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ARTICLE INFO ABSTRACT

Keywords: Anxiety disorders are among the most prevalent categories of mental illnesses. The gut-brain axis, along with
GLP-1 gastrointestinally-derived neuropeptides, like glucagon-like peptide-1 (GLP-1), are emerging as potential key

Supf_amammﬂlary regulators of emotionality, including anxiety behavior. However, the neuroanatomical substrates from which
A“X‘et_y GLP-1 exerts its anxiogenic effect remain poorly characterized. Here we focus on a relatively new candidate
E:ﬁjﬁ; nucleus, the supramammillary nucleus (SuM), located just caudal to the lateral hypothalamus and ventral to the

ventral tegmental area. Our focus on the SuM is supported by previous data showing expression of GLP-1R
mRNA throughout the SuM and activation of the SuM during anxiety-inducing behaviors in rodents. Data show
that chemogenetic activation of neurons in the SuM results in an anxiolytic response in male and female rats. In
contrast, selective activation of SuM GLP-1R, by microinjection of a GLP-1R agonist exendin-4 into the SuM
resulted in potent anxiety-like behavior, measured in both open field and elevated plus maze tests in male and
female rats. This anxiogenic effect of GLP-1R activation persisted after high-fat diet exposure. Importantly,
reduction of GLP-1R expression in the SuM, by AAV-shRNA GLP-1R knockdown, resulted in a clear anxiolytic
response; an effect only observed in female rats. Our data identify a new neural substrate for GLP-1 control of
anxiety-like behavior and indicate that the SuM GLP-1R are sufficient for anxiogenesis in both sexes, but ne-
cessary only in females.

1. Introduction

Anxiety disorders have a staggering prevalence in the western world
with nearly a quarter of the adult population being affected by an an-
xiety disorder at some point during their lifetime. Indeed, anxiety dis-
orders are the most common mental health disorder category in the
western world (Kessler et al., 2005; Kessler and Wang, 2008). Anxiety
disorders are also on the rise in children and adolescence, with 31 % of
youth in the US diagnosed with an anxiety disorder, according to the
National Institute of Mental Health. Some studies suggest that obesity
or diabetes may be a risk factor for anxiety, and many, but not all,
studies indicate a positive corellation between metabolic syndrome and
anxiety disorders (Gariepy et al., 2010; Li et al., 2008; Smith et al.,
2013; Strine et al., 2008). This link is perhaps not surprising, as there

are many overlapping neural circuits and neurochemicals identified as
critical for the control of both feeding and anxiety behaviors (Singh,
2014).

The supramammillary nucleus (SuM) recently emerged as a poten-
tial new component of the behavioral avoidance system (Pedersen
et al., 2017). Indirect evidence also suggests that it may be involved
specifically in the control of anxiety behaviors. Increased neuronal ac-
tivation throughout the SuM was identified in rats undergoing the open
field (Ito et al., 2009) or elevated plus-maze (Silveira et al., 1993) tests,
two well-validated rodent tests of anxiety. Reversal of fear-induced c-
Fos neuronal activation in the SuM by an anxiolytic drug, diazepam
(Beck and Fibiger, 1995), and an anxiolytic effect of SuM lesions, in rats
with elevated baseline anxiety (Aranda et al., 2006) further suggest that
the SuM is a key nucleus of the anxiety-regulating neural circuit.
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We recently found expression of the glucagon-like peptide-1 re-
ceptor (GLP-1R) throughout the SuM (Lopez-Ferreras et al., 2019). GLP-
1 is a gut/neuro-peptide made primarily in the intestine and the caudal
brainstem (Holst, 2007). It is critical for maintenance of glucose and
body weight homeostasis, and GLP-1R agonists are FDA-approved for
use in type 2 diabetes and obesity (Muller et al., 2018). However, there
is also strong evidence that GLP-1 and its CNS receptors have a less
investigated, but essential, role in emotional reactivity (Ghosal et al.,
2017; Kinzig et al., 2003; Zheng et al., 2019a).

