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Objective: One of leptin’s main targets in the hypothalamus are neuropeptide Y (NPY) neurons, with selective deletion of leptin receptors (Lepn
specifically in Npy neurons resulting in major alterations of energy partitioning between fat and bone mass. However, the specific action of these
Npy+/Lepr+ neurons compared to Npy-negative Lepr (Npy—/Lepr+) neurons in regard to energy homeostasis regulation is unknown.

Methods: Specific AAV viral vectors were generated using DREADD and INTRSECT technology and used in male Leprc
mice to assess the effect of activating either all Lepr neurons or specifically Npy+-/Lepr+ or Npy—/Lepr+ neurons only on feeding,

prFlp/+

energy homeostasis control, and body composition.

re/+ Cre/+.
s

and Lepr

Results: Selective stimulation of Npy+/Lepr+ neurons led to an immediate decrease in respiratory quotient followed by a delayed increase in
food intake in standard chow fed, but interestingly not in high fat diet (HFD) fed mice. In addition, stimulation of Npy+/Lepr+ neurons led to a
robust increase in brown adipose tissue thermogenesis and improved glucose tolerance. These effects were not observed in standard chow fed
mice when Npy—/Lepr+ expressing neurons were specifically activated, suggesting the effects of leptin on these parameters are driven by NPY.
However, under HFD condition when leptin levels are elevated, the stimulation of the Npy—/Lepr+ neurons increased food intake, physical activity
and energy expenditure. Interestingly, chronic stimulation of Npy-positive Lepr neurons was able to increase bone mass independently of
bodyweight, whilst chronic stimulation of the Mpy—/Lepr+ neurons resulted in increased bodyweight and fat mass with proportionate increases
in bone mass.

Conclusions: Together, these data indicate that leptin signalling through Npy-positive Lepr-expressing neurons controls energy partitioning via
stimulation of thermogenesis, energy expenditure, and the use of fat as a fuel source. However, under prolonged HFD, leptin resistance may occur

and actions of leptin signalling through Mpy-negative Lepr hypothalamic neurons may exacerbate excess food intake.
© 2023 The Authors. 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

Leptin, an adipocyte-derived hormone primarily secreted in direct
proportion to fat mass, is one of the main peripheral hormones that
acts centrally on the hypothalamus to communicate energy status in
the body. It acts in a negative feedback manner to inhibit anabolic
(neuropeptide Y (NPY) neurons) and stimulate catabolic (proopiome-
lanocortin (POMC) neurons) effector pathways in the arcuate nucleus
(Arc) of the hypothalamus thus supressing food intake and thereby
preventing further weight gain [1]. In addition to its role in suppressing
food intake, central leptin signalling has also been shown to impact
energy expenditure, brown adipose tissue (BAT) thermogenesis,
glucose and insulin homeostasis, as well as bone formation and
resorption [2—5]. However, there is still much that remains unknown
in terms of the specific neuronal populations and circuits mediating
these various effects.

Recent studies have highlighted the functional diversification that ex-
ists within classically defined neuronal populations such as NPY and
POMC neurons. Two largely non-overlapping subpopulations of POMC
neurons have been described defined on either leptin receptor (Lepr) or
glucagon like receptor 1 (GIp1r) expression with each subpopulation
displaying distinct electrophysiological properties, anatomical distri-
bution, and ability to suppress feeding [6]. It is likely that such
complexity also exists with respect to the effects of leptin on NPY
neurons. Indeed, Baskin et al. [7] have shown that in fed rats, only 47%
of Npy neurons in the Arc also express the Lepr. Furthermore, whilst
Arc Npy neurons have classically been defined as co-expressing Agrp,
recent data from our group and others show that approximately 20% of
Arc Npy neurons do not express Agrp [8,9]. Importantly, we have
shown that Lepr expression is higher in the subpopulation of Npy
neurons that do not co-express Agrp [10], supporting the idea that
specific sub-populations of NPY neurons exist that specialise in
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controlling specific physiological functions. This is further supported by
the fact that whilst no impact of Lepr deletion in Agrp neurons was
found on bone mass [11], the deletion of Lepr from Npy neurons led to
significantly increased adiposity and diminished bone mass [10].
These body composition changes occurred in the absence of alter-
ations in food intake or energy expenditure, demonstrating a prominent
role for leptin signalling through NPY neurons in the control of energy
partitioning. Interestingly, when fed a high fat diet (HFD), these mice
displayed a switch in energy partitioning whereby they exhibited a
significantly enhanced ability to increase their bone mass to match the
increased body weight caused by higher caloric intake concurrent with
attenuated adiposity [10].

In order to characterise the specific in vivo actions that Npy-positive
(Npy+) versus Npy-negative (Mpy—) hypothalamic neurons play in
leptin’s control of energy homeostasis, we have employed intersec-
tional Cre/Flp-dependent chemogenetically modifiable designer G-
protein-coupled receptors (hM3Dq) delivered via AAV viral methodol-
ogy into Lepr®®* :Npy™P* mice. This approach allowed us to spe-
cifically investigate the functional role of MNpy+/Lepr+ neurons
compared to that of Npy—/Lepr+ neurons in the metabolic regulation
of energy homeostasis and body composition.

2. MATERIALS AND METHODS

2.1. Animals

LepR®®* (B6.129(Cq)-Lepr™C®Ro/)) mice (JAX #008320) were
crossed with Npy™*+ (B6.Cg-Npy™1MoPH2¢/)) mice (JAX #030211)
to generate Lepr®®* :Npy™* mice. Genotyping was performed by
PCR using genomic DNA isolated from tail tips. All animal experiments
used male mice and were approved by the Garvan Institute/St Vin-
cent’s Hospital Animal Experimentation Ethics Committee and con-
ducted in accordance with relevant guidelines and regulations. Mice
were housed wunder conditions of controlled temperature
(22 °C = 1 °C) with a 12-h light, 12-h dark cycle (lights on at 0700).
Mice had ad libitum access to either a standard chow diet (8% calories
from fat, 21% calories from protein, 71% calories from carbohydrate,
and 3.1 kcal/g; Gordon’s Speciality Stock Feeds, Yanderra, NSW,
Australia) or a high-fat diet (HFD; 43% calories from fat, 17% calories
from protein, 40% calories from carbohydrate, and 4.78 kcal/g; Spe-
cialty Feeds, Glen Forrest, WA, Australia) from 8 weeks of age. Body
weight was monitored weekly.

