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GLP-1 modulates the supramammillary
nucleus-lateral hypothalamic neurocircuit to
control ingestive and motivated behavior in a
sex divergent manner
Lorena López-Ferreras 1,3, Kim Eerola 1, Devesh Mishra 1,3, Olesya T. Shevchouk 1, Jennifer E. Richard 1,
Fredrik H. Nilsson 1, Matthew R. Hayes 2, Karolina P. Skibicka 1,3,*
ABSTRACT

Objective: The supramammillary nucleus (SuM) is nestled between the lateral hypothalamus (LH) and the ventral tegmental area (VTA). This
neuroanatomical position is consistent with a potential role of this nucleus to regulate ingestive and motivated behavior. Here neuroanatomical,
molecular, and behavior approaches are utilized to determine whether SuM contributes to ingestive and food-motivated behavior control.
Methods: Through the application of anterograde and retrograde neural tract tracing with novel designer viral vectors, the current findings show
that SuM neurons densely innervate the LH in a sex dimorphic fashion. Glucagon-like peptide-1 (GLP-1) is a clinically targeted neuro-intestinal
hormone with a well-established role in regulating energy balance and reward behaviors. Here we determine that GLP-1 receptors (GLP-1R) are
expressed throughout the SuM of both sexes, and also directly on SuM LH-projecting neurons and investigate the role of SuM GLP-1R in the
regulation of ingestive and motivated behavior in male and female rats.
Results: SuM microinjections of the GLP-1 analogue, exendin-4, reduced ad libitum intake of chow, fat, or sugar solution in both male and
female rats, while food-motivated behaviors, measured using the sucrose motivated operant conditioning test, was only reduced in male rats.
These data contrasted with the results obtained from a neighboring structure well known for its role in motivation and reward, the VTA, where
females displayed a more potent response to GLP-1R activation by exendin-4. In order to determine the physiological role of SuM GLP-1R
signaling regulation of energy balance, we utilized an adeno-associated viral vector to site-specifically deliver shRNA for the GLP-1R to the
SuM. Surprisingly, and in contrast to previous results for the two SuM neighboring sites, LH and VTA, SuM GLP-1R knockdown increased food
seeking and adiposity in obese male rats without altering food intake, body weight or food motivation in lean or obese, female or male rats.
Conclusion: Taken together, these results indicate that SuM potently contributes to ingestive and motivated behavior control; an effect
contingent on sex, diet/homeostatic energy balance state and behavior of interest. These data also extend the map of brain sites directly
responsive to GLP-1 agonists, and highlight key differences in the role that GLP-1R play in interconnected and neighboring nuclei.

� 2018 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

The prevalence of obesity has continuously increased over the past
decades, and already reached global epidemic proportions, yet the
underlying mechanisms of this epidemic remain poorly understood
[1,2]. Control of feeding behavior, previously thought to be concen-
trated in the hypothalamus, is now well established to be distributed
throughout the central nervous system (CNS) [3]. Understanding of all
nodes and nuclei that contribute to integration of different aspects of
feeding control will be necessary for development of novel and
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effective anti-obesity therapeutics, which to date has been a very
elusive task.
Excessive food intake, especially of palatable calorically dense foods, is
suggested to be the major culprit behind weight gain [4]. Food rein-
forcement, or motivation for food, predicts body weight gain and high
body mass index in children and adults [5,6]. The neural circuits un-
derlying motivated behavior for food are partly overlapping but also
partly divergent from those regulating homeostatic ingestive behavior
[7,8]. Despite the field’s appreciation of these observations, the brain
reward circuitry beyond the well-researched mesolimbic nodes, which
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include the ventral tegmental area (VTA) and nucleus accumbens, is
poorly understood.
The supramammillary nucleus (SuM) is suggested to send bidi-
rectional connections with brain regions already known to contribute
to feeding regulation, including the hypothalamus, hippocampus,
and lateral septum [9,10]. These neuroanatomical nuclei and con-
nections suggest that the SuM could regulate ingestive and moti-
vated behavior. Yet, very few studies, if any, focus on the SuM.
Despite decades old data indicating that the SuM is one of the most
sensitive positive reinforcement sites in the brain [11,12], this nu-
cleus has a long history of being overlooked. In fact, a careful review
of the reinforcement literature suggests that the VTA likely emerged
as a key reinforcement hotspot at the expense of the SuM.
Considering the neuroanatomical proximity of these two nuclei,
pharmacological effects in the region, where infusion volumes often
likely spanned both nuclei, have been nearly automatically ascribed
to the VTA, which if reexamined does not hold up to careful
anatomical scrutiny [9].
Glucagon-like peptide-1 (GLP-1) is a potent incretin hormone produced
in the intestinal L-cells that potentiates the glucose metabolism-
dependent secretion of insulin from pancreatic b cells [13]. GLP-1 is
also produced in the brain, primarily by neurons in the nucleus tractus
solitarius (NTS) of the hindbrain, which project throughout the central
nervous system [14e16]. Two key functions of brain-acting GLP-1
analogues are reductions of feeding and motivated behavior. We and
others have previously demonstrated that both ingestive and motivated
behaviors can be suppressed by pharmacological activation of GLP-1R
in the VTA [14,17e20]. Here we will compare the potential role that
VTA and SuM GLP-1R play in food intake and reward in male and
female rats.
No literature exists on the role of the SuM in female rats or mice. From
the earliest evidence of SuM contribution to positive reinforcement and
motivated behavior [12] to the more recent highly publicized findings
on the role of SuM in arousal [21], only male rodents were studied.
Here the role of the SuM in feeding behavior will be examined for the
first time in female and male rats, with a specific aim to determine
whether any sex differences exist in SuM-mediated feeding behavior
regulation.
Our previous rodent brain imaging data suggest that the SuM is
potently activated by peripherally applied GLP-1 agonists in male rats
[22]. This activation is synergistically potentiated by conjugation of
GLP-1 to estradiol, which allowed for activation of GLP-1 and estrogen
receptors simultaneously [23]. These data suggested, but did not test,
that activation of SuM in females could be more effective than in
males, especially given that it is an estrogen sensitive site expressing
both ERa and ERb in females [24,25]. Here we will directly test this
hypothesis.
In this study we determine whether SuM downstream targets sup-
port a potential role in consummatory ingestive or motivated
behavior by applying anterograde and retrograde neural tract tracing
to detect SuM to lateral hypothalamus (LH) connections utilizing
novel designer viral vectors [26]. To understand whether GLP-1-
responsive cells are potentially present in the SuM we evaluate
GLP-1R expression in the SuM, and also specifically on SuM LH-
projecting neurons, using fluorescent in situ hybridization (RNA
scope). We then set out to determine if GLP-1R activation in the SuM
is necessary and sufficient for motivated and ingestive behavior
control using pharmacological and virogenetic (AAV-shRNA)
manipulation of SuM GLP-1R signaling in male and female rats.
Finally, we determine if the answers to the above questions differ
with sex and throughout the estrous cycle.
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2. MATERIALS AND METHODS

2.1. Animals
Male and female SpragueeDawley rats (3 weeks of age at arrival,
Charles River, Germany) were housed under a 12-hour light/dark cycle,
in individual cages with ad libitum access to chow and water, unless
otherwise stated. All studies were carried out with ethical permissions
from the Animal Welfare Committee of the University of Gothenburg, in
accordance with legal requirements of the European Community
(Decree 86/609/EEC). All efforts were made to minimize suffering.