GLP-1R manipulations in the SuM result in differential feeding and
food reinforcement effects in males compared to females (Lopez-
Ferreras et al., 2019). This differential behavioral outcome was linked
to a neuroanatomical connection between the SuM and the lateral hy-
pothalamus, a major feeding control hub. Whether SuM neurons or SuM
GLP-1R affect anxiety, and whether they do so in a sex divergent
manner, remains unknown. In fact, to the best our knowledge, the
contribution of the SuM, or the GLP-1 system, to emotional reactivity
has not been investigated in female rodents, despite key evidence that
sex differences are present in these behaviors. In fact, women are much
more likely to suffer from mood and anxiety disorders than men, as
indicated by the twofold higher prevalence of anxiety disorders in
women in the US (Kessler et al., 2012). Moreover, metanalysis of the
literature suggests that the positive relationship between obesity and
anxiety disorders may be stronger in women compared to men (Barry
et al., 2008; Gariepy et al., 2010; McLean et al., 2011; McLean and
Hope, 2010). While many different factors have been suggested to
contribute to this sex difference, the exact neurobiological mechanisms
mediating it are poorly understood.

Identifying the neural bases of anxiety-like behaviors is essential for
understanding mechanisms that contribute to normal and pathological
anxiety responses. To gain basic understanding to the contribution of
SuM neurons to anxiety-like behavior control, chemogenetic activation
of SuM neurons was employed. Next, we determined whether SuM
downstream targets support a potential role in anxiety-like behavior by
applying retrograde neural tract tracing to detect connections from the
SuM to a brain area well-known for its role in anxiety, the lateral ha-
benula (LHb), utilizing a designer retrograde viral vector (Tervo et al.,
2016). Considering the recently established role of SuM GLP-1R in
feeding control, along with a wealth of previous data indicating an
important role for the GLP-1 system in emotionality control, we first
examined whether GLP-1R binding is detected on the SuM neurons, and
next determined whether SuM GLP-1R are necessary and sufficient for
anxiety-like behavior control in male and female rats, by utilizing
pharmacological and genetic receptor manipulations.

2. Materials and methods
2.1. Animals

Male and female Sprague-Dawley rats were purchased from Charles
River, Germany (5 weeks old at arrival) and housed in individual cages
with ad libitum access to chow and water (unless otherwise stated) in a
12 -h light/dark cycle. All studies were carried out with ethical per-
missions 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) was
administered intraperitoneally to achieve surgical anesthesia. Guide
cannulae (26-gauge cannula; Plastic One Roanoke, VA) targeting the
SuM were implanted with the following coordinates adapted from
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(Vogel et al., 2016): 4.7 mm posterior to bregma, on midline, and 7.1
mm ventral from the surface of the skull, with injector aimed 9.1 mm
ventral to the skull. Dental acrylic and jeweler’s screws were used to
attach the cannulae to the skull. Cannula placement confirmation was
verified post mortem. Seven rats had a misplaced cannula. In five of
these rats injectors targeted the interpeduncular nucleus (IPN) instead
of the SuM. Since the IPN is positioned close to the SuM and it is a GLP-
1R-expressing site (Tuesta et al., 2017), all behavioral data from the
IPN-injected rats were analyzed and presented in Fig. S5.

2.3. Drugs

Exendin-4 (Ex4, a GLP-1R agonist) and exendin-9 (Ex9, a GLP-1R
antagonist) were purchased from Tocris (Bristol, UK) and dissolved in
artificial cerebrospinal fluid (aCSF; Tocris), which was also used as
vehicle. Aliquots were stored at — 20 °C. 0.03 pg of Ex4 was infused into
the SuM or IPN in a volume of 0.3 pl, and testing was conducted 20 min
after (Lopez-Ferreras et al., 2019). For Ex9, rats fasted overnight were
given a 20 min chow meal immediately prior to the injection. The rats
received 10 pg of Ex9 in a volume of 0.3 pl and their behavior was
measured 10 min after the injection (Hayes et al., 2009). Clozapine N-
Oxide (CNO; Larodan AB, Solna, Sweden) was freshly dissolved in
saline (B. Braun, Melsungen, Germany, also used as vehicle) and given
by intraperitoneal injection in a concentration of 3 mg/kg (Terburg
et al., 2018). Testing was conducted 20 min after injection. All treat-
ments were counterbalanced in a Latin square design and carried out
early in the light phase. FAM-labeled Ex4 (FAM-Ex4) was purchased
from BioNordika (Stockholm, Sweden), dissolved and used as described
for Ex4 above (in aCSF, 0.03 pg in 0.3 pl). FAM-Ex4 binds to GLP-1R on
the cell surface and the FAM label allows for green florescent signal
detection corresponding to bound molecules of FAM-Ex4. Three hours
after intra-SuM injection, under deep anesthesia brains were extracted
and frozen immediately. This timing was based on recently published
studies (Reiner et al., 2016; Terrill et al., 2016) using this technique.