2.2. AAV vectors

AAV vectors containing Cre-inducible versions of the stimulatory
hM3D(Gq) or inhibitory hM4Di DREADD receptors as well as an AAV-
GFP control vector were used as previously published [12]. An AAV
vector containing the stimulatory hM3Dg DREADD construct fused to a
YFP cassette in the Cregn;Flpos configuration was used as previously
published and allows for the production of a functional transcribable
DREADD-YFP unit only when Cre-recombinase is present, but prevents
it if flipase is present on its own or in combination with Cre-
recombinase [9]. A second AAV vector containing the stimulatory
hM3Dg DREADD construct fused to an mCherry cassette but in the
Creon;Flpon configuration was generated based on the same strategy
[13]. For this vector, the specific combination of /oxP and Fip sites in a
‘flip and excise’ (FLEX) orientation, combined with the introduction of
introns in specific locations allows for rearrangements of the tran-
scription unit that results in the production of a functional transcribable
DREADD-mCherry unit only when both Cre-recombinase and flipase
are present, but prevents it if either are present on their own. Details of

the design of both the Cregn;Flpgs and the Cregn;Flpon vectors is shown
in Supplementary Figure 1.

2.3. Brain injections for adeno associated virus (AAV)-DREADD
Ten-week-old mice were fully anaesthetised with saline-diluted ke-
tamine/xylazine cocktail according to their bodyweight and placed on
the stereotaxic frame. Surgical incisions were made through full
anatomic layers of the skin and periosteum along the midline to expose
the skull. A microinjection needle was adjusted over the brain towards
the arcuate nucleus (Arc; —1.8 mm from Bregma and 0.25—0.3 mm
off the midline) according to the coordinates from The Mouse Brain in
Stereotaxic Coordinates [14]. A hole was then drilled through the skull
and dura mater and saggital sinus followed by the inserton of the
injection needle. The depth of the injection was also adjusted to
speficially target the Arc (5.7 mm from the surface of the brain);
0.75 pL of the injection solution containing AAV (4 x 10'%) was then
slowly injected over 5 min, and the needle was left in place for another
10 min to prevent reflux. The same procedure was performed on the
contralateral side. After the injection and removal of the needle, the
wound was sutured and the animal was housed individually in a cage
with a heating pack until it fully woke up. Medical indications including
bodyweight, physical movement and infection were regularly moni-
tored for two weeks after the injection until the mice were fully
recovered. Accuracy of injections were confirmed by fluorescent mi-
croscopy after cull as described below. DREADD receptors were
stimulated with intraperitoneal injections of clozapine-N-oxide (CNO) at
a dose of 10 mg per kg bodyweight. CNO treatments were randomly
alternated with control treatments of 10 uL per g bodyweight saline
unless stated.

2.4. Metabolic phenotyping of mice

Indirect calorimetry measurements on mice were performed using the
Promethion metabolic cage system (Sable Systems International, Las
Vegas, NV, USA). Mice were single housed and acclimatised in the
Promethion cages for 72 h before data acquisition. The Promethion
multiplexed system has a home-like environment with each cage
containing standard bedding, a food hopper, a water bottle, and an
enrichment tube for body mass measurements, all connected to load
cells for real-time weight monitoring. Instrument control and data
acquisition were performed according to the manufacturer’s in-
structions. Raw data was processed using ExpeData software (Sable
Systems).

Glucose tolerance tests (GTT) were performed twice, one week apart
beginning at 14 weeks of age with randomly alternating intraperitoneal
injections of CNO or saline given at 2 pm 30 min prior to the intra-
peritoneal glucose bolus (1.0 g/kg) following a 5 h fast. Blood glucose
levels were measured in tail blood using an Accu-Check ® Go gluc-
ometer (Roche, Dee Why, NSW, Australia) immediately before both
CNO/saline and glucose injections and again at 15, 30, 60 and 90 min
post glucose injection.

2.5. Thermal imaging

To study body and brown adipose tissue temperatures, non-invasive
high-sensitivity infrared imaging was performed. 72 hr prior to data
acquisition, animals were single housed and allowed to acclimatise to
the experimental room under standard housing conditions. 24 hr prior
to imaging, mice had approximately 2 cm? of their interscapular and
lumbar back skin shaved, under light isoflurane anaesthesia in order to
expose the skin of these areas for accurate temperature readings. On
the day of imaging, a high-sensitivity infrared camera (ThermoCAM
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T640, FLIR, Danderyd, Sweden, sensitivity = 0.04 °C, IR
resolution = 640 x 480 pixels) fixed on a tripod was placed 90 cm
above the freely moving mice to record the surface temperatures of the
mice in a 30—60 s video (image frequency = 30 Hz) at baseline.
Immediately following basal recordings, animals were injected intra-
peritoneally with either CNO or saline and videos were again acquired
at 15, 30, 45, 60, 120, and 180 min following CNO/saline treatment.
Animals remaining single housed until the procedure was repeated the
following day with randomly alternating CNO/saline injections. Where
thermal imaging was performed under cold stress conditions, the
cages and camera were placed in a 4 °C chamber immediately
following basal recordings and CNO/saline injections. Following the
180 min recording, mice were returned to room temperature and
videos were again acquired at 240 and 360 min following CNO/saline
treatment. Thermo-frames (5 per timepoint per mouse) that had the
mice walking or standing still with their body naturally extended and
both shaved skin regions vertical to camera lenses were extracted
from the videos for analysis. Extracted images were analysed using the
FLIR ResearchIR MAX 4.40 software to obtain body and brown adipose
tissue temperatures.

2.6. Body composition

The effect of short-term chronic stimulation of DREADD receptors on
body composition was performed in mice at 16—17 weeks of age.
Mice were randomly allocated to either a CNO or saline control group.
On the Friday, 3 days prior to treatment beginning, body composition
including lean mass, fat mass, bone mineral content (BMC) and bone
mineral density (BMD) were measured in mice anaesthetised with
isoflurane using an UltraFocus Faxitron (Faxitron Bioptics, LLC, Tucson
Az, USA). At this time, mice were injected intraperitoneally with 15 mg/
kg of the fluorescent tetracycline compound calcein (Sigma). CNO/
saline treatments were given daily for 5 consecutive days (Monday—
Friday) with the 4th dose combined with a second dose of calcein. One
week after the initial assessment and coinciding with the final CNO/
saline treatment dose, body composition was re-measured using the
Faxitron. Mice were culled the following Monday, 3 days later.

