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Central NPFF signalling is critical in the
regulation of glucose homeostasis
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ABSTRACT

Objective: Neuropeptide FF (NPFF) group peptides belong to the evolutionary conserved RF-amide peptide family. While they have been assigned
arole as pain modulators, their roles in other aspects of physiology have received much less attention. NPFF peptides and their receptor NPFFR2
have strong and localized expression within the dorsal vagal complex that has emerged as the key centre for regulating glucose homeostasis.
Therefore, we investigated the role of the NPFF system in the control of glucose metabolism and the histochemical and molecular identities of
NPFF and NPFFR2 neurons.

Methods: We examined glucose metabolism in Npff~"~ and wild type (WT) mice using intraperitoneal (i.p.) glucose tolerance and insulin
tolerance tests. Body composition and glucose tolerance was further examined in mice after 1-week and 3-week of high-fat diet (HFD). Using
RNAScope double ISH, we investigated the neurochemical identity of NPFF and NPFFR2 neurons in the caudal brainstem, and the expression of
receptors for peripheral factors in NPFF neurons.

Results: Lack of NPFF signalling in mice leads to improved glucose tolerance without significant impact on insulin excursion after the i.p. glucose
challenge. In response to an i.p. bolus of insulin, prf’/’ mice have lower glucose excursions than WT mice, indicating an enhanced insulin
action. Moreover, while HFD has rapid and potent detrimental effects on glucose tolerance, this diet-induced glucose intolerance is ameliorated in
mice lacking NPFF signalling. This occurs in the absence of any significant impact of NPFF deletion on lean or fat masses, suggesting a direct
effect of NPFF signalling on glucose metabolism. We further reveal that NPFF neurons in the subpostrema area (SubP) co-express receptors for
peripheral factors involved in glucose homeostasis regulation such as insulin and GLP1. Furthermore, Npffr2 is expressed in the glutamatergic
NPFF neurons in the SubP, and in cholinergic neurons of the dorsal motor nucleus of the vagus (DMV), indicating that central NPFF signalling is
likely modulating vagal output to innervated peripheral tissues including those important for glucose metabolic control.

Conclusions: NPFF signalling plays an important role in the regulation of glucose metabolism. NPFF neurons in the SubP are likely to receive
peripheral signals and mediate the control of whole-body glucose homeostasis via centrally vagal pathways. Targeting NPFF and NPFFR2

signalling may provide a new avenue for treating type 2 diabetes and obesity.
© 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION solitarius (NTS) immediately ventral to the area postrema (AP) [2,7,11].

The Npff mRNA levels are influenced by energy status with negative

Neuropeptide FF (NPFF) and neuropeptide AF (NPAF), which are pro-
cessed out from the single prepropeptide encoding Npff gene, are
members of the large RFamide peptide family and designated as the
NPFF group peptides [1,2]. Both, NPFF and NPAF act preferentially on
the NPFFR2 receptor [3—5]. Originally identified as modulators of
morphine-induced analgesia [6], NPFF group peptides and their re-
ceptor have since been shown to take part in other physiological
functions, such as fluid homeostasis, energy metabolism and anxiety-
like behaviours [7—12]. The expression of Npff is restricted to the
caudal brainstem and spinal cord in the mouse central nervous system
[2,11]. In the caudal brainstem, Npffis predominantly expressed in the
subpostrema area (SubP), — the part of the nucleus of tractus