2.2. Brain cannulation
A combination of ketamine (Ketaminol� Vet, Intervet International BV,
AN Boxmeer, Holland) (18.75 mg/kg) and xylazine (Rompun� Vet, Bayer
Animal Health GmbH, Leverkusen Germany) (2.5 mg/kg) were admin-
istered intraperitoneally to achieve surgical anesthesia. For retrograde
adeno-associated virus vector (AAV)-assisted neural tract tracing 0.5 mL
of a retrograde AAV vector expressing EGFP under the enhanced syn-
apsin promoter; AAV2(Retro)-eSyn-EGFP (1.2 � 101̂3 GC/mL) (Vector
Biolabs, Malvern, PA, USA) was injected unilaterally to the LH using the
following coordinates in relation to the bregma suture; anterior-
posterior: �3.3 mm and mediolateral: �1.5 mm and �9.0 mm dor-
sal to the surface of the skull at a speed of 0.1 uL/min using a Hamilton
Neuros 10 mL syringe with a 33 gauge needle (Hamilton Co. Reno, NV,
USA). For all neuropharmacology studies, as well as virus injections for
the AAV-assisted anterograde mapping [27] (AAV2-hSyn-hM3D(Gq)-
mCherry, Addgene, USA), guide cannulae were implanted into the SuM
using the following coordinates adapted from [22]: on the midline,
4.7 mm posterior to bregma, and 7.1 mm ventral from the surface of the
skull, with injector aimed 9.1 mm ventral to the skull (representative
images in Figure 1C and Figure S1). These coordinates were chosen to
position the tip of the injector on top of the SuM, yet as far away as
possible from other nearby GLP-1R expressing sites like the VTA or
interpeduncular nucleus [28]. As a result of this strategy our manipu-
lation may not have reached the most caudal tip of SuM, while
consistently reaching the rostral and central SuM. Interestingly the
border between the SuM and the mammillary nuclei was largely
impermeable to the injection liquid, thus the injection delivered on the
midline tended to spill laterally covering both medial and lateral SuM but
rarely the ventral, mammillary region; this pattern is clearly visible in
Figure 1C. Since SuM overlaps with the VTA on the rostro-caudal axis
(VTA is still lateral and dorsal to the SuM) we also inserted cannulae at
the level of the VTA in order to compare and differentiate GLP-1R re-
sponses in these two neighboring sites (coordinates: �0.75 mm from
midline, 5.7 mm posterior to bregma, and 6.5 mm ventral from the
surface of the skull, with injector aimed 8.5 ventral to skull [20]).

2.3. Neural tract tracing: brain tissue preparation and imaging
Three weeks after viral infusions, animals received a terminal dose of a
mixture of ketamine (Ketaminol� Vet, 37.5 mg/kg) and xylazine
(Rompun� Vet, 5 mg/kg) prior to the procedure. First, the heart was
exposed and prepared with a cannula attached to a perfusion pump
(Watson 120S, Watson-Marlow Fluid Technology Group, Wilmington,
MA, USA) in order to rinse the circulating blood with filtered saline
(speed 15 mL/min) for 5 min and then a fixative (filtered 4%
paraformaldehyde-PBS solution) in a volume equal to the body weight
at 15 mL/min. Brains were isolated and incubated in 15% Sucrose 4%
PFA-PBS solution overnight and placed in 30% sucrose-PBS solution
until saturation. Samples were frozen on CO2-ice prior to sample
collection with a Leica 3050S cryostat (Leica Biosystems Nussloch
GmbH, Nussloch, Germany).
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Figure 1: Neuroanatomical basis for SuM ingestive or motivated behavior control: SuM projections were identified in the lateral hypothalamus (LH) of male rats, a brain area key in
energy balance and motivated behavior control. AAV2-mCherry anterograde tracer allowed for detection of dense SuM-originating fibers in the LH (schematic image displayed in A).
Rat brain atlas image at bregma level �4.56 mm (B). The viral injection and infection at the level of the SuM encompassed medial (SuMM) and lateral (SuML) SuM as well as large
part of dorsal SuM (sumd) with minimal spread to the mammillary region. Neuronal fibers originating in the SuM were detected in the lateral regions of LH in both left and right LH
(DeE). Magnification of the LH-detected fibers is shown in F and G. Visualization of the mCherry signal is enhanced by DAB-based immunohistochemistry hence mCherry labeled
injection area and fibers in the LH appear brown. Posterior lateral hypothalamus: PLH; 3V: third ventricle; medial mammillary nuclei, comprising pars medialis (MM) and pars
lateralis (ML) subdivisions; Arc: arcuate nucleus of the hypothalamus; VMH: ventromedial hypothalamus; AHP: anterior hypothalamic area, posterior; opt: optic tract.

Original Article
Anterograde: 10 mm sections containing brain regions of interest were
stained by immunohistochemistry for mCherry which was targeted to
neurons with the use of AAV2-hSyn-hM3D(Gq)-mCherry. Sections
were washed with Tris-buffered saline (TBS). Endogenous peroxidases
were inhibited by incubating the sections in 3% hydrogen peroxide
diluted in methanol for 20 min. Sections were permeabilized for 10 min
180 MOLECULAR METABOLISM 20 (2019) 178e193 � 2018 The Authors. Published by Elsevier GmbH. T
and non-specific binding was blocked with 10% normal donkey serum
(NDS), 1% bovine serum albumin (BSA) and 20% avidin in TBS with
0.1% Tween-20 (TBST) for 60 min. Sections were then incubated in
primary antibody overnight at 4 �C (rabbit anti-mCherry, Abcam
ab167453) diluted 1/325 in TBST with 10% NDS, 1% BSA and 20%
biotin. On the following day, sections were incubated with the Impress
his 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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anti-rabbit secondary antibody (Vector, MP-7451) for 30 min at RT. The
binding was amplified by incubating sections in biotin-tyramide solu-
tion for 7 min followed by HRP-conjugated streptavidin for 45 min (both
supplied in the Tyramide SuperBoost Kit with AlexaFluor Tyramides,
Invitrogen, B40931). The binding sites were revealed by incubating for
3.5 min in 0.05% 3,3‘-diaminobenzidine (DAB; SigmaeAldrich),
0.05% ammonium II nickel sulphate and 0.05% H2O2. Sections were
counterstained with cresyl violet and coverslipped with DPX mounting
medium (SigmaeAldrich). Staining was visualized on a Leica DM600B
microscope and images were captured with an Optronics MicroFire
Microscope camera.
Retrograde: 20 mm coronal slices were collected on SuperFrost þ
sample glasses (Thermo scientific, Waltham, MA, USA) and stored
at �80 �C. DAPI (40,6-diamidino-2-phenylindole), a blue-fluorescent
DNA stain, was used to visualize cell nuclei. Glass slides with sam-
ples were mounted after drying at RT for 20 min using Vectashield H-
1200 mounting medium (Vector Labs, Burlingame, CA, USA) and
analyzed using a Zeiss LSM700 confocal microscope (Carl Zeiss Mi-
croscopy GmbH, Jena, Germany). 10� tile images of three consecutive
slices at each coronal level (bregma �4.4, �4.55, and �4.7 mm)
were taken in multiple layers of 1e3 mm (5e6 levels) in order to
convert the images with the Maximum Projection-software (Zen soft-
ware, Carl Zeiss Microscopy GmbH, Jena, Germany) for increased
depth range.
Cell counting: Coronal brain atlas figures (Paxinos & Watson 5th edi-
tion) were superimposed on the fluorescent images of the SuM sec-
tions (9 sections were analyzed for each subject, a total of four rats,
two males and two females were included in this analysis) according to
the corresponding antero-posterior level using GIMP-software (www.
gimp.org). After addition of a transparent image layer, red circles
were plotted on top of neurons, defined by spherical EGFP expression
greater than 70 mm2 [29]. Images containing only the plotted circles in
the specific parts of the SuM were exported as jpeg images for
analysis. Fiji software [30] was used to automatically count the plotted
circles after first conversion of the images into 8-bit gray scale and
then by running the particle analysis program.