2.7. Tissue collection

At 17 weeks of age, mice were culled by perfusion 1 h following
randomly allocated intraperitoneal CNO or saline. Briefly, after com-
plete anaesthesia, mice were perfused with 0.9% saline through the
left ventricle, followed by 4% paraformaldehyde perfusion until the
whole body was fully fixed. The brain was removed from the skull,
placed in fixative over 24 h at 4 °C, and kept in 30% glucose in PBS
over 24 h or until the brain sunk at 4 °C and then stored at —80 °C
until further use. Femurs were excised, fixed overnight in 4% para-
formaldehyde (PFA) in phosphate buffered saline (PBS) at 4 °C and
then stored in 70% ethanol at 4 °C before undergoing processing.

2.8. Isolated bone measurements

Cortical mineral apposition rate was measured in an endosteal region
using fluorescent microscopy and 5 pum sagittal sections of the distal
half of the right femur as previously described [15].

2.9. Fluorescent immunohistochemistry

Fixed brains were cryo-sectioned at 40 um thickness and stored in
cryoprotectant at 4 °C prior to immunohistochemical staining. Brain
sections were incubated in citrate buffer (0.1 M Citric Acid, 0.1 M Tri-
sodium citrate) in a water bath for 5 min at 65 °C. Following incubation
in the citrate buffer, sections were washed four times in 1x PBS for
5 min. The sections were then incubated in 10% normal goat serum for
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1 h to block non-specific binding sites, followed by incubation in 1 x
PBS containing 5% goat serum, 0.2% triton X100, 0.1% bovine serum
albumin, and affinity purified antibodies at 4 °C overnight with gentle
shaking. Primary antibodies used were rabbit anti-cFOS (1:500;
Sigma-Aldrich), anti-GFP (1:1000, Invitrogen) and anti-mCherry
(1:1000, Abcam) or, when used in combination with the anti-Flp
antibody, chicken anti-GFP (1:1000, Abcam) and anti-mCherry
(1:1000, Abcam). Sections were then washed four times in 1x PBS
for 5 min and incubated with secondary antibodies in 1x PBS con-
taining 5% goat serum, 0.2% triton X100, 0.1% bovine serum albumin
for 1 h at room temperature with gentle shaking. Secondary antibodies
used were donkey anti-rabbit Cy3 antibody (1:500; Jackson Immu-
noResearch Laboratories, Inc), donkey anti-sheep Alexa 488 antibody
(1:500, Thermofisher), and goat anti-chicken IgY 488 and 555 anti-
bodies (both 1:500, Abcam). Sections were then washed four times in
1x PBS for 5 min, mounted onto slides and cover-slipped with anti-
fading mount media (Fluoroshield with DAPI, Sigma-Aldrich). Sec-
tions were examined and imaged using either a Leica DM 5500
fluorescent microscope and attached camera (DFC310Fx) or a Nikon
C2 Confocal Microscope.

To quantify cFOS expression between groups, 5 brains per group were
processed for immunohistochemistry with the anti-cFOS primary
antibody. One in every four rostral to caudal sections throughout the
Arc were selected for each brain and the number of cFOS positive
neurons in the Arc was quantified using ImageJ software.

2.10. Statistical analyses

All data are expressed as means & SEM. Differences between groups
were assessed using student’s ttest, ANOVA followed by Bonferroni’s
multiple comparisons post hoc test, or repeated measures ANOVA
where appropriate. Statistical analyses were performed with Prism,
version 9 (GraphPad Software Inc, La Jolla, CA, USA). p < 0.05 was
taken to be statistically significant.

3. RESULTS

To determine the actions that Mpy-positive versus Npy-negative neu-
rons play in leptin signalling, we used a viral DREADD approach
combined with INTRSECT methodology [13]. Specifically, we targeted
Npy+/Lepr+ neurons in the Arc using an AAV viral vector expressing
the stimulatory hM3D(Gq) DREADD receptor in a Cre-on/Flp-on specific
manner in Lepr”®* :Npy™* mice (Figure 1A and Supplementary
Figure 1A). A second vector was used to express the same DREADD
receptor in a Cre-on/FIp-off manner [9] (Figure 1B and Supplementary
Figure 1B), thus targeting the Lepr-positive neurons which do not
express Npy (Npy—/Lepr+ neurons). The entire Arc Lepr-positive
neuronal population were also either stimulated or inhibited in Lep/ﬁre/
* mice with previously published Cre-induced versions of the
hM3D(Gq) or hM4Di, respectively [12]. Mice injected with an AAV-GFP
virus were used as additional controls. Correct injection sites and
anatomical expression were confirmed by immunohistochemistry
evaluation of mCherry/EYFP as appropriate. As shown in Figure 1C, the
Cre-on/Flp-on version of the vector specifically targeted a sub-
population of Mpy-expressing neurons in the Arc with little expres-
sion seen elsewhere. Co-localisation of mCherry with Flp expression by
IHC confirms that this vector successfully targeted Npy neurons
(Figure 1F). In contrast, the Cre-on/FIp-off vector successfully targeted
non-Npy expressing neurons in the Arc as shown by the lack of co-
localisation between GFP and Flp in Figure 1G, but also spread to
other regions including the dorsomedial hypothalamic nucleus (DMH),
the lateral hypothalamus (LHA), and the ventral premammillary nucleus
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Figure 1: AAV vector expression and validation. Schematic diagrams showing (A) the Creqn;Flpon, AAV vector and (B) the Creqn;Flposs AAV vector both containing the stimulatory
DREADD hM3Dq fused with either (A) an mCherry reporter or (B) a YFP reporter used to selectively activate (A) Npy+/Lepr+ neurons and (B) Npy—/Lepr+ neurons. Representative
fluorescent images showing successful expression of (C) the Cregn;Flpon AAV vector in Lepr™®*, Npy™ mice targeting Apy-+/Lepr+ neurons (red), (D) the Creon;Flpos AAV vector
in Lepr®*, Npy™"* mice targeting Nipy—/Lepr+ neurons (green), and (E) a Cre induced AAV vector also containing the hM3Dg DREADD in Lepr®®* mice targeting all Lepr
neurons (green). Representative fluorescent images showing (F) co-localisation of the mCherry reporter (red) from the Creqn;Flpon AAV vector with Flp (green) expressed under
control of the Npy promotor by immunohistochemistry and (G) lack of co-localisation of the YFP reporter (green) from the Creqn;Flposs AAV vector with Fip (red) expressed under
control of the Alpy promotor by immunohistochemistry. (H) Representative fluorescent images and (I—J) quantification of CNO induced cFos expression (blue) in Lepr®®*, Npy P+
mice injected with both the Creqn;Flpon AAV vector targeting Npy/Lepr neurons (red) and the Creqn;Flpot AAV vector targeting non-Npy/Lepr neurons (green). Data are means + SEM