energy balance induced by fasting leading to a strong increase in
expression, while positive energy balance induced by high fat feeding
has the opposite effect [7], implicating NPFF peptides in energy ho-
meostasis control. Recently, it was shown that lack of NPFF signalling
in mice leads to an altered oxidative fuel type selection during a
fasting-refeeding challenge, while having little impact on feeding [11].
In comparison to NPFF, its high affinity receptor NPFFR2, shows a far
wider expression throughout the brain; however also has a prominent
expression in the dorsal motor nucleus of the vagus (DMV) [11,13]. The
AP, NTS and DMV form the dorsal vagal complex (DVC) — an auto-
nomic regulatory centre containing preganglionic parasympathetic
neurons that control the subdiaphragmatic viscera [14,15].
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Interestingly, recent studies have highlighted a pivotal role of DVC
circuits in the control of glucose homeostasis by regulating para-
sympathetic efferent activity to corresponding organs, including the
pancreas and liver [14,16,17]. The strong and localized expression of
NPFF group peptides and its NPFFR2 receptor within structures of the
DVC [11] also suggests a possible role of the NPFF system in glucose
homeostatic regulation. Thus, in this study we examined the glucose
and insulin tolerance in prf‘/ ~ mice and further challenged them
with a high-fat diet (HFD). Given the proximity of SubP NPFF neurons to
the circumventricular organ AP and thus possible direct influence from
circulating factors, we examined the expression of receptors for pe-
ripheral molecules on SubP NPFF neurons in mice.

2. MATERIALS AND METHODS

2.1. Animals

All research and animal care procedures were approved by the
Garvan Institute/St. Vincent’s Hospital Animal Ethics Committee and
were performed in accordance with the Australian Code of Practice
for the Care and Use of Animals for Scientific Purpose. Mice were
housed under conditions of controlled temperature (22 °C for stan-
dard animal facility temperature, 29 °C for mouse thermoneutrality)
and illumination (12-h light cycle, lights on at 07:00 h). All mice were
fed a normal chow diet (6% fat, 23% protein, 51% carbohydrates, 5%
fibre, 7% ash and 8% water with 13 MJ/kg; #27-mod-K1, Gordon’s
Speciality Stock Feeds, Yanderra, NSW, Australia) or a high-fat diet
(HFD) (43% calories from fat, 17% calories from protein, 40% cal-
ories from carbohydrate and 20 MJ/kg; #SF03-020, Specialty Feeds,
Glen Forrest, WA, Australia) and were given water ad libitum. The
normal chow diet and HFD contained similar micronutrient and
mineral compositions. The NPFF-deficient mice were obtained from
Jackson Laboratory (B6N(Cg)-Npff™!-1KOMPNVICa, y - n/iyfe—~/= for short).
Mice details are available at Mouse Genome Informatics website
(http://www.informatics.jax.org/reference/allele/MGI:5634708?typeF
ilter=Literature) and the International Mouse Phenotyping Con-
sortium website (https://www.mousephenotype.org/data/genes/MGl:
1891708#phenotypesTab). Littermate wild type (WT) and Npﬂ‘/‘
mice were studied.

2.2. Intraperitoneal glucose tolerance test

Male and female WT and prf*/ ~ mice at 10—11 weeks of age were
examined. Food was removed from cage hoppers at 0900 h, and 6 h
later a dose of glucose (1 g/kg body weight) was injected into the
peritoneal cavity. Tail vein blood was collected at 0, 15, 30, 60 and
90 min after the glucose bolus injection for the determination of
glucose concentrations using a glucometer (Accu-Chek® Go, Roche)
and blood insulin levels using an ELISA kit from Crystal Chem (Crystal
Chem, IL, USA) or serum insulin levels using a RIA kit (Millipore, Bill-
erica, MA, USA). Glucose tolerance curves for glucose and insulin are
presented as absolute values. Area under the glucose or insulin con-
centration curves between 0 and 90 min after glucose administration
were calculated.

2.3. Intraperitoneal insulin tolerance test

Food was removed from cage hoppers at 1000 h, and 5 h later a dose
of insulin (0.75 1U/kg for males, 1 1U/kg for females; Actrapid, Novo
Nordisk, NSW Australia) was injected into the peritoneal cavity. Tail
blood was collected at 0, 15, 30, 45, 60 and 75 min after the insulin
bolus injection for the determination of glucose concentrations using
a glucometer (Accu-Chek® Go, Roche). Area under the glucose
concentration curves between 0 and 75 min after insulin injection

were calculated. Eleven-to-twelve weeks old WT and prf” ~ mice

were examined.

2.4. High-fat diet study

A separate cohort of female WT and Npff~'~ mice at 9—10 weeks of
age were examined for basal glucose tolerance in response to an
intraperitoneal glucose challenge as described above. Subsequently
mice were fed on HFD and examined for glucose tolerance at 1 week
and 3 weeks after the commencement of the HFD. One day prior the
glucose tolerance test, mice were examined for whole-body lean and
fat masses using EchoMRI™ system (Model 2016 E26-277-RM,
EchoMRI LLC, TX USA).