2.4. Neural tract tracing

To uncover neural pathways via which SuM activation may affect
anxiety-like behaviors, a retrograde AAV vector, expressing EGFP under
the enhanced synapsin promoter (AAV2(Retro)-eSyn-EGFP, 1.2 X 1013
GC/mL; Vector Biolabs, Malvern, PA, USA; (Tervo et al., 2016)) was
injected unilaterally into the LHab, a brain nucleus hypothesized to be
downstream of the SuM, and previously linked to emotionality behavior
control (Geisler and Trimble, 2008; Gill et al., 2013; Jhou et al., 2009).
The viral infusions were carried out under anesthesia (ketamine:x-
ylazine 3:1) using a Hamilton Neuros 10 pL syringe with a 33 gauge
needle (Hamilton Co. Reno, NV, USA). The final target volume was 0.3
ul, infused over 3 min. The needle was then left for an additional 10 min
to allow diffusion of the virus into parenchyma surrounding the injec-
tion site. The following coordinates were used for the LHab viral tracer
infusion: AP -3.60, ML + 0.70, and DV -5.10 mm from the surface of
the skull. Three weeks after the viral infusions, brains were extracted
after myocardial perfusion and 20 pm coronal slices were collected and
mounted as previously described (Lopez-Ferreras et al., 2019). Two to
three consecutive slices were imaged as 10x tile images at different
coronal levels, in multiple layers of 1—3 um (5-6 levels), were taken
using a Zeiss LSM700 confocal microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany). Images were then converted with the Max-
imum Projection-software (Zen software, Carl Zeiss Microscopy GmbH,
Jena, Germany) for increased depth range.

Cell counting: Coronal brain atlas figures (Paxinos & Watson 5th
edition) were superimposed on the fluorescent images of the SuM sec-
tions (2-3 sections were analyzed for each SuM level in each subject, a
total of five rats, two males and three 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
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layer, red circles were plotted on top of neurons, defined by spherical
EGFP expression greater than 70 uM? (Meitzen et al.,, 2011). Images
containing only the plotted circles in the specific parts of the SuM were
exported as jpeg images for analysis. Fiji software (Schindelin et al.,
2012) 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.

2.5. Anxiety-like behavior testing

The elevated plus maze (EPM) and the open field (OF) behavioral
tests were used to measure anxiety-like behavior. These tests are based
on a rodent’s inborn aversion expressed as passive avoidance behavior
to open spaces perceived as less safe. The EPM test consists of a plus-
shaped maze where two arms are enclosed and the other two are open.
The total time the animal spends in the open arms is inversely pro-
portional to its anxiety behavior (Belzung and Griebel, 2001). For this
study, the Med-Associates (Georgia, USA) apparatus was used. The
animal’s position, as well as its locomotor activity were measured by
beam breaks of infrared lasers located at the entry and in the middle of
each arm and recorded with the MED-SYST-8A PCI software package,
provided by Med-Associates. The OF test measures the animal’s ex-
ploratory activity in an open area surrounded by walls. In this case, the
more anxious animals will spend less time in the center, preferring to
stay close to the walls. The OF arena was equipped with a grid of
photocells which detect the animal’s position and movement. Med-As-
sociates Activity Monitor software was used for the OF tests, thus all
scoring was conducted automatically by the software using the data
sent by the grid photocells. For all the experiments carried out in this
study, the EPM test was conducted for 5 min, and immediately after, the
animals were moved to the OF for 30 min (Alvarez-Crespo et al., 2012).
The minimum viral incubation, when relevant, and post-surgery period
before the anxiety testing commenced, was three weeks.

2.6. Chemogenetic activation of SuM neurons

To test the effect of neuronal activation in the SuM, a Designer
Receptors Exclusively Activated by Designer Drugs (DREADD)-based
chemogenetic approach was used (Urban and Roth, 2015). The
DREADD system allows for long-lasting neuronal activation following
administration of the DREADD ligand, clozapine N-oxide (CNO)
(Fortress et al., 2015). In summary, DNA coding for the DREADD and a
fluorescent tag, in this case hM3D and mCherry, were inserted into a
viral vector under a neuron specific promoter (AAV2-hSyn-hM3D (Gq)-
mCherry, Addgene, USA) which was injected into the SuM. An in-
cubation period of a minimum of three weeks was allowed for DREADD
expression in the brain tissue. Rats were anesthetized with a mix of
ketamine:xylazine 3:1 (3:1) and the virus was infused directly into the
SuM, or IPN, through the guide cannula (0.3 pl over 3 min). The mi-
croinjector was then left in place for 10 min. In order to activate the
infected neurons, three weeks after infusion, CNO was injected in-
traperitoneally as described above, and food choice or anxiety-like
behavior tests were carried out. In order to evaluate effects of CNO
itself, a second group of animals (CNO control group), with no viral
injection, was also tested.