of at least 4 per group. Data analysed by Student’s t-test. *** = p < 0.001 as indicated.

(PMV) (Figure 1D). The Cre-induced version of the hM3D(Gq) vector
targeted all Lepr neurons with expression seen in the Arc as well as in
similar areas (DMH, LHA and PMV) to that shown by the Cre-on/Flp-off
vector (Figure 1E). Functionality of the Cre-on/Flp-on and Cre-on/Flp-
off pAAV vectors was confirmed by immunohistochemistry showing
that CNO induced Fos expression in mCherry/EYFP positive neurons
(Figure 1H, quantified in I-J).

3.1. Npy+/Lepr+ neurons control fuel choice with a delayed effect
on food intake

To determine the contribution of different populations of Lepr-positive
neurons in the Arc in the control of feeding and energy homeostasis,
comprehensive metabolic profiling was performed on DREADD injected
mice receiving randomly alternating CNO or saline treatments so that
they can act as their own controls and the effect on metabolic pa-
rameters was monitored for the subsequent 6-h period where CNO
exerts its main effect (Figure 2A). Importantly, CNO treatment in AAV-
GFP injected control mice did not have any significant effect on any of

the parameters investigated under either fed or fasted conditions
(Supplementary Figure 2). Next, we investigated the effect of stimu-
lating all Lepr-positive Arc neurons using an AAV-hSyn-DIO-hM3D(Gq)-
mCherry vector injected bilaterally into the Arc of Leprc”g/+ mice. To
also evaluate the influence of differing activity states of the mice, CNO
treatment in these mice was performed either at 9 am during the light
phase, when mice normally eat and move less, as well as at 4 pm just
before the onset of the dark phase when mice increase their activity
and feeding behaviour. Interestingly, when stimulated at 9 am, acti-
vation of these neurons did not result in any significant effect on food
intake (Figure 2B). However, a significant increase in energy expen-
diture was observed without any change in physical activity but
accompanied by a significant decrease in respiratory quotient (RQ)
(Figure 2C—E, time course shown in Supplementary Figure 4). In
contrast, these changes in energy expenditure and RQ were not
observed when treatment was given at 4 pm prior to the onset of the
dark phase (Figure 2C—E) or when treatment was given at 9 am
concurrent with the re-introduction of food following a 24 h fast

4 MOLECULAR METABOLISM 76 (2023) 101790 © 2023 The Authors. 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/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

I

MOLECULAR
METABOLISM

A
L Promethion
ARV injection Alternating CNO/saline
HFD start* cclimatisation | | ‘ 0l 24hr fast
8 10 13 14 15 weeks of age
* If applicable
Chow HFD
Saline 4 CNO
B . F
/_8? 154 & N g 54
=3 < 4
2 104 \ ’ 2 5] "
g 5 "B ﬁ - [ ﬂ g 2 T
pi R B ) % R 5 1 .
- ] 4 (o]
e olEd LIH I =6 10 =4I| = Oﬂé—ﬁ
c 159 * . i * G 154 =
o~ ~ = ” ™ + = N N
® 5 (R g & & T w©
£ 104 i ¥ £ 104 r~
{ t
T 5- 5 5-
kS e
0 T T T T T T T 07
D H
—~ 50+ . . 251
£ = € p=0.05
40 s & 204 =
[0} < A A © i
'g % & ez : a g 1= .
2 20-I A . mR o s §.10'I
T I . i ©
il hil g
oL : : L : o 0
E 41, I 0.90-
g 107 « - = \ o 0851 .
x — i x
£ 09 T A . F £0801{ |
2 " i [0}
E I A AL
0.8 ﬁ r : rL‘ﬁ =075 fF
0.7 - T ‘.ﬁ T ‘ T 0.70-
All Lepr ' Npy/LeprGq  non-Npy/Lepr Gq Npy/Lepr non-Npy/Lepr
Gq Gq Di 9am  4pm 9am  4pm Gq 9am Gq 9am
9am  4pm  4pm

Figure 2: Npy+/Lepr+ neurons control fuel choice with a delayed effect on food intake whilst Npy—/Lepr+ neurons drive food intake under high fat diet fed
conditions. (A) Promethion schedule. (B) Food intake (Fl), (C) energy expenditure (EE), (D), distance in voluntary locomotion (pedmeters) travelled, and (E) mean respiratory quotient
(RQ) for the 6 h time period following CNO or saline treatment in chow-fed mice when either all Lepr neurons are stimulated (Gq) or inhibited (Di), or specifically Npy-+/Lepr+ or
Npy—/Lepr+ neurons are stimulated. CNO/saline treatment was given at either 9 am or 4 pm as indicated. (F) Food intake (FI), (G) energy expenditure (EE), (H), distance in
voluntary locomotion (pedmeters) travelled, and (I) mean respiratory quotient (RQ) for the 6 h time period following CNO or saline treatment at 9 am in high fat diet (HFD)-fed mice
when either specifically Npy+/Lepr+ or Npy—/Lepr+ neurons are stimulated. Data are means + SEM of at least 5 per group. Data analysed by paired Student’s t-tests. NS = not

significant, * = p < 0.05, ** = p < 0.01 as indicated.