/—

2.5. Fasting-refeeding experiment

A cohort of female WT and prf*’ ~ mice at 14—15 weeks of age were
evaluated for blood glucose and insulin responses to a fasting-
refeeding challenge. Mice were group-housed with 2—3 mice per
cage. Food was removed at 0900 h and given back at 0900 h the
following day. Tail blood was taken prior to the food removal (pre-fast),
and at the 0, 1, 3, and 24 h after the food representation for the
determination of glucose concentrations using a glucometer (Accu-
Chek® Go, Roche). Insulin levels were measured in tail blood samples
at pre-fast, at 0 and 1 h after the food representation using an ELISA kit
from Crystal Chem (Crystal Chem, IL, USA).

2.6. Serum assays

Serum insulin, free fatty acids and corticosterone levels were deter-
mined by the Insulin RIA kit (Millipore, Billerica, MA, USA), a NEFA HR
kit using enzymatic colorimetric method (Wako Chemicals, Osaka,
Japan), and a Corticosterone Double Antibody RIA kit (MP Biomedicals,
LLC, Orangeburg, NY, USA), respectively.

2.7. In situ hybridization and quantification

We used RNAscope to visualize multiple cellular mRNA targets in fresh
frozen tissues [18] — specifically the expression of Npff and Npffr2 in
adult mouse brains and their colocalization with Sic32a1 (gene for
GABA vesicular transporter, Vgat), Slc17a6 (gene for vesicular gluta-
mate transporter 2, Vglut2), or Chat (gene for choline acetyltransfer-
ase); the colocalization of Npff with insulin receptor (/nsr), glucagon-
like receptor-1 receptor (Glp7n), leptin receptor (Lepn, ghrelin recep-
tor (also known as growth hormone secretagogue receptor, Ghsi),
GDF15 receptor (GDNF family receptor alpha like, Gfral), neuropeptide
Y (NPY) receptor Y1 (Npy7n, NPY receptor Y2 (Npy2n, NPY receptor Y4
(Npy4r). Coronal brain sections (25 wm) were cut on a cryostat and
thaw-mounted on Superfrost® slides (Menzel-Glaser, Braunschweig,
Germany), and dual or triple labelled with RNAScope® probes tar-
geting the mRNA of Npff (#479901-C2), Npffr2 (#410171), Slc32at1
(#319191-C3), Slc17a6 #319171-C3), Chat (#408731-C2), Insr
(#401011), Glp7r (#418851), Lepr (#402731), Ghsr (#426141), Gfral
(#417021), Npyir (#427021), Npy2r (#315951), Npy4r (#313551)
using RNAscope® 2.5 Duplex Detection Kit or RNAscope® Multiplex
Fluorescent Detection Reagents following manufacturer’s protocol
(Advanced Cell Diagnostics, Inc.). Pictures were taken using a DM
6000 Power Mosaic microscope (Leica, Germany) for brightfield im-
ages and a DM 5500 microscope (Leica, Germany) for fluorescent
images. The number of neurons that express Npff, and neurons co-
express Npff with Vglut2, Vgat, Npffr2, Insr, Glp1r, Lepr, Ghsr, Gfral,
Npy1r, Npy2r or Npy4r were counted in the subpostrema area (SubP,
between Bregma level —7.76 mm and —7.32 mm). Two to three
sections from the RNAscope fluorescent assay were chosen for each
brain and two to three brains were used for each probe combination.
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The photomicrogrpahs of the regions were acquired (Leica DM5500),
and the percentage of NPFF-expressing neurons that co-express the
gene of interest was obtained from each side of the SubP.

2.8. Statistical analyses

All data are expressed as means + SEM. Statistical difference between
two groups were assessed by t-test. Difference between genotypes
over a time-course with multiple measurements was evaluated by
repeated-measures ANOVA followed by Tukey’s or Sidak’s post-hoc
analysis where appropriate. Analyses were conducted using PRISM,
version 9.0 (GraphPad Software Inc., San Diego, CA, USA). Statistical
significance was defined as p < 0.05.