2.4. In situ hybridization using RNAScope
To localize GLP-1R in the SuM, in situ hybridization for GLP-1R was
performed utilizing the RNAscope Multiplex Fluorescent kit
(Advanced Cell Diagnostics). Briefly, fresh frozen 12 mm thick SuM-
containing brain sections were fixed in 10% formalin (ThermoFisher
Scientific, Waltham, MA) for 30 min at 4 �C. Following 2 washes in 1X
PBS, brain slices were dehydrated in 50% (5 min), 70% (5 min) and
2 � 100% (5 min each) ethanol and treated with protease solution
(pretreatment IV) at RT for 1 h. The protease was washed away with
3 � PBS for a total time of 15 min. Target probe for GLP-1R (Rn-
Glp1r-315221) was applied directly on the sections to cover them
completely and incubated at 40 �C for 2 h in the HybEZ oven. Next,
slides were incubated with preamplifier and amplifier probes (AMP1,
40 �C for 30 min; AMP2, 40 �C for 15 min; AMP3, 40 �C for 30 min),
and then with fluorescently labeled probes for GLP-1R (red Alexa-
555). Finally, brain sections were incubated for 30 s with DAPI
(shown in blue) and mounted with mounting medium for fluores-
cence (H1000, Vector Laboratories, USA). Fluorescent images of
coronal brain sections containing SuM from one male and one female
were captured using a confocal microscope (Zeiss LSM700, Ger-
many) and processed with Zen lite software. For co-localization of
GLP-1R mRNA and the retrograde EGFP signal 20 mm sections ob-
tained from the neuronal tract tracing experiment (one male and one
female rat) were processed as described above for GLP-1R
MOLECULAR METABOLISM 20 (2019) 178e193 � 2018 The Authors. Published by Elsevier GmbH. This is an open
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RNAscope. Thus in total RNAscope procedure was performed in two
males and two females.

2.5. Real time PCR
Brains were collected from 17-week-old rats, frozen, and placed in the
cryostat. SuM, LH, nucleus accumbens (encompassing both the shell
and the core regions), and NTS were collected using disposable biopsy
punches with plungers (INTEGRA, USA) to assess GLP-1R expression
using quantitative real-time PCR (qPCR). RNA was isolated using the
RNeasy Lipid Tissue Mini Kit (Quiagen, Germany) and GLP-1R levels
were quantified using Taqman gene expression kits from Life Tech-
nologies using beta actin as the housekeeping gene (Primer infor-
mation: GLP-1R: Rn00562406_m1; beta actin: RN00667869_m1).
Comparative threshold cycle method [31] was used to quantify relative
mRNA expression. For both sexes SuM GLP-1R expression relative to
beta actin was set as 1 to visualize the expression in SuM relative to
other brain regions.

2.6. Drugs
The GLP-1R agonist exendin-4 (Ex4) and GLP-1R antagonist exendin-9
(Ex9) were purchased from Tocris (Bristol, UK), dissolved in artificial
cerebrospinal fluid (aCSF; Tocris; used as vehicle), and stored as ali-
quots at�20 �C. For testing responses to Ex4 all rats were given 50%
of their normal chow intake overnight in order to make sure that
sufficient level of ingestion is achieved for it to reveal a hypophagic
response. Ex4 was infused into the SuM at two doses, 0.01 and
0.03 mg, in a volume of 0.3 ml early in the light phase and testing was
conducted 20 min after. To test the effect of Ex9, the rats were fasted
overnight and then given a meal of chow for 20 min. Directly after this
meal, the rats received 10 mg of Ex9 (0.3 ml) and were tested 10 min
after. All pharmacological treatment experiments were performed
within subject, and drug and vehicle injections were applied in a
counterbalanced (Latin square) design. Thus for all pharmacological
treatment studies, the number of subjects in the vehicle and drug
group is the same (always tested within subject). All pharmacological
testing, except during obesogenic diet maintenance, was performed on
naïve (untreated but trained for the operant condition procedure as
describe below) SuM-cannulated rats or VTA-cannulated rats. The Ex4
effect on obesogenic diet was tested in control and knockdown rats
(described below).

2.7. Operant conditioning
The operant conditioning procedure is used to assess the motivation to
obtain a reward, in this case food reward in the form of a 45 mg
sucrose pellet. Training and testing were conducted in rat conditioning
chambers (Med-Associates, Georgia, VT, USA) as described previously
[18,32]. All operant response testing was performed under the pro-
gressive ratio schedule (PR) in 60 min sessions.

2.8. Locomotor activity
Locomotor activity was measured during the PR testing procedure with
infrared sensors located 3 cm from the floor, which allow for detection
of movement in the horizontal plane.

2.9. Determination of estrous cycle phases
Estrous cycle was assessed by microscope examination of unstained
smear preparations collected from the females each morning or
immediately after operant conditioning on days where operant test
was performed. Cycle phase was also later confirmed after Papa-
nicolaou smearing and hematoxylin and eosin staining as described
previously [33].
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2.10. GLP-1R knockdown
To knockdown the expression of the GLP-1R in the SuM, a short
hairpin RNA (shRNA) targeting GLP-1R transcripts, was used (for de-
tails see [34]). Preliminary in vitro studies demonstrated w88%
knockdown of GLP-1R expression in a rat neuronal cell line transfected
with this shRNA [34]. To knockdown GLP-1R expression in vivo, this
shRNA sequence was cloned and packaged into an adeno-associated
virus (AAV) (serotype 1; titer ¼ 5.22e12) in collaboration with the Viral
Vector Core at the University of Pennsylvania. We have previously
shown that this construct reduces GLP-1R expression in vivo, for
example in the rat VTA and LH by 50% [34,35]. A GFP-expressing AAV
(titer ¼ 5.0e12) was used as a control. To determine the functional
significance of endogenous GLP-1R signaling in the SuM, rats were
surgically implanted with SuM-directed guide cannulae as described
above for neuropharmacology experiments. Once rats achieved stable
sucrose motivated behavior on PR, AAV-expressing GFP (AAV-GFP) or
the GLP-1R shRNA (AAV-GLP-1R-shRNA) was infused into the SuM
(0.3 ml over 3 min). Microinjectors were left in place for 10 min after
infusion to allow for diffusion away from the injection site. Rats chosen
for each treatment group were matched for body weight, food intake,
and food reward parameters on PR. The averages for each treatment
group prior to AAV infusions were as follows: female controls body
weight 253 � standard deviation of 19.4 g (n ¼ 9) and knockdown
253� 17.6 g (n¼ 9) (p¼ 0.9); male controls body weight 398� 45 g
(n ¼ 8) and knockdowns 399 � 37 g (n ¼ 10) (p ¼ 0.9); female
controls sucrose pellets earned in PR 10 � 2 and knockdowns 10� 3
(p ¼ 0.9); male controls sucrose pellets earned in PR 10 � 2 and
knockdowns 10 � 3 (p ¼ 0.9). For PR the average of the last three
sessions before the shRNA injection was taken to obtain the most
stable value for the group divisions. Body weight and food intake were
measured daily after AAV construct infusion for four weeks. In addition,
motivated behavior for food (PR operant test) was tested at 21 days
after infusion for rats maintained on chow and at day 21 of new diet
exposure for rats maintained on the obesogenic diet. All rats were
offered the obesogenic diet four weeks after AAV infusion. At the start
of the obesogenic diet exposure the body weight of female controls
was 308 � standard deviation of 20 g (n ¼ 9) and knockdowns
301 � 28 g (n ¼ 10) (p ¼ 0.5). The starting body weight for male
controls was 525 � 33 g (n ¼ 9) and knockdown 537 � 59 g (n ¼ 9)
(p ¼ 0.6).