(Supplementary Figure 3A—D). On the other hand, the inhibition of all
Arc Lepr-expressing neurons using a pAAV-hSyn-FLEX-hM4Di-
mCherry virus injected bilaterally into the Arc of Leprc“‘” mice and
CNO treatment starting at 4 pm in ad libitum fed animals led to a
significant decrease in total food intake (Figure 2B). Surprisingly,
despite CNO treatment also resulting in increased physical activity
levels (Figure 2D), the reduced food intake did not lead to altered

energy expenditure or RQ values (Figure 2C, E and time course shown
in Supplementary Figure 4). Again, these effects were not evident
when treatment was given concurrent with the re-introduction of food
following a 24 h fast (data not shown), although we did observe that
CNO treatment led to a delay in the start of food consumption following
the re-introduction of food compared to when they were treated with
saline (Time to first removal of food from hopper: saline:
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62.5 + 19.14 min; CNO: 160.0 + 19.2 min; p = 0.003), suggesting
some inhibition of the drive to eat.

In order to investigate the specific effect of leptin signalling through
Npy-+/Lepr+ neurons, metabolic profiling was performed in Leprcr e”;
Npy™"+ mice injected bilaterally in the Arc with an AAV-nEF-Con/Fon-
hM3D(Gq)-mCherry virus. Again, CNO/saline treatment was given at
both 9 am during the light phase and 4 pm just prior to the onset of the
dark phase. Stimulation of Npy+/Lepr+ neurons with CNO led to an
increase in food intake, which was more pronounced when CNO was
given at 4 pm (Figure 2B). Interestingly however, this was a delayed
effect with the increase only beginning 4 h after CNO treatment
(Supplementary Figure 4C). Whilst stimulation of Npy+/Lepr+ neurons
at 9 am led to a significant increase in energy expenditure throughout
the 6-h time period following CNO treatment, this was not evident at
the 4 pm treatment time and no effect on physical activity was
observed during either treatment period (Figure 2C—D). Interestingly, a
significant drop in RQ in the first 3 h following treatment was observed
which was more pronounced at the 9 am treatment time despite no
change in activity or food intake during this period (Figure 2E and
Supplementary Figure 4). No significant effects of Npy+/Lepr+
neuronal stimulation were observed in any parameters when treatment
was given at 9 am concurrent with food being returned following a
24 h fast suggesting that fasting-induced pathways override any leptin
signalling via NPY neurons (Supplementary Figure 3A—D).

In contrast, the specific stimulation of Npy—/Lepr+ neurons using an
AAV-hSyn-Con/Foff-hM3D(Gq)-EYFP virus injected bilaterally into the
Arc of Lepr®®*;Npy™P* mice and subsequent CNO treatment at
either 9 am or 4 pm did not result in any significant treatment effects
on food intake, energy expenditure, physical activity, or RQ
(Figure 2B—E and time course shown in Supplementary Figure 4).
Again, no differences were observed when treatment was given at 9
am as food was returned following a 24 h fast (Supplementary
Figure 3A—D).

3.2. Npy—/Lepr+ neurons drive food intake under high fat diet fed
conditions

Despite leptin’s anorectic effects, obesity is characterised by elevated
leptin levels and the development of leptin resistance [16]. Several
mechanisms have been identified as potentially underlying the
development of leptin resistance including defects in the transport of
leptin across the blood brain barrier and altered downstream intra-
cellular signalling mechanisms [17,18]. To investigate whether leptin
signalling in the Arc is altered under situations of chronically elevated
leptin and obesity, we stimulated Npy+/Lepr+ and Npy—/Lepr+
neurons in the Arc with CNO in DREADD injected Lepr™®* :Npy™'*
mice which had been fed a HFD for 6 weeks. As the effect of stimu-
lating Npy-+/Lepr+ neurons in chow-fed mice were more pronounced
at the 9 am treatment time, we used this protocol for the HFD-fed
experiments. Importantly, CNO treatment in AAV-GFP injected control
mice that had also been fed a HFD diet did not have any significant
effect on any of the parameters investigated under either fed or fasted/
re-fed conditions (Supplementary Figure 2). Interestingly, the effects
seen upon stimulation of Npy-+/Lepr+ neurons under standard chow
conditions were not evident under HFD conditions with no significant
treatment effects observed in food intake, energy expenditure, physical
activity or RQ in either the fed state (Figure 2F—I) or when treatment
was given concurrent with re-feeding after a 24 h fast (Supplementary
Figure 3E—H). Furthermore, and again in contrast to chow fed mice,
the stimulation of Npy—/Lepr+ neurons led to a significant increase in
total food intake associated with a significant increase in energy
expenditure and a trend towards increased physical activity, but no

change in RQ (Figure 2F—I). Most of these effects, apart from
increased physical activity, were over-ridden by fasting induced re-
feeding (Supplementary Figure 3E—H). Together these data suggest
that Lepr-expressing Npy neurons may become resistant to the effects
of chronically elevated leptin levels under obese conditions whilst
Npy—/Lepr+ neurons may drive excess food intake under HFD-fed
conditions.

3.3. Npy+/Lepr+ neurons increase brown adipose tissue
thermogenesis

Neuronal activation of Lepr expressing neurons in the DMH/DHA with
DREADDs has been shown to increase both brown adipose tissue (BAT)
and body temperature [19]. Therefore, we used thermal imaging
combined with randomly alternating injections of CNO or saline
(Figure 3A) to investigate whether Lepr expressing neurons in the Arc
also play a role in thermal regulation, and whether this involves Npy
signalling. No significant effects on either BAT or back temperature
were observed with CNO treatment in AAV-GFP injected controls
(Supplementary Figure 5A—C). Interestingly, although no significant
differences in either BAT or back temperature were observed when
either all Arc Lepr expressing neurons or Npy—/Lepr+ neurons were
stimulated under standard room temperature conditions
(Supplementary Figure 5D—I), a significant increase in BAT but not
back temperature was observed in response to CNO stimulation of
Npy+/Lepr+ neurons in the Arc (Figure 3B—E). Consistent with pre-
vious results, the ability of Npy+/Lepr+ neuronal stimulation to in-
crease BAT thermogenesis was no longer evident in mice fed a HFD for
4 weeks (Figure 3F—H). No differences in either BAT or back tem-
perature were observed when Npy—/Lepr+ neurons were stimulated
under HFD fed conditions (Supplementary Figure 5J—L).