3. RESULTS

3.1. Improved glucose tolerance and insulin action in Npff "~ mice

In order to investigate whether NPFF signalling is involved in glucose
homeostasis, we performed glucose tolerance tests in WT and Npff -/
~ mice. WT and prF/‘ had comparable body weight (18.91 £ 0.31 g
and 18.87 + 0.41 g for female WT and prf‘/ ~, respectively; NS by t-
test. 25.14 + 0.55 g and 24.74 + g for male WT and prf’/*,
respectively; NS by t-test; Supplementary Figure 1), consistent with

Female

A B
20 1500
= * g *
é 15 sZ
o © ‘£1000
o * o
g 10 * * 8 ;
= * @E 500
T 5 Q™
] >
@ o WT  —* Npff* < o

0 15 'T'O 43 §o) 75 90 §V\§

ime (min

E F
__80 c 5000
§ =
2 0 2 E 4000
§ 40 /I\‘ _ E g 3000
£y I3 o=
= i 332 2000
S 20 0=
5 2 1000
B . WT -+ Npf” o

0 15 30 45 60 75 90 &

Time (min) N
| J
~ 10
S 7] W N o 400
E s 2
9 SE300
g ° oI
2 4 s B 200
=) - os
3 T~—3—% 3 =
S 2 " O =100
@ 2
0+
0 15 30 45 60 75 0 T —
Time (min) Npfr

I

MOLECULAR
METABOLISM

previous report [11]. After an i.p. bolus of glucose (1 g/kg), both male
and female prf’/ ~ mice exhibited significantly lower blood glucose
excursions compared to their gender-matched WT mice (Figure 1A, C).
The resultant area under the glucose curves were significantly reduced
in prf‘/ ~ versus WT mice for both genders (Figure 1B, D), indicating
an improved glucose tolerance. The insulin excursions after the i.p.
glucose challenge did not significantly differ between genotypes for
both genders (Figure 1E, G), leading to a comparable area under the
insulin curves between prf”’ and WT mice (Figure 1F, H). The
improved glucose tolerance (Figure 1A—D) without significant change
in insulin excursion (Figure 1E—H) suggest an enhanced insulin action
in prf” ~ mice. To examine this, we conducted an insulin tolerance
test. In response to an i.p. insulin challenge, both male and female
prf" ~ mice showed lower glucose levels compared to their gender-
matched WT counterparts, significantly so from 15 min onwards after
the challenge (Figure 11, K), which is in support of an increased insulin
action in Npff~ '~ mice. The area under the glucose curve over the
75 min examination period showed a strong trend towards decreasing
in Npff~ /= versus WT mice for both genders (p = 0.07) (Figure 1J, L).
Together, these data showing an improved glucose tolerance and in-
sulin action in prf” ~ mice suggest an important role of NPFF sig-
nalling in the regulation of glucose homeostasis.
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Figure 1: Improved glucose tolerance and insulin action in Npff~’~ mice. Blood glucose excursions (A) and area under the glucose curves (B) after an intraperitoneal (i.p.)
bolus of glucose (1 g/kg) in female mice (n = 14 and 13 for WT and Npff ", respectively). Blood glucose excursions (C) and area under the glucose curves (D) after an i.p. bolus of
glucose (1 g/kg) in male mice (n = 11 for WT and Npff /). Serum insulin excursions (E) and area under the insulin curves (F) after i.p. glucose bolus in female mice (n = 12 and
10 for WT and Njpff /", respectively). Serum insulin excursions (G) and area under the insulin curves (H) after i.p. glucose bolus in male mice (n = 11 for WT and Ajpff""). Blood
glucose excursions after an i.p. bolus of insulin (1U/kg) () and resultant area under the glucose curves (J) in female mice (n = 9 for WT and Npff~'~). Blood glucose excursions
after an i.p. bolus of insulin (0.75U/kg) (K) and area under the glucose curves in male mice (n = 13 and 12 for WT and Apff ", respectively). Mice at 10—12 weeks of age were
used. Data are shown as mean + SEM. Data were analysed by t-test or repeated-measure ANOVA with Sidak method for multiple comparison correction. *p < 0.05 between
genotypes or as indicated by bars. Bars in (A), (C), () and (K) indicate comparisons between genotypes over indicated period.
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3.2. Ameliorated diet-induced glucose intolerance in prf’/’ mice
Having seen an improved glucose tolerance in prf*/ ~ mice on chow
(Figure 1), we examined whether prf’/ ~ mice are protected from
diet-induced glucose intolerance. We conducted glucose tolerance
tests in a group of mice at basal chow condition, and at 1 and 3 weeks
on HFD. Since male and female prf’/’ mice show the same
improvement in glucose tolerance on chow (Figure 1), we performed
these experiments using only female mice. HFD significantly increased
body weight in both WT and prf” ~ mice after 1 week and further so
after 3 weeks (Figure 2A). Whole-body fat mass significantly increased
in both WT and prf‘/ ~ mice from 1-week onwards (Figure 2B), while
whole-body lean mass remained unaltered over the monitoring period
(Figure 2C). There was no significant genotype difference in body
weight (Figure 2A), fat (Figure 2B) or lean (Figure 2C) masses at any of
the examined time points, indicating a comparable impact of HFD on
body composition between WT and prf‘/ ~ mice. Consistent with the
previous cohort (Figure 1), prf‘/ ~ mice under baseline chow con-
dition responded to the i.p. glucose challenge with a significantly lower
glucose excursion (Figure 2D) and area under the glucose curve
(Figure 2G) compared to WT mice. This occurred with a trend of lower
insulin excursion (Figure 2H) compared to those in WT mice, in line
with the enhanced insulin action. When fed on HFD, prf‘/‘ mice
displayed comparable glucose (Figure 2E) and insulin excursions
(Figure 2l) to those of WT mice at 1-week HFD, however showed
significantly improved glucose tolerance (Figure 2F, G) after 3-week
HFD, suggesting that lack of NPFF signalling provides protection
against diet-induced glucose intolerance. Insulin levels after the
glucose bolus were comparable between prf" ~ and WT mice at both
1 and 3 weeks on HFD (Figure 2I—K).