2.11. HFHS diet
In order to test the contribution of SuM GLP-1R to food intake, food
motivation, as well as body weight control under conditions chal-
lenging homeostasis, we exposed SuM GLP-1R knockdown rats to a
high fat and sugar choice diet (a choice of lard, 30% sucrose solution,
and chow). This diet was also used as the obesogenic maintenance
diet during the AAV-shRNA experiment described above.

2.12. Adipose tissue collection
Inguinal (subcutaneous) adipose tissue was dissected upon
termination of the knockdown experiment by creating a wide skin
incision on the abdominal side, removing the skin, and subse-
quently removing the fat from the underlying muscle layer with the
inclusion of the dorsal lumbar pad. After removing the pad, any
lymph nodes present among the fat were removed. Dorsal sub-
cutaneous pad was not included in this dissection. The gonadal fat
pad was dissected by opening the abdominal wall and extracting
the genitals (ovaries or testes, according to the sex) from the
abdominal cavity. The fat was then carefully separated from the
surrounding tissues.
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2.13. Statistical analysis
All the data are presented as mean� SEM. Statistical significance was
analyzed using Student’s t test for comparisons of two groups, or one-
or two-way ANOVA with post-hoc HolmeSidak tests when appropriate
(GraphPad Prism 7 Software, Inc). P values lower than 0.05 were
considered statistically significant.

3. RESULTS

3.1. SuM innervates the lateral hypothalamus in male and female
rats
AAV2, a viral vector primarily taken up at the region of dendrites and
cell bodies [27], was applied for anterograde mapping originating in
the SuM and encompassing both lateral and medial SuM in a male rat.
It indicated a dense bundle of fibers specifically in the LH (Figure 1).
This strongly suggested that SuM neurons innervate the LH. However it
does not unequivocally show that these are terminating fibers;
moreover, it does not differentiate the regional distribution of projection
neurons within the SuM. In order to confirm these results, determine
which region of SuM sends the LH projections, and confirm that these
are in fact terminating in the LH, we utilized the novel designer
retrograde virus AAV2 (Retro)-eSyn-EGFP (Figure 2A), which permits
robust retrograde access to projection neurons with efficiency com-
parable to classical synthetic retrograde tracers [26]. In this experi-
ment we also included female rats in order to begin to understand
potential sex differences in the SuM-LH link. Delivery of the retrograde
EGFP AAV-vector was confirmed to localize to the LH by a dense green
cloud of fluorescent signal composed of fibers as well as local cellular
populations sending input within the LH (Figure 2B,C). Importantly, we
observed a robust expression of EGFP in neurons throughout the SuM
(Figure 2DeK). While a high number of cell bodies of LH-projecting
neurons was found in both male and female brains, the expression
profile of single EGFP positive neurons in the target region of the SuM
differed between female and male rats. The male rats had a signifi-
cantly higher number of lateral SuM neurons ipsi- or contra-laterally
projecting to the LH (Figure 2L,M). No sex differences were identi-
fied in the medial SuM (Figure 2N). When all SuM LH-projecting
neurons are analyzed males had significantly more LH-projecting
neurons (Figure 2O). We further analyzed rostral (bregma �4.34
to �4.54 mm) and caudal (bregma �4.56 to �4.74 mm) SuM LH-
projecting neurons separately (Figure S2), which revealed that the
rostral SuM underlies most of the discovered sex difference; however,
the caudal SuM had largely similar trends, albeit less pronounced
compared to the more rostral sections. Representative images for the
rostral SuM are displayed in Figure 2D,E, for male and female
respectively, with the corresponding diagrams of cells identified in the
rostral region shown in F and G. Similarly, for the caudal SuM repre-
sentative images are shown in 2H and I, and diagrams in J and K.