To also determine whether these neurons play a role during cold
stress, we repeated the thermal imaging experiments placing the mice
in a 4 °C chamber following initial baseline readings and CNO/saline
injections. Again, no significant effects were observed in either BAT or
back temperature or the difference between them when AAV-GFP
injected controls were treated with CNO (Supplementary Figure 5M—
P) or when Npy—/Lepr+ neurons were stimulated (Supplementary
Figure 5Q—T). However, CNO stimulation of Npy+/Lepr+ neurons
led to an increase in BAT temperature as well as a decrease in back
temperature during cold exposure resulting in a significantly greater
difference in BAT versus back temperature compared to saline treat-
ment (Figure 3I—L). These data suggest a specific role for leptin via
NPY neurons in regulating thermogenesis under both normal and cold
stress situations.

3.4. Npy+/Lepr+ neurons act to improve glucose tolerance under
high fat diet conditions

Leptin has been shown to have beneficial effects on glucose and in-
sulin homeostasis by decreasing glycaemia, insulinemia and insulin
resistance through both central, hypothalamic mediated effects as well
as peripheral effects in the pancreas, muscle and liver [20]. To
investigate the specific role of NPY versus non-NPY neurons in leptin’s
regulation of glucose tolerance, we performed intraperitoneal glucose
tolerance tests on DREADD injected mice beginning 30 min after CNO/
saline administration. Glucose tolerance tests were performed twice on
each mouse, one week apart, with randomly allocated CNO or saline so
that they could act as their own controls. No significant effect of CNO
treatment was observed on glucose or insulin levels throughout the
glucose tolerance test in AAV-GFP injected control mice (Figure 4A—D).
No differences were also observed in glucose or insulin levels
throughout the glucose tolerance test when either Npy—/Lepr+
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Figure 3: Npy-+/Lepr+ neurons increase brown adipose tissue thermogenesis. (A) Thermal imaging schedule. (B) Brown adipose tissue (BAT) temperature and (C) back
temperature over time, (D) area under the curve (AUC) for BAT and back temperature from 0 to 60 min, and (E) representative images showing BAT and back temperature at 30 min
timepoint following CNO/saline treatment in chow-fed Lepr®®+, Npy™* mice injected with a stimulatory hM3D(Gq) DREADD virus targeting Npy+/Lepr+ neurons. (F) BAT
temperature and (G) back temperature over time, and (H) AUC for BAT and back temperature from 0 to 60 min following CNO/saline treatment in high fat diet (HFD)-fed Lepr®®~,
Npy™*+ mice injected with a stimulatory hM3D(Gg) DREADD virus targeting Npy-/Lepr+ neurons. () BAT temperature and (J) back temperature over time, (K) AUC for BAT and
back temperature from 0 to 180 min following CNO/saline treatment, and (L) difference between BAT and back temperature over time in chow-fed Leprc’e”, prF P mice
injected with a stimulatory hM3D(Gq) DREADD virus targeting Npy-+/Lepr+ neurons under cold stress conditions. Shaded grey area represents time when mice are returned to
room temperature conditions. Data are means + SEM of at least 5 per group. Data analysed by repeated measures two-way ANOVA with Bonferonni’s multiple comparisons post-
hoc test except for AUC comparisons which were analysed by paired Student’s t-tests. * = p < 0.05, ** = p < 0.01, *** = p < 0.001 as indicated.

neurons or Npy+/Lepr+ neurons were stimulated with CNO under  with reduced bone mass [10]. To further investigate this and also
chow fed conditions (Figure 4E—H). However, when mice had been fed  determine whether non-NPY neurons play a role in leptin’s control of
a HFD for 8 weeks, Npy+/Lepr+ stimulation led to improved glucose  energy partitioning, we used chronic daily stimulation over 5 days of
levels throughout the glucose tolerance test due to elevated insulin  Npy+/Lepr+ and Npy—/Lepr+ neurons and investigated the effect on
secretion (Figure 41—L). As a result, whilst saline treated and Npy—/ body composition (Figure 5A). Whilst AAV-GFP injected control mice
Lepr+ stimulated mice on HFD showed the expected hyperglycaemia, treated with CNO did display a significant decrease in fat mass and an
Npy+/Lepr+ stimulated mice had similar glucose area under the increase in lean mass over the treatment period, these changes were
curve values to chow-fed mice (Figure 4M). These data suggest that  not significant when analysed as weight change within individual mice
leptin signalling through NPY neurons is able to regulate insulin  and no changes in body weight or bone parameters were observed
secretion and glucose tolerance even under conditions of elevated  (Supplementary Figure 6A—J). A similar effect was seen when another
leptin levels. group of DREADD injected Lepr®®* ;Npy™P* mice were treated with

saline (Figure 5B—K) and thus is likely a result of either age or the
3.5. Differing effects of Npy+-/Lepr+ versus Npy—/Lepr+ neurons repetitive injections, not CNO itself. No additional significant effects
on body composition were seen when all Lepr expressing neurons in the Arc were chroni-
We have previously shown a role for leptin signalling through NPY cally stimulated with CNO compared to saline treated mice
neurons in the control of energy partitioning, with chow-fed mice (Supplementary Figure 6M—V). However, specific chronic stimulation
lacking Lepron Npy neurons displaying increased adiposity concurrent  of Npy—/Lepr+ neurons led to an increase in bodyweight over the
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Figure 4: Npy+/Lepr+ neurons act to improve glucose tolerance under high fat diet conditions. (A—B) Glucose and (C—D) insulin levels during a glucose tolerance test shown
either as (A, C) a time course or (B, D) expressed as area under the curve (AUC) for chow-fed Lepr®®* mice injected with an AAV-GFP control virus and treated with either CNO or
saline. (E—F, I-J, M) Glucose and (G—H, K—L) insulin levels during a glucose tolerance test shown either as (E, G, |, K) a time course or (F, H, J, L, M) expressed as AUC for (E—H)
chow-fed or (I—L) high fat diet (HFD)-fed Lepr®®*, Npy™* mice injected with a stimulatory hM3D(Gq) DREADD virus targeting either Njpy-+/Lepr+ neurons or Njpy—/Lepr+
neurons and treated with either CNO or saline. (M) Comparison of glucose levels between chow-fed and HFD-fed mice. Data are means + SEM of at least 4 per group. Data
analysed by (A, C, E, G, |, K) repeated measures two-way ANOVA with Bonferonni’s multiple comparisons post-hoc test, (B, D) Student’s t-test, (F, H, J, L) one-way ANOVA or (M)
two-way ANOVA with Bonferonni’s multiple comparisons post-hoc test. * = p < 0.05, ** = p < 0.01 as indicated.