Having seen a regulatory role of NPFF on glucose metabolism during a
high glucose influx, like the i.p. glucose bolus, we examined blood
glucose responses in female prf*/ ~ and WT mice in response a 24-
hour fast where glucose influx is zero, and subsequent refeeding. WT
and Np ~/~ mice are shown to have comparable food intake after a 24-
hour fast [11]. Blood glucose levels showed a drop after the 24-hour fast
and a gradual return to baseline after 24-hour refeed without significant
genotype differences (Supplementary Figure 2A). In addition, circulating
insulin levels were comparable between genotypes at baseline, after 24-
hour fast and at 1 h after the food presentation (Supplementary
Figure 2B). Moreover, serum levels of free fatty acids and corticoste-
rone after 24-hour fasting were comparable between female WT and
prf’/’ mice (Supplementary Figure 2C and D).

3.3. Central NPFF signalling control glucose homeostasis

We [11] and others [19] have shown that the NPFFR2, — the cognate
receptor for NPFF, is absent in mouse liver and skeletal muscle, — two
important tissues involved in the glucose metabolism. To investigate
whether NPFF could have direct actions on other glucose-regulatory
peripheral tissues, we examined the Npffr2 mRNA expression in the
mouse pancreas by RNAscope and observed little Apffr2 mRNA
expression (Figure 3A). The expression of Npffr2 has been reported in
the inguinal white adipose tissue macrophages [20]. However, since
activation of Npffr2 signalling in these white adipose tissue macro-
phages was reported to improve glucose metabolism [20], the
improved glucose tolerance observed in the prf‘/ ~ mice is likely to
be contributed by central mechanisms.