3.2. GLP-1R are present in SuM of male and female rats
Clear and dense GLP-1R mRNA expression was detected throughout
the SuM (Figure 3A) in both male and female rats. Comparison of SuM
GLP-1R mRNA levels (n ¼ 7 female, Figure 3B; n ¼ 7 male rats,
Figure 3C), with those present in other sites of GLP-1R expression
known to have an important contribution to intake and reward pro-
cesses, reveals that expression of SuM GLP-1R is comparable with the
expression in the LH and nucleus accumbens, but lower compared to
that found in the nucleus of the solitary tract. Based on quantitative RT-
PCR of SuM tissue, no sex differences were readily observed in GLP-1R
mRNA expression in SuM (delta Ct values to beta actin in females:
14.8 � 0.3 (n ¼ 7); and males: 15.1 � 0.2 (n ¼ 7); p ¼ 0.4). These
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Figure 2: Lateral and medial SuM innervates the LH. Retrograde viral tracer (A) was injected into the LH of female (B) and male (C) rats. Representative confocal images for
females (D, H) and males (E, I) in rostral (D,E) and caudal (H,I) SuM, as well as cell body maps corresponding to the confocal images (females: F, J; males: G, K) highlight sex
differences in the SuM to LH connectivity. Higher magnification images (1e4) show clear cell bodies with green fluorescent retrogradely carried EGFP. For both sexes, 1e3 are
taken from the lateral SuM and 4 from the medial SuM. Comparison of the number of cell bodies of neurons projecting to LH from the ipsilateral (L) SuM of males and females
indicates that more LH-projecting neurons are found in males compared to females. Similarly, more LH-projecting neurons are found in the contralateral SuM of males (M). In
contrast, medial SuM contained similar numbers of EGFP-labeled neurons in males and females (N). Analysis of all SuM LH-projecting neurons indicates that males have
significantly more LH-projecting neurons (O). The representative neuron shown in A was visualized by performing DAB-immunohistochemistry on EGFP retrogradedly carried from
LH to lateral SuM in a male coronal section. Cell nuclei are labeled in blue with DAPI. 9 sections were analyzed for each subject, a total of four rats, two males and two females
were included in this analysis * p < 0.05, **p < 0.01, ***p < 0.001.
results highlight that cells in the SuM are wired to respond to GLP-1 or
its analogues, in both sexes, and warrant further studies on the po-
tential role that this receptor population may play in energy balance
control.
MOLECULAR METABOLISM 20 (2019) 178e193 � 2018 The Authors. Published by Elsevier GmbH. This is an open
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3.3. GLP-1R mRNA is present in LH-projecting SuM neurons of
male and female rats
We identified neurons in the lateral SuM, an area with the highest
number of LH-projecting neurons in both sexes within the SuM, that
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Figure 3: GLP-1R are expressed in the SuM of male and female rats. A. Clear and dense GLP-1R mRNA expression was detected, using RNAscope in situ hybridization, throughout
the SuM in both male and female rats. Representative images, taken at the same level of the medial SuM, from one male and one female are show here. No sex differences were
readily observed in GLP-1R mRNA expression in SuM (see PCR-based quantification in the results text). The high magnification individual cell images are displayed on the right
panel for both sexes. The last cell for each sex shows an example of a cell not expressing any GLP-1R mRNA. Cell nuclei are shown in blue and labeled with DAPI. For exact SuM
location of displayed images see Figure S3. Quantitative comparison of SuM GLP-1R mRNA levels (n ¼ 7 male and n ¼ 7 female rats) with expression of GLP-1R mRNA in other
GLP-1R-expressing nuclei in females (B) and males (C). All expression is shown relative to SuM, and the order of presentation is from lowest to highest GLP-1R mRNA levels. ns:
not significant, **p < 0.01, ****p < 0.0005 compared to GLP-1R mRNA levels found in SuM (entire SuM included, both medial and lateral wings). NAc: nucleus accumbens, NTS:
nucleus of the solitary tract.
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show GLP-1R expression, as indicated by red fluorescent in situ hy-
bridization signal, in AAV2 (Retro)-eSyn-EGFP labeled neurons
(Figure 4). Thus, GLP-1R are present on LH-projecting SuM neurons of
both sexes (representative images from male (Figure 4AeF) and fe-
male rats (Figure 4GeL)). Of note, both the medial and lateral sub-
division of the SuM (in both sexes) also contained GLP-1R not labeled
with EGFP, suggesting that the LH may not be the only SuM innervation
target impacted by GLP-1R activation. As indicated on the brain atlas
sections of Figures S3 and S4, the GLP-1R expression in the medial
SuM is displayed in Figure 3 and in the lateral SuM in Figure 4.

3.4. Activation of SuM GLP-1R reduces food intake in male and
female rats
Chow intake at 1 and 24 h was suppressed by both Ex4 doses tested in
males (F(2, 24) ¼ 8.03; P ¼ 0.003; Figure 5A and F(2, 24) ¼ 8.24;
P ¼ 0.005; Figure 5B). This intake reduction was also associated with
weight loss at the 24 h measurement (F(2, 24) ¼ 4.1; P ¼ 0.048;
Figure 5C). Blockade of GLP-1R by intra-SuM injection of Ex9, did not
alter food intake in male rats (Figure 5D). Female rats reduced their
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intake at 1 and 24 h (F(2, 26) ¼ 4.24; P ¼ 0.03; Figure 5E and
F(2, 26) ¼ 4.53; P ¼ 0.03; Figure 5F), and body weight (F(2, 26) ¼ 3.5;
P ¼ 0.05; Figure 5G), with only the higher Ex4 dose exerting a sig-
nificant influence. In contrast to male rats, blockade of GLP-1R in
female rats slightly but significantly increased chow intake (Figure 5H).
Considering the high intake of vehicle-injected rats in this experiment
we cannot exclude the possibility of a ceiling effect on intake in the
male rats as a potential explanation for a lack of effect of Ex9 in males.

3.5. SuM GLP-1R activation affects ingestive behavior of a
palatable food and chow choice diet in male and female rats
Since SuM GLP-1R activation led to a reduction in ingestive behavior
for chow, we next set out to understand whether GLP-1R activation in
SuM is equally effective at decreasing intake of foods with higher
palatability. We chose to do this by offering the rats a choice of chow,
lard, and 30% sucrose solution during the SuM Ex4 (0.03 mg) test.
These foods constituted the maintenance diet for these rats for 3
weeks before testing. Under this experimental design both male
(n¼ 9) and female (n¼ 8) rats reduced the intake of high calorie foods
his 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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Figure 4: GLP-1R are present on SuM neurons innervating the LH. Representative images, taken at the same level (bregma e 4.36 mm, see Figure S4 for further detail) of the
lateral SuM for male and females, are shown here. Cell bodies labeled with green fluorescent protein (EGFP) retrogradely carried from the LH are detected in the lateral SuM of
male (A) and female rats (G). GLP-1R mRNA expression, detected by RNAscope in situ hybridization, was found throughout the same area of SuM in both male (B) and female rats
(H). High magnification of individual cell images, displayed below the main panels (CeF and IeL) for both sexes, clearly indicates GLP-1R mRNA present on the SuM neurons
projecting to the LH. The green serrated line represents a trace of the green EGFP label (to outline the cell body and fibers in the image) and is superimposed on the RNAscope
image in order to reveal the signal in the cell that is otherwise made less visible by the strong EGFP label. The scale bar on the magnified panels indicates 10 microns in length.
offered after Ex4 administration (Figure 6AeD). Even though at 1 h the
trends in females did not reach significance, a statistical comparison
with the significant effect in male rats revealed that there is no dif-
ference between the male and the female intakes at 1 h after Ex4 was
applied to the SuM (Figure 6A vs. Figure 6C, two-factor ANOVA for
sucrose: interaction F (1, 13) ¼ 0.056, P ¼ 0.8, effect of drug
MOLECULAR METABOLISM 20 (2019) 178e193 � 2018 The Authors. Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
F (1, 13) ¼ 7.03, P < 0.05, effect of sex F (1, 13) ¼ 1.33, P ¼ 0.5; for
lard: F (1, 15) ¼ 1.51, P¼ 0.24, effect of drug F (1, 15) ¼ 1.5, P¼ 0.24,
effect of sex F (1, 15) ¼ 0.2, P ¼ 0.7; for chow: F (1, 15) ¼ 3.031,
P ¼ 0.1 effect of drug F (1, 15) ¼ 14.05, P < 0.005, effect of sex
F (1, 15) ¼ 2.23, P ¼ 0.16). Surprisingly, at 1 h the intake of chow was
significantly increased in males, while palatable food ingestion was
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Figure 5: Activation of SuM GLP-1R reduces chow intake and body weight in male and female rats, while blockade of these receptors is only effective in females. Chow ingestion
is markedly reduced by both doses of Ex4 at 1 (A) and 24 h (B) measurements in male rats. Similarly a marked reduction in body weight is produced by both doses of SuM-targeted
Ex4 (C). However, blockade of SuM GLP-1R in males did not result in hyperphagia (D). In female rats chow intake was also reduced by intra-SuM Ex4 microinjections, at 1 (E) and
24 h after the treatment (F), but only at the higher dose of Ex4. Similarly female rats also lost weight (G). In contrast, to male response, blockade of SuM GLP-1R resulted in mild
hyperphagia in females (H). Data are expressed as mean � SEM. n ¼ 13 for male rats and n ¼ 14 for female rats, tested in a counterbalanced (Latin square) design.*p < 0.05,
**p < 0.01,***p < 0.001 compared to vehicle (aCSF).
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simultaneously reduced (Figure 6A,E). Similar trends were present in
females (Figure 6C,E). Pie charts illustrate the shift in source of cal-
ories, acutely produced by Ex4 in male and female rats (Figure 6E).
Interestingly this shift is no longer detectable when 24 h intakes are
evaluated. At this time point intake of all foods is significantly reduced
in both sexes (two-factor ANOVA for sucrose: interaction F (1, 13)¼ 1.6,
P ¼ 0.23, effect of drug F (1, 13) ¼ 40.7, P < 0.0001, effect of sex
F (1, 13) ¼ 1.33, P ¼ 0.4; for lard: interaction F (1, 14) ¼ 1.0, P ¼ 0.34,
effect of drug F (1, 14) ¼ 8.7, P< 0.05, effect of sex F (1, 14) ¼ 0.0003,
P¼ 0.9; for chow: interaction F (1, 14) ¼ 0.98, P¼ 0.34, effect of drug
F (1, 14) ¼ 13.7, P < 0.005, effect of sex F (1, 14) ¼ 0.98, P ¼ 0.34).
One rat was removed from each sex in sucrose analysis due to
spillage. Although, if calculated by % intake of vehicle, chow intake
was the least affected by the treatment, compared to the effect on
sugar or lard.