treatment period which was not evident in saline treated mice
(Figure 5B) and they did not display the reduction in fat mass and
increase in lean mass seen in saline treated mice (Figure 5C—D).
Indeed, when analysed as weight change within individual mice,
Npy—/Lepr+ stimulated mice showed a significant increase in
bodyweight as well as fat mass but no change in lean mass compared
to saline treated mice (Figure 5G—I). Consistent with the increased
bodyweight, Npy—/Lepr+ stimulated mice also showed a significant
increase in whole body bone mineral content (BMC) but not bone
mineral density (BMD) over the treatment period compared to saline
treated mice (Figure 5E—F, J—K). Of note, there was no change in the
correlation between bodyweight and BMC in these Npy—/Lepr+
neuron stimulated mice suggesting that the increase in BMC was
proportionate to the increase in bodyweight (Figure 5M). However,
although CNO stimulation of Npy+/Lepr+ neurons did not alter

bodyweight, fat mass, or lean mass (Figure 5B—D, G—I), we did
observe a trend towards an increase in BMC over the treatment period
compared to saline treated mice (Figure 5E, J). This led to a disas-
sociation in the correlation between bodyweight and BMC suggesting
that the stimulation of Npy+/Lepr+ neurons may be able to alter bone
mass independent of bodyweight (Figure 5N).

3.6. Leptin affects bone formation through both Njpy and non-Npy
neurons

Consistent with the whole body faxitron data, no change in isolated
femoral BMC or BMD was observed following cull in either AAV-GFP
injected control mice treated with CNO or following chronic CNO
stimulation of all Lepr neurons (Supplementary Figure 6K—L, W—X).
However, isolated femoral BMC was significantly higher in the Npy—/
Lepr+ neuron chronically stimulated mice compared to saline but not
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Figure 5: Differing effects of Npy-+/Lepr+ versus Npy—/Lepr+ neurons on body composition. (A) Chronic CNO/saline treatment schedule. (B) Body weight, (C) fat mass, (D)
lean mass, (E) bone mineral content (BMC), and (F) bone mineral density (BMD) before and after chronic CNO/saline treatment in Lepr®®*, Npy™* mice injected with a
stimulatory hM3D(Ga) DREADD virus targeting either Npy—/Lepr+ neurons (On/Off virus) or Npy+/Lepr+ neurons (On/On virus). Change in (G) body weight, (H) fat mass, ()) lean
mass, (J) BMC, and (K) BMD following chronic CNO/saline treatment in Lepr®®+, Npy™+ mice injected with a stimulatory hM3D(Gg) DREADD virus targeting either Npy—/Lepr+
neurons (On/Off virus) or Npy-+/Lepr+ neurons (On/On virus). (L—N) Correlation between body weight and BMC following chronic CNO/saline treatment in Lepr @, Npy™*+ mice
injected with a stimulatory hM3D(Gq) DREADD virus targeting either Npy—/Lepr+ neurons (On/Off virus) or Npy-+/Lepr+ neurons (On/On virus). (0) BMC, (P) BMD, and (Q) cortical
mineral apposition rate (MAR) in femora isolated after cull from Leprc"’“, Npy" P mice injected with a stimulatory hM3D(Gq) DREADD virus targeting either Npy—/Lepr+ neurons

or Npy+/Lepr+ neurons and chronically treated with CNO or saline. Data are means & SEM of at least 6 per group. Data analysed by (B—F) repeated measures two-way

ANOVA with Bonferonni’s multiple comparisons post-hoc test, (G—K, 0—Q) one-way ANOVA, or (L—N) linear regression. NS = not significant, * =

** = p < 0.01 as indicated.

in the Npy+/Lepr+ neuron stimulated mice (Figure 50—P), consistent
with the changes in bodyweight and BMC observed from the whole-
body scans. In order to determine whether the change in BMC was
caused by alterations in bone formation, a subset of the mice was
injected with calcein twice spanning the treatment period, enabling the
measurement of mineral apposition rate (MAR) (Figure 5A). Consistent
with the increased BMC observed in both Npy+/Lepr+ and Npy—/
Lepr+ stimulated mice, MAR was increased in both groups, albeit this
did not reach statistical significance in the Npy+/Lepr+ stimulated
group (Figure 5Q).

4. DISCUSSION

By using novel, sophisticated viral vectors expressing stimulatory
DREADD receptors in a Cre and Flp dependent manner in our Leprc’e/
+-Npy™* mice, we have dissected the specific metabolic role of NPY
neurons versus non-NPY neurons in mediating leptin’s effects in the
Arc. The widely accepted model is that leptin acts as a satiety signal by
inhibiting anabolic NPY/AgRP neurons and stimulating catabolic POMC/
CART neurons. However, the heterogeneity now evident within these

p < 0.05,

neuronal populations combined with the myriad of effects that leptin
has on metabolism and body composition, suggests that greater
complexity exists in leptin’s interaction with hypothalamic neurons
than the model suggests. Here, we show that stimulating only those
Npy neurons that express the Lepr leads to decreased RQ, a delayed
increase in food intake, increased BAT thermogenesis, improved
glucose tolerance, and increased bone mass independent of body-
weight. Importantly, we show that the ability of Npy+/Lepr+ neurons
to regulate RQ, food intake, and BAT thermogenesis is compromised
under conditions of elevated leptin levels induced by HFD feeding. In
contrast, Npy—/Lepr+ neurons appear to be hypersensitive after HFD
and may be involved in exacerbating food intake under obese
conditions.

We have previously shown that Lepr expression is higher in the portion
of Npy neurons that do not express Agrp [10]. Importantly, here we
show that specifically stimulating the Npy-+-/Lepr+ neurons results in
effects different to those seen when Agrp-negative Npy neurons were
stimulated using the same DREADD methodology, identifying a distinct
role for Npy+/Lepr+ neurons and highlighting the complexity that
exists within the Arc Apy neuronal population. The stimulation of
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Agrp-negative Npy neurons led to increased food intake but, in contrast
to Npy-+/Lepr+ stimulation, this effect was more pronounced in
response to both HFD feeding and re-feeding following a fast [9]. Also,
in contrast to Npy-+/Lepr+ stimulation, no differences in energy
expenditure or RQ were observed when Agrp-negative Npy neurons
were stimulated under normal chow conditions although these pa-
rameters were both increased with HFD feeding [9].