3.4. NPFF and NPFFR2 neurons in the DVC are glutamatergic and
cholinergic, respectively

To gain insights into the central mechanisms via which NPFF signalling
may impact glucose metabolism, we examined the neurochemical

identity of NPFF and NPFFR2 neurons in the dorsal vagal complex
(DVC) by RNAScope. About 95% of all Npff-expressing neurons in the
SubP co-expressed the vesicular glutamate transport Vglut2
(Figure 3B-(i), E), indicating that NPFF is released primarily from
excitatory glutamatergic neurons. Interestingly, in over 90% of NPFF
neurons investigated, there were also a few copies of Npffr2 mRNA
present (Figure 3B-(i), E), pointing to the possibility that NPFFR2 may
also act as an auto-receptor to exert feedback inhibition on NPFF
neurons. There was little colocalization (~ 10%) between Npffand the
vesicular GABA transporter Vgat (Figure 3C-(i), E).

With regards to Npffr2 mRNA that is heavily expressed in the DMV, we
saw little co-localization with Vglut2 (Figure 3B-(ii)) or Vgat (Figure 3C-
(ii). Thus, we performed RNAScope with dual labelling of Npffr2 and
choline acetyltransferase (Chaf) — the enzyme responsible for the
synthesis of the neurotransmitter acetylcholine. MNpffr2-expressing
neurons in the DMV were heavily co-stained for Chat mRNA in a
chromogenic assay (Figure 3D-(a)). To better separate the staining for
each probe we further performed a fluorescent assay and observed
clear co-localization of Npffr2 with Chat (Figure 3D-(b)), demonstrating
that NPFFR2 neurons in the DMV are primarily cholinergic neurons and
thus likely to be involved in modulating parasympathetic output to
tissues including those involved in glucose metabolic regulation.

3.5. NPFF neurons in the SubP co-express receptors for peripheral
factors involved in the regulation of glucose metabolism

Since the SubP NPFF neurons are in proximity to the area postrema, a
circumventricular organ, we asked whether these NPFF neurons could
be influenced directly by peripheral circulating factors involved in the
regulation of glucose metabolism and energy homeostasis. For this we
examined the NPFF neurons for their expression of receptors for
several key peripheral signal molecules including insulin, glucagon-
like peptide-1 (GLP1), ghrelin, leptin, growth differentiation factor 15
(GDF15), peptide YY (PYY), PYY3-36, and pancreatic polypeptide (PP).
The SubP NPFF neurons show highest colocalization with insulin re-
ceptor (Insr, ~40%) (Figure 4A, 1), followed by GLP1 receptor (GipTr,
~ 24%) (Figure 4B, |), receptor for GDF15 (Gfral, 23%) (Figure 4E, ),
receptor for PYY and PYY3-36 (Npy7r and NpyZ2r, ~18% and 13%,
respectively) (Figure 4F, G, 1), leptin receptor (Lepr, 11%) (Figure 4C, ),
ghrelin receptor (Ghsr, ~8.5%) (Figure 4D, 1) and receptor for PP
(Npy4r, 7.6%) (Figure 4H, I). These data suggest that SubP NPFF
neurons receive direct input from peripheral factors to regulate glucose
and energy homeostasis with insulin and GLP1 being the most
prominent ones in the control of glucose metabolism.