3.6. Activation of SuM GLP-1R reduces food reward in a sex
dimorphic manner
Intra-SuM Ex4 microinjection reduced food reward behavior in male
rats, as indicated by reduced number of sucrose rewards earned
(F(2, 24) ¼ 13.7; P ¼ 0.0004; Figure 7A) and reduced number of lever
presses emitted for the sucrose rewards (F(2, 24)¼ 10.78; P¼ 0.0006;
Figure 7B), without changes in locomotor activity (F(2, 24) ¼ 0.88;
P¼ 0.39; Figure 7D). Food seeking behavior was also reduced in male
rats (F(2, 24) ¼ 10.22; P ¼ 0.0007; Figure 7C). Surprisingly, the same
treatment did not change any of the sucrose motivated behavior pa-
rameters measured in female rats (Figure 7EeH). Since previous
findings indicate that GLP-1R effects are modulated by the estrous
cycle phase and estrogens in females [35], it remained possible that
the lack of effect of the SuM treatment on motivated behavior in fe-
males was due to low estrogen levels at the time of testing, if by
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chance most of the female rats happened to be in metestrous/dies-
trous phase. Thus, we next tested the effect of Ex4 in SuM in rats in
cycle phases characterized by high estrogen levels or estrogen
signaling (proestrous and estrous) or low estrogen levels (metestrous/
diestrous). Segregating the effect to these cycle phases did not,
however, change the results, and females in all phases remained
unresponsive to intra-SuM Ex4 injection (Figure S5).

3.7. Motivated, but not ingestive, effects of VTA GLP-1R activation
are sex dimorphic
The VTA is a brain region, which harbors cell bodies of dopaminergic
neurons. It is widely recognized for its key role in the control of
motivated behavior and its dysfunction in diseases of addiction. It is
located just dorsally and partly caudally to the SuM. Because of the
clear sex dimorphism in motivated behavior control in SuM, and lack of
any data on the effect of Ex4 in the VTA of female rats, we decided to
ask whether a similarly divergent response is also derived from VTA
GLP-1R. In contrast to the results obtained from SuM, GLP-1R acti-
vation was effective at reducing motivated behavior and food seeking
for food for both sexes (Figure 8A,C,E). Not only was the response
clearly present in females but it was also significantly more potent in
females, compared to males (Figure 8B,D,F). Interestingly, no effect of
estrous cycle on the VTA GLP-1R activation was found (Figure S3).
Ingestive behavior on the other hand followed the same pattern as that
obtained from the SuM where both sexes were similarly affected by
GLP-1R activation in the VTA (Figure 8G,H).

3.8. Chronic SuM-targeted GLP-1R silencing
To determine whether endogenous GLP-1R signaling in the SuM is
necessary for regulation of body weight, food intake, and motivation for
a food reward, AAV-GFP or AAV-GLP-1R-shRNA were administered
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Figure 6: SuM GLP-1R activation affects ingestive behavior of a choice of palatable and chow diet in male and female rats. 1 (A) and 24 h (B) intake of each macronutrient and
total intake (in kcal) in males. 1 (C) and 24 h (D) intake of each macronutrient and total intake (in kcal) in females. Pie charts illustrate the shift of energy source selection at 1 h in
males and females after intra-SuM vehicle or Ex4 injections, the total below each chart represents the total kcal consumed and included in the chart (E). Data are expressed as
mean � SEM. n ¼ 7e8 for male rats and n ¼ 8e9 for female rats, tested in a counterbalanced (Latin square) design. #p < 0.09, *p < 0.05, **p < 0.01, ****p < 0.0005
compared to vehicle (aCSF).
into the SuM of male and female rats. The efficiency of the knockdown
was confirmed by RT-PCR to be identical to that shown by our two
previous in vivo studies [34,35]: ~50%, with no sex differences
detected. In contrast to the very potent effect of GLP-1R blockade in the
LH on behavior [35], we did not find any significant effect on food
motivated behavior (Figure 9A,B) or chow intake and body weight gain
over one month period of measurements (Figure 9E,F) in male or fe-
male rats (Figure 9G,H,K,L). However, food-seeking behavior was
significantly increased in male rats with reduced GLP-1R expression in
SuM (Figure 9C, P ¼ 0.01), without an alteration in general locomotor
activity (Figure 9D). While there was a trend towards a significant
increase in females, this did not reach significance (Figure 9I).
MOLECULAR METABOLISM 20 (2019) 178e193 � 2018 The Authors. Published by Elsevier GmbH. This is an open
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Moreover a two-factor ANOVA, analyzing the interaction of sex and
knockdown on this parameter did not indicate a significant effect of sex
(F (1, 31) ¼ 0.02, P ¼ 0.9), or an interaction (F (1, 31) ¼ 0.03, P ¼ 0.9)
on food seeking while indicating a strong trend for an effect of
knockdown (F (1, 31) ¼ 3.513, P ¼ 0.07). Since silencing of GLP-1R in
SuM led to only minor disruption in food seeking but not other
metabolic or behavioral parameters measured, we next set out to
challenge the GLP-1R knockdown rats with a high-fat/sugar choice
diet to test whether this manipulation would uncover the contribution of
GLP-1R in SuM. In contrast to our hypothesis, no changes to weight
gain, food intake, or food motivated behavior were detected under the
obesogenic diet in SuM knockdown rats compared to controls, males
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Figure 7: Activation of GLP-1R in the supramamillary nucleus (SuM) reduces food reward in a sexually dimorphic manner. Intra-SuM GLP-1 analogue, Ex4, microinjection reduces
the amount of sucrose rewards earned (A) and the number of lever presses for the rewards (B) in a progressive ratio (PR) schedule in male rats. Ex4 microinjection also led to a
reduction in food seeking for sucrose, without changing locomotor activity (D) in male rats. In contrast to the behavioral changes detected in males, none of the measured
parameters were altered in female rats after SuM GLP-1R activation with Ex4 (EeH). Data are expressed as mean � SEM. n ¼ 13 for male rats and n ¼ 14 for female rats, tested
in a counterbalanced (Latin square) design. *p < 0.05, **p < 0.01,***p < 0.001 compared to vehicle (aCSF).
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and females alike (Figure 10, Figure S7). Male rats, however, had
heavier GWAT after SuM GLP-1R knockdown (Figure 10C). Two outlier
values were removed from the GWAT and IWAT data set, as they were
both less than 50% of the group average value. Considering the small
effect of the knockdown on the parameters measured in this study, the
functional efficiency of the knockdown was further confirmed by in-
jection of Ex4 (0.03 mg) directly into the SuM followed by measurement
of food intake at 24 h, performed four weeks following the obesogenic
diet exposure. Control rats, injected with Ex4 (n ¼ 15, 8 males, 7
females) consumed 47% � 6% of the total calories consumed over
24 h by vehicle-injected rats (all data broken down by macronutrient
and sex presented in Figure 6). In contrast, Ex4-injected GLP-1R
knockdown rats (n ¼ 18, 9 males and 9 females) consumed
113% � 34% of the total calories consumed on vehicle injection day
(p < 0.05, Figure 10G). Thus, SuM GLP-1R knockdown was sufficient
to block the anorexic response to exogenous GLP-1R agonist. More-
over, SuM GLP-1R gene expression levels were significantly reduced in
the same animals (p < 0.01, Figure 10H), and the level of knockdown
was similar to that achieved in previous studies [34,35].

