated in rabbit anti c-fos (1:1000,
Cell signaling # 2250) overnight at 4°C and with AlexaFluor488-fluorescently-conjugated goat anti-rabbit secondary (1:1000, Life
Technologies #3192622) for 2 h at room temperature. The sections for c-fos detection was mounted with Prolong Gold antifade
mounting media with DAPI (Invitrogen #P36930) and imaged using a Olympus VS120 slide scanner.

Indirect calorimetry

DIO WT and KLB" mice were individually housed in the Promethion Metabolic System (Sable Systems International) at the University
of lowa Metabolic Phenotyping Core on a 12 h light-dark cycle with ad libitum access to water and food at 23°C. Mice were housed in
the Promethion for 5 days to record baseline measurements, removed and implanted with minipumps containing vehicle or FGF21.
Following 7 days in home cages, mice were returned to Promethion housing for the last 5 days of FGF21 administration. Data was
analyzed as previously described.? Importantly, we present energy expenditure data in absolute terms and interprer them alongside
unchanged food intake and the observed thermogenic gene responses, rather than normalizing by body mass/lean mass. As empha-
sized by the recent guidelines for analysis of preclinical indirect calorimetry, simple ratio-based normalization (for example, express-
ing EE as EE/lean mass) can be misleading, particularly in models with altered adiposity.®’

DIO KLB-Cre mice administered AAV-DIO-hM3Dq or AAV-DIO-mCherry were individually housed in the Promethion Metabolic
System (Sable Systems International) at the University of Oklahoma Health Science Center on a 12 h light-dark cycle with ad libitum
access to water and food at 23°C. Mice were housed in the Promethion for 5 days for habituation (day 1-3) and baseline measure-
ments (day 4-5). Next, mice were administered DC in drinking water (2 mg/L) for two days. On the third day, DCZ was administered
i.p. (1 mg/kg) at 10 a.m. and response in energy expenditure were analyzed for another 6 h.

Home cage food intake
Food intake was measured in home cages by weighing the weight of the food plus the food hopper daily. Mice that chewed food
without consuming it resulting in very small pieces of food left on the cage floor were eliminated from food intake data.

Sympathetic nerve recordings

BAT sympathetic nerve activity was recorded under anesthesia as previously described.*° Briefly, animals were anesthetized and
instrumented with a colonic temperature probe. Cannulae were implanted into the common carotid artery and jugular vein. A sym-
pathetic nerve subserving the BAT was isolated and suspended on 36-gauge platinum-iridium electrodes and secured with silicone
gel. Electrodes were interfaced to a high-impedance probe (HIP-511; Grass Instruments), and the neural signal from BAT was ampli-
fied 100,000 times, filtered at low- and high-frequency cutoffs at 100 and 1,000 Hz, respectively, and routed to a resetting voltage
integrator (B600c; University of lowa Bioengineering). After a baseline reading was established, vehicle or FGF21 (1 pg/g body weight)
was administered intravenously with the first half of the dose given in bolus, and the second half infused over the first 30 min. For
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chemogenetic activation, vehicle or clozapine-N-oxide (CNO; 2 mg/kg) was administered intravenously as one bolus following base-
line recording. Data was recorded using an ADInstruments PowerlLab with the associated Chart software.

Plasma analyses

Blood was collected from fed mice in the morning into 300K2E microvettes (Sarstedt) and spun at 3000 rpm for 30 min at 4°C to sepa-
rate plasma. Human FGF21 (Biovender) and mouse insulin (Crystal Chem Inc) were measured using commercially available ELISAs.
Plasma glucose (Wako Diagnostics) was measured using colorimetric assays. All measurements were performed according to the
manufacturer’s instructions.

Hepatic lipid measurement

Hepatic triglyceride levels were quantified using the Folch method as previously described.®’ Livers were harvested, snap-frozen in
liquid nitrogen, pulverized, and stored at —80°C until use. Briefly, 100-200 mg of tissue was homogenized in 2:1 v/v chloroform/meth-
anol solution and allowed to sit at room temperature for approximately 30 minutes. 1 mL of 50 mM NaCl solution was added to each
sample, vortexed, and centrifuged at 1000g for 10 min at room temperature. The organic phase was collected into a new tube and
1 mL of 0.36M CaCl2 in 1:1 v/v Methanol/H20 was added. The sample was then vortexed and centrifuged at 1000g for 10 min at room
temperature. The organic phase was collected into a 5 mL glass volumetric flask and brought to a volume of 5 mL with fresh chlo-
roform. Flasks were capped and the content sat at room temperature overnight before replacing residue water with fresh chloroform.
All steps were performed using glass equipment. Triglycerides were quantified using commercially available kits (Infinity Triglycer-
ides, Thermo Scientific) and standards (Matrix Plus Chemistry Reference Kit, Verichem) according to manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis

Data were analyzed using GraphPadPrism and presented as mean + SEM; p < 0.05 was considered significant. The statistical test
used for each comparison is described in the corresponding figure legends.
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