One of the predominant effects of central leptin signalling is to inhibit
food intake, thereby preventing further weight gain. In this study, the
effects of stimulating Lepr expressing neurons on food intake were
mild. Nevertheless, the inhibition of all hypothalamic Lepr neurons
using the inhibitory DREADD in Lepr®®* mice did result in a signifi-
cant reduction in food intake, whilst stimulating them did not result in
increased food intake. This suggests that under normal conditions the
hypothalamic effect of leptin on food intake is primarily driven by the
neurons it inhibits (anabolic NPY/AgRP neurons). Consistent with this,
we saw an increase in food intake with the specific stimulation of
Npy-+/Lepr+ neurons in our Lepr®®*:Npy™*+ mice but no effect
when Npy—/Lepr+ neurons were stimulated confirming a predomi-
nant role for NPY neurons in this process. This effect was no longer
evident in HFD-fed mice suggesting that the signalling potential of
these neurons is substantially altered under conditions of elevated
leptin levels.

Aside from food intake, the metabolic effects of leptin include an in-
crease in energy expenditure, increased lipolysis (decrease RQ),
increased BAT thermogenesis, and decreased glucose levels. There-
fore, the fact that stimulating Npy+-/Lepr+ neurons led to decreased
RQ, increased BAT thermogenesis, and improved glucose tolerance is
somewhat contrary to that expected from the stimulation of neurons
that leptin has been shown to inhibit. Nevertheless, these parameters
were unaltered by the stimulation of Npy—/Lepr+ neurons, clearly
implicating NPY neurons in these processes. Whilst the Arc contains
the largest proportion of Lepr neurons in the brain, it is important to
note that this only comprises approximately 15% of total Lepr positive
neurons [5,21—23]. It is plausible that not all Lepr neurons have the
same effect and that the stimulation of such a specific subpopulation
as we have done here will not show the same effect as that of systemic
leptin administration. Interestingly, the effects are also contrary to that
shown by the stimulation of all Npy neurons. Arc NPY has been shown
to increase RQ, decrease energy expenditure, and decrease BAT
thermogenesis. However, recent work from our group has shown that
the specific deletion of Npy from Agrp neurons (approximately 80% of
all Npy neurons) led to increased RQ and decreased energy expendi-
ture suggesting that NPY in these Npy+/Agrp+ neurons may act to
decrease RQ and increase energy expenditure [12]. This would be
more consistent with the effects of Npy-+/Lepr+ neurons that we have
shown in this study.

Following the discovery of leptin, its secretion in proportion to body fat,
and the hyperphagia and obesity present in leptin deficient mice and
humans, there was considerable interest in the therapeutic potential of
leptin for obese patients [24,25]. This was dampened by the further
discovery that circulating levels of leptin are elevated in most obese
patients compared to non-obese subjects and that they exist in a state
of leptin resistance that in fact leads to the intake of extra calories and
prevents sustained weight loss [26]. Leptin resistance has been shown
to be a complex pathophysiological phenomenon with the underlying
mechanisms still not entirely clarified. However, Arc NPY neurons have
been shown to display leptin resistance under HFD fed conditions [27].
Our results here are consistent with these neurons no longer being

able to drive metabolic effects, except for improving glucose tolerance,
under chronically elevated leptin levels. Interestingly, we also show
that whilst stimulation of Npy—/Lepr+ neurons in the Arc had little
effect on metabolic parameters under normal or fasted conditions, they
drove food intake and physical activity under HFD-fed conditions.
Again, this is somewhat contrary to that expected as this population
includes POMC neurons which should induce satiety and decrease
feeding. However, it should be noted that here we targeted all Npy—/
Lepr+ neurons and not POMC neurons specifically. Furthermore,
whilst viral injection was targeted to the Arc, we saw expression with
this Cre-on/Flp-off vector spread beyond the Arc to include the DMH,
LHA, and PMV areas which are all known to express Lepr neurons with
varying profiles and metabolic effects [19,21,28—31]. Further exper-
iments and additional mouse models would be required to determine
exactly which neurons are responsible for these effects. Nevertheless,
together these data suggest that HFD feeding induces a breakdown in
normal leptin signalling pathways and may explain why food intake is
often exacerbated in overweight patients.

Previous studies have shown that hypothalamic NPY signalling has a
strong inhibitory effect on bone formation, consistent with an energy
conserving role for NPY whose levels are strongly upregulated during
situations of negative energy balance [32]. In contrast, the central ef-
fects of leptin on bone are diverse, suggesting that differing populations
of neurons are responsible for differing effects [33]. Here, our data are
consistent with previous studies in demonstrating an interaction be-
tween leptin and NPY in the regulation of bone mass [10,34]. We now
define that relationship to show that Npy-+/Lepr+ neurons are capable
of controlling bone mass independently of body weight. Furthermore,
we show that while leptin signalling through non-Apy neurons can also
increase bone mass through stimulating formation, this increase is
proportional to increases in overall body weight. Thus, we have begun
to define the differing neuronal populations responsible for the complex
effects that central leptin signalling has on the skeleton.

Whilst the hypothalamus contains the greatest proportion of Lepr
neurons, it also contains the greatest density of projections from Lepr
neurons elsewhere in the brain [35]. Given the modest effects seen
here with direct stimulation of Npy+/Lepr+ neurons compared to the
critical role that NPY is believed to play in leptin’s important functional
effects, it is likely that leptin action on other local and/or distant Lepr
neuronal populations results in projections acting on NPY neurons in
the Arc to exert additional effects. Further studies will be required to
determine whether these projections act on the same or differing sub-
populations of NPY neurons as those expressing the Lepr. It is also
important to note that a limitation of this study lies in the fact that we
have used DREADD technology to activate and inhibit populations of
Lepr neurons which may in fact respond differently to leptin. Whilst
leptin may change the electrophysiological properties of some or all of
these neurons, it may also alter metabolism via changes in tran-
scriptional events without altering electrophysiological properties. It
also remains unknown whether leptin actually employs the Gag/Gi
pathway used in this paper to modulate neuronal activity.
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