4. DISCUSSION

This is the first study to show that central NPFF signalling is directly
influencing glucose homeostasis control since lack of NPFF in mice
improves glucose tolerance and ameliorates diet-induced impairment
in glucose tolerance. Moreover, the absence of any impact of NPFF
deletion on body weight, whole-body lean or fat masses confirms this
direct effect of NPFF signalling on glucose metabolism. Mechanisti-
cally, NPFF signalling regulates glucose metabolism primarily via
impacting on insulin action since the improvement of glucose tolerance
in prf‘/‘ mice occurred in the absence of changes in insulin
excursion and prf*/ ~ mice also exhibited lower glucose excursions
during an insulin tolerance test. Moreover, the lack of any significant
expression of Npffr2 receptors in peripheral glucose responsive tissues
suggests that central mechanisms are likely to be responsible for this
action. This is further supported by the observation that specific re-
ceptors for peripheral circulating factors involved in glucose
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Figure 2: Ameliorated diet-induced glucose intolerance in Npff /~ mice. Body weight (A), whole-body fat mass (B) and lean mass (C) in WT and Ajpff /~ mice at baseline
chow, after 1-week and 3-week of high-fat diet (HFD) feeding (n = 11 for WT and Appff /). Blood glucose excursions in WT and Njpff “~ mice after an intraperitoneal bolus of
glucose (1 g/kg) at baseline chow (D), after 1-week HFD (E) and 3-week HFD (F) (n = 11 for WT, n = 10—11 for Appff /). (G) Area under the glucose curves for (D—F). Insulin
excursions in WT and Npff~ mice after an intraperitoneal bolus of glucose (1 g/kg) at baseline chow (H), after 1-week HFD (1) and 3-week HFD (J) (n = 5—6 for WT, n = 4 for
Npfft~"~). (K) Area under the insulin curves for (H—J). Female mice at 10 weeks of age were used. Data are shown as mean + SEM. Data were analysed by two-way repeated
measures ANOVA and subsequent multiple comparisons were corrected using Sidak and Tukey method for between- and within-subject comparisons, respectively. #p < 0.05,
##p < 0.01, ###p < 0.001 versus 0-week HFD of the same genotype or as indicated by bars (A, B, G). *p < 0.05, **p < 0.01 between genotypes over the time-course as
indicated by bars (D, F), between genotypes of the same treatment (G) and between groups by repeated measures ANOVA indicated by bracket in (G).
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Figure 3: The neurochemical identities of NPFF and NPFFR2 neurons. Representative image of RNAscope chromogenic analysis of Apffr2 mRNA expression in mouse
pancreatic tissue (A), Sections were counterstained with haematoxylin. Npffr2 mRNA expression is indicated by blue dots. (B) Expression of Npffr2, Npff and Vglut2 mRNA in the
subpostrema area (i) and dorsal motor nucleus of the vagus (ii). Red, green and white signal indicate the expression of Npffr2, Npff and Vglut2, respectively. Sections were
counterstained with dapi (purple). (C) Expression of Npffr2, Npffand Vgat in subpostrema area (i) and dorsal motor nucleus of the vagus (ii). Red, green and white signals indicate
the expression of Npff, Npffr2, and Vgat, respectively. Sections were counterstained with dapi (purple). (D) Co-expression of Npffr2 and Chat in the dorsal motor nucleus by
chromogenic assay (a) and fluorescent assay (b). In a), red and blue signals indicate the expression of Chat and Npffr2, respectively; section was counterstained with haematoxylin.
In b), red and green signals indicate the expression of Chat and Npffr2, respectively; section was counterstained with dapi (purple). (E) Percentage of NPFF neurons in the
subpostrema area that co-express Vglut2, Vgat or Npffr2. Data are mean & SEM. cc: central canal; Vglut2: vesicular glutamate transporter 2 (Slc17a6); Vgat: GABA vesicular
transporter (Slc32a7); ChAT: choline acetyltransferase; SubP: subpostrema area. Scale bars = 50 um unless indicated otherwise.

homeostatic control, such as insulin and GLP1, are found to be which together with their inhibitory signalling function [3,4] suggests
expressed on NPFF neurons in the SubP. We also demonstrate that  an auto-inhibitory feedback function in these neurons. Finally, NPFFR2
Npffr2 is co-expressed in glutamatergic NPFF neurons in the SubP,  neurons in the DVC are predominantly of cholinergic nature, indicating
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Figure 4: NPFF neurons in the subpostrema area co-express receptors for peripheral factors. Representative images of RNAscope analysis of co-expression of Npff with
insulin receptor (/nsn) (A), glucagon-like receptor-1 receptor (Glp7r) (B), leptin receptor (Lepn (C), ghrelin receptor (growth hormone secretagogue receptor, Ghsr) (D), GDF15
receptor (GDNF family receptor alpha like, Gfrah (E), neuropeptide Y (NPY) receptor Y1 (Npy7n (F), NPY receptor Y2 (Npy2n (G), NPY receptor Y4 (Npy4n (H). a) in (A—G)
chromogenic assay where Npff mRNA was stained in red, indicated receptor mRNA was stained in blue; sections were counterstained with haematoxylin. b) in (A—G) and H)
fluorescent RNAscope assay where Npff mRNA was stained in red, indicated receptor mRNA was stained in green; sections were counterstained with dapi (purple); yellow arrows

indicate neurons co-expressing Npff and the indicated receptor. Scale bar =
co-express receptors indicated on x-axis. Data are mean + SEM.

that NPFF signalling may involve modulating vagal output to innervated
peripheral tissues including those important for glucose metabolic
control.