4. DISCUSSION

Almost nothing is known about the role of the SuM in control of
consummatory ingestive or motivated behaviors, and, to the best of our
knowledge, no previous study has specifically investigated the SuM of
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females. Here we identify dense and partly sex dimorphic SuM inner-
vation of the LH, a brain area well-known for its potent ability to regulate
food intake and body weight. We also show that GLP-1R are expressed
throughout the SuM of male and female rats. These receptors were
functionally relevant since our behavioral data indicate that they were
sufficient, and in select conditions necessary, for ingestive behavior
control in males and females. Moreover, SuM GLP-1R control of food
reinforcement is sex specific, with SuM GLP-1R control for food-
motivated behaviors being present only in males. In obese male rats
shRNA-mediated loss of SuM GLP-1R exacerbated visceral fat gain,
without affecting any parameters measured in females.
We identified a direct neuroanatomical connection between the SuM
and the LH in both male and female rats, suggesting that the SuM is
neuroanatomically positioned to control feeding behavior. Many LH-
projecting neurons were located in the lateral subdivision of SuM,
with male rats showing a significantly higher number of LH-projecting
neurons in this subdivision. LH-projecting neurons were also clearly
present in the medial SuM, however, in this subdivision of SuM, no sex
differences were detected. Furthermore, GLP-1R expression was
identified throughout SuM in both males and females. More impor-
tantly, GLP-1R were present directly on neuronal cell bodies deter-
mined to innervate the LH, suggesting that GLP-1R activation in the
SuM may, in part, act by changing neural communication between the
SuM and the LH. Expression of total SuM GLP-1R was similar between
males and females, and comparable to that found in the LH, and
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Figure 8: Motivated and ingestive effects of VTA GLP-1R activation. In contrast to the
results obtained from SuM, GLP-1R activation was effective at reducing motivated
behavior and food seeking for food for both sexes (A, C, E). Not only was the response
clearly present in females but it was also significantly more potent (B, D, F). Inter-
estingly, no effect of estrous cycle on the VTA GLP-1R activation was found (Figure S6).
Ingestive behavior on the other hand followed the same pattern as that obtained from
the SuM, where both sexes were similarly affected by GLP-1R activation in the VTA (G,
H). Data are expressed as mean � SEM. n ¼ 11 for male rats and n ¼ 12 for female
rats, tested in a counterbalanced (Latin square) design.*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0005 compared to vehicle (aCSF).
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nucleus accumbens, but lower compared to the nucleus of the solitary
tract. All three comparator sites have been previously found to be of
importance for GLP-1R control of behavior and metabolism
[14,18,19,35e40]. The GLP-1R expression in the SuM is likely com-
plemented by direct delivery of the endogenous brain-produced GLP-1,
since a previous study identified preproglucagon immunoreactive fi-
bers in the SuM of a rat, and, interestingly, this immunoreactivity was
stronger in the SuM compared to the neighboring VTA [41]. While GLP-
1 immunoreactive cells and fibers have been identified in the brain of
human [15] and non-human primates [42], with a great degree of
overlap indicated between the rodent and primate data, to the best of
our knowledge, the SuM has not yet been evaluated in primate studies.
However, as recently indicated by the group of Kanoski and colleagues
[43] endogenous GLP-1 can also be delivered to sites quite distal of the
nucleus of the solitary tract (e.g. hippocampus) via the cerebrospinal
fluid (volume transmission). Same delivery route was also recently
identified for other neuropeptides (e.g. MCH [44]). This route of delivery
is likely relevant for the SuM, as this nucleus is located in proximity of
the mammillary recess of the 3rd ventricle.
Activation of SuM GLP-1R suppressed chow intake; this effect lasted
throughout the 24 h measurement and led to reduced weight gain in
both sexes. These data indicate that satiation signals acting in the SuM
can clearly regulate intake of less palatable food. The effect size of
intake suppression was substantial, especially in males, with the rats
treated with the highest dose of Ex4 eating only half of the chow that
vehicle-injected rats ate. While consumption of chow was suppressed
in both sexes after SuM Ex4, only male rats responded with a reduced
sucrose motivated behavior. This is somewhat surprising since our
previous data indicate that adding estrogen to GLP-1 (by conjugation of
the two compounds) potently increases sucrose motivated behavior
suppression in males compared to vehicle or GLP-1 alone, thus it could
follow that females, by virtue of having higher circulation estrogen
levels than males may exhibit higher motivated behavior suppression
compared to males [22,23]. Alternatively, it may be that due to the
chronically elevated average levels of estrogen in females, there is a
degree of tachyphylaxis for estrogen signaling to enhance GLP-1R
signaling. Indeed, females in a state of high circulating estrogen
levels did not reduce their operant performance for sucrose after Ex4.
Since SuM GLP-1R activation led to a reduction in ingestive behavior
for chow, but not motivated behavior, for sucrose in female rats we
next set out to understand whether the lack of effect in females was
driven by increased food palatability or the operant paradigm imposed
to obtain the food. We chose to do this by offering the rats a choice of
chow, lard, and sucrose solution. In this experiment females, like
males, potently reduced their intake of all foods, including sucrose.
Thus the lack of effect on motivated behavior in females is unlikely to
be driven by the sucrose as the source as reward. It is possible that the
differential SuM innervation of, for example the LH shown here, or
potentially other reward-relevant brain areas underlies our inability to
affect motivated behavior in females after SuM manipulations. This
theory, however, is purely speculative at this point and remains to be
evaluated.
There is no literature evaluating SuM contribution to motivated
behavior of any kind in female rodents, thus it is difficult to speculate
whether the lack of GLP-1R activation effect in females can be
extended to reinforcers other than food. For males, however, the SuM
is a self-stimulation hotspot [11] and disinhibiting SuM neurons, by
administration of GABAA antagonist, increases nicotine, amphetamine,
and cocaine self-administration [9,45,46]. Together with previous data
showing that GLP-1R activation in male rats or mice reduces reward
derived from nearly all drugs of addiction, including cocaine, nicotine,
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Figure 9: GLP-1R in the SuM are not necessary for ingestive and motivated behavior regulation, but their loss results in increased food-seeking behavior in lean male rats. In male
rats knockdown of GLP-1R in the SuM did not alter sucrose rewards earned (A), and lever presses for the rewards (B) in a progressive ratio (PR) schedule. However, food-seeking