The SubP NPFF neurons are in a strategic location to mediate the
function of circulating factors from the periphery. For one, the SubP is
part of the NTS which is a major gateway for visceral afferent infor-
mation [21]. For another, the proximity of the SubP to the circum-
ventricular organ AP makes the access to peripheral factors possible
[22]. The latter is supported by findings from this study showing that
SubP NPFF neurons express a myriad of receptors for peripheral
factors involved in glucose and energy metabolic control. Among the
examined receptors, the insulin receptor is the most prominent fol-
lowed by the GLP1 receptor. Both insulin and GLP1 are well-known
players in the regulation of glucose metabolism that involves their
central actions [23—26]. The expression of their receptors on SubP
NPFF neurons suggest that SubP NPFF neurons may form part of the
central regulator loops via which insulin and/or GLP1 control glucose
metabolism. It's worth to note that in addition to peripherally produced
GLP1 from the enteroendocrine L cells in the gut, GLP1 produced from
the preproglucogan neurons in the hindbrain also participates in the
regulation of glucose metabolism [27,28]. Moreover, both insulin and
GLP1 are also known to regulate feeding and energy metabolism via
actions on the brain [24,29,30]. Interestingly, mice that lack NPFF
signalling, while exhibiting altered oxidative fuel selection in response
to a fasting-refeeding challenge, are WT-like with regards to feeding
behaviour or energy expenditure [11]. Thus, it seems possible that a
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direct action of insulin and/or GLP1 on SubP NPFF neurons may be
more specific for the regulation of glucose metabolism rather than
controlling feeding. Curiously, the SubP NPFF neurons have moderate
colocalization with Gfral (~23%), — a receptor for GDF15 that has
implications in anorexia through nausea and emesis [31]. Whether
SubP NPFF neuron participate in the GDF15/Gfral system-induced
anorexia responses may warrant future investigation.

We hypothesize that one central pathway through which the NPFF
system exerts effects on glucose metabolism may be via modulating
parasympathetic activity to peripheral responsive organs. This is based
on 1) the predominant expression of Npff and Npffr2 within the
structure of the DCV and 2) the colocalization of Npffr2 with Chat in
DMV — indicative of NPFFR2 neurons being cholinergic neurons that
control parasympathetic output. Considering the inhibitory nature of
NPFFR2 signalling [3,4], lack of Npff would lead to a disinhibition of
those cholinergic DMV neurons previously under the inhibition of
NPFFR2 signalling and likely leading to an increased parasympathetic
output. Increased parasympathetic activity has been shown to inhibit
hepatic gluconeogenesis and improves whole-body glucose clearance
[14,16,17]. This is also consistent with the observed effect of HFD
reducing Npff expression [7], likely being an attempted to release this
NPFFR2 induced brake on DMV neurons.

Our results also show that there is little or no Npffr2 expression in the
mouse pancreas, consistent with findings from rats [3]. Together with
previous reports on very little Npffr2 expression on other insulin-
sensitive tissues including the skeletal muscle, liver, or abdominal
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white adipose tissue [3,11], a direct action of NPFF signalling on these
tissues seems unlikely. Interestingly, however, Npffr2 is reported to be
expressed in inguinal adipose tissue macrophages and their activation
by NPFF leads to M2 activation and increased adipose tissue macro-
phage self-renewal, which contribute to an improved glucose meta-
bolism [20]. In this regard, our results showing an improved glucose
tolerance in the absence of NPFF may suggest that the centrally
mediated effects of NPFF signalling on glucose metabolism may
outweigh effects via its peripheral actions. Taken together, targeting
NPFF and NPFFR2 signalling may provide a new avenue for treating
type 2 diabetes and obesity.
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