(# of entries into a food dispenser) behavior was increased (C) without concurrent changes in locomotor activity (D). Cumulative food intake or weight gain, measured over 4 weeks,
was not altered by the SuM GLP-1R knockdown (E, F). In males: n ¼ 9e10 for control (cntrl) and n ¼ 8e9 for GLP-1R knockdown (Glp1rKD). SuM GLP-1R knockdown did not alter
the amount of sucrose rewards earned (G), lever presses for the rewards (H) in a progressive ratio (PR) schedule, food-seeking (# of entries into a food dispenser) (I), locomotor
activity (J), cumulative food intake (K) or weight gain (L). In females: n ¼ 9 for control and n ¼ 9e10 for GLP-1R knockdown. Representative images of male (M) and female (N)
EGFP expression in the SuM fluorescent microscope photo superimposed on an atlas drawing (plate 71, bregma �4.56 mm). White serrated line represents rat atlas SuM border.
Data are expressed as mean � SEM. n ¼ 8e10 for male rats and n ¼ 9e10 for female rats.*p < 0.05, compared to vehicle (aCSF).
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Figure 10: GLP-1R in the SuM are not necessary for food intake or body weight maintenance in high-fat/sugar-fed rats. Knockdown and control male (n ¼ 9 for both treatment
groups) and female (n ¼ 9 for controls and n ¼ 10 for knockdown) rats were metabolically challenged with a HFHS diet, and food intake (A, D) and body weight (B, E) were
measured daily over 4 weeks. Adipose tissue weight was significantly increased for GWAT in male rats (C; n ¼ 9 for controls and n ¼ 7 for knockdown) without any significant
effect of treatment in female rats (F; n ¼ 9 for both treatment groups). Control rats, injected with Ex4 (n ¼ 15, 8 males, 7 females) consumed only half of the total calories
consumed over 24 h by vehicle-injected rats (G). In contrast, Ex4-injected GLP-1R knockdown rats (n ¼ 18, 9 males and 9 females) did not reduce their food intake (G). Moreover,
SuM GLP-1R gene expression was significantly reduced in the same animals (H). IWAT; inguinal subcutaneous white adipose tissue. GWAT; gonadal white adipose tissue. Data are
expressed as mean � SEM. *p < 0.05, **p < 0.01.
amphetamine and alcohol [20,47], it is very likely that SuM GLP-1R
activation in males is effective at reducing motivated behaviors for
rewarding substances other than food.
Activation of GLP-1R in the VTA suppressed motivated and ingestive
behaviors in both sexes, with the effect in males being comparable to
previous literature [17,18]. The VTA-directed drug infusion performed
in this study revealed a sex interaction, with respect to motivated
behavior that was opposite to that detected for the SuM, with females
showing a significantly more potent response. Taking together the
motivated behavior effect of VTA and SuM GLP-1R activation, it is also
tempting to speculate that while the effect of GLP-1R activation in
MOLECULAR METABOLISM 20 (2019) 178e193 � 2018 The Authors. Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
individual mesolimbic nuclei tested here is sex divergent the net effect
of GLP-R activation in both sites may actually be similar. Considering
that female rats were previously shown to be more sensitive to intra-
ventricular delivery of some anorexic signals, for example leptin, but
less sensitive to others, for example insulin [48,49], it would be of
interest to determine whether these differential effects are driven by all
or select nuclei already known to drive an anorexic response to these
signals.
A wealth of literature shows that GLP-1R in the vast majority of CNS
nuclei tested leads to reduced intake of chow in rats and mice (see for
example [14] for data review), when chow is offered as the only source
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 191
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of calories. However, we have previously shown that when chow is
offered alongside a more palatable option e peanut butter e GLP-1R
activation will reduce intake of the palatable food but not chow [40].
Similarly NAc GLP-1R activation reduces high-fat pellet intake but does
not change intake of concurrently offered chow [17]. More importantly,
intra-VTA Ex4 injections were indicated by one previous report to in-
crease chow intake while reducing intake of high fat [17]. This is in line
with the current results, in which intra-SuM Ex4 acutely reduced intake
of sucrose but increased intake of chow. Even at the 24 h measure-
ment, chow intake was the least affected of the three foods, without
any sex differences. It is thus tempting to speculate that the VTA and
SuM do not support a purely anorexic phenotype but instead act in
concert to shift macronutrient preference. Since GLP-1-driven reduc-
tion in sucrose intake does not seem to require post-ingestive feed-
back [50], it is further tempting to consider that the macronutrient
selective reduction is regulated at the level of the orosensory feedback,
an idea that requires further testing. Additionally, the increased intake
of chow clearly refutes the idea of a general behavioral inhibition and
suggests a selective and refined behavioral regulation by SuM GLP-1R.
This is further supported by unaffected locomotor activity, measured
during the operant behavior testing.
Obese high fat/sugar-diet fed SuM GLP-1R knockdown male rats
gained significantly more body fat compared to controls. This increase
in adiposity is likely not due to increased food intake, or motivated
behavior based on current data. However, the general activity of the
knockdown rats tended to be lower compared to control rats, while this
reduction is not significant at the 60 min measurement presented here,
if it were to be maintained for multiple hours, it could accumulate to
result in a slight increase in adipose and total body weight gain. This is
made more probable by recent data identifying SuM as a new key node
in the arousal system [21].
The rather small effect of SuM GLP-1R knockdown suggests that while
SuM GLP-1R are sufficient to control consummatory ingestive be-
haviors and motivated behaviors (the latter only in males), they are not
necessary for their normal expression. This contrasts with the ne-
cessity of GLP-1R for these behaviors shown for both sexes in the LH,
or the necessity of VTA and NTS GLP-1R for motivated behavior
[34,35,37]. This can be especially surprising since SuM is sometimes
considered a caudal extension of the LH. Thus, despite neuroana-
tomical proximity, GLP-1R in these three brain nuclei have a very
different contribution to physiology and behavior. As a more minor
point, these contrasting results also indicate specificity of injection site.
Collectively our data place the SuM as an important CNS anatomical
hub in control of ingestive and motivated behaviors, as well as GLP-1R
responses. These observations show partial overlap but also a sig-
nificant divergence in function compared to its two anatomical
neighbors e the VTA and the LH. Importantly, current data for the first
time identify neuroanatomical, as well as behavioral sex differences, in
the SuM. These results are eye opening considering that to the best of
our knowledge no one to date has performed a pharmacological or
behavioral evaluation of SuM in female rodents.
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