2.7. Food choice testing after chemogenetic activation of SuM neurons

Rats received CNO or vehicle injection and were immediately given
a free choice of chow and peanut butter in their home cage. Food intake
was measured 6 and 24 h following injections.

2.8. High-fat/high-sugar (HFHS) diet

The role of GLP-1R activation in the SuM was further investigated in
rats challenged with a HFHS diet. Following three weeks of
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maintenance on a free choice of lard, 30 % sucrose solution and chow
diet, the effect of GLP-1R activation with Ex4 on anxiety-like behavior
was evaluated as described above.

2.9. Detection of GLP-1R on chemogenetically-targeted SuM neurons

We previously identified GLP-1R mRNA in the SuM of male and
female rats (Lopez-Ferreras et al., 2019). Here we determined whether
GLP-1R protein is expressed on SuM neurons by evaluating binding of
FAM-labeled GLP-1R agonist in the SuM, and specifically on the neu-
rons expressing mCherry-DREADD in female rat after a 2 h food re-
striction. Brains were isolated and frozen 3 h after SuM FAM-Ex4 in-
jection. Ten pm sections were cut on a cryostat and mounted using
Vectashield H-1200 mounting medium (Vector Labs, Burlingame, CA,
USA).

2.10. GLP-1R knockdown

GLP-1R expression in the SuM was knocked down using an adeno-
associated virus expressing a short hairpin RNA targeting GLP-1R
transcripts (AAV-GLP-1R-shRNA, serotype 1, titer = 5.22°'%; vector
cloned and packed in collaboration with the Viral Vector Core at the
University of Pennsylvania). For details see (Schmidt et al., 2016). We
have previously shown a reduction in GLP-1R expression in vivo in the
lateral hypothalamus using this construct (Lopez-Ferreras et al., 2018;
Lopez-Ferreras et al., 2019). As a control group, rats matched for body
weight to the knockdown group, were infused with a GFP-AAV ex-
pressing a scrambled shRNA (titer = 5.0'2). viral infusions were
carried out as above (under anesthesia, 0.3 pl over 3 min infusion fol-
lowed by 10 min diffusion). Three weeks later, anxiety-like behavior
was measured. Daily body weight and food intake, which were not
altered by SuM GLP-1 knockdown, as well as knockdown efficiency are
reported in (Lopez-Ferreras et al., 2019). Male and female rats had
significantly reduced SuM GLP-1R expression, and also impaired an-
orexic response to intra-SuM Ex4 injection, with no sex differences
observed, confirming knockdown strategy was effective in both sexes
(see Fig 10 in (Lopez-Ferreras et al., 2019)).

2.11. 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
two-way ANOVA with post-hoc Holm-Sidak tests when appropriate
(GraphPad Prism 7 and 8 Software, Inc, USA). P-values lower than 0.05
were considered statistically significant.

3. Results

3.1. Chemogenetic activation of SuM neurons decreases anxiety-like
behavior in OF, but not EPM

Activation of SuM neurons by DREADDs increased the time spent in
the center of the arena in the OF test in both male and female rats
(Fig. 1A). Two-way ANOVA indicated a significant effect of CNO: F(; 3¢)
= 6.22, P < 0.05; but no sex effect: F(; 36y = 0.043, P > 0.05; and no
interaction between these two factors: F; 35 = 0.13, P > 0.05. In-
creased locomotor activity was also observed in both sexes (Fig. 1B;
significant effect of CNO: F(3 36y = 14.5, P < 0.0005 and sex: F(3,36) =
9.04, P < 0.005; and no interaction between these two factors: F(; 36) =
0.53, P > 0.05). Chemogenetic activation of SuM neurons did not alter
6 h chow intake (Fig. 1C; no significant effect of CNO: F; 35y = 1.08,
P > 0.05, a significant effect of sex: F(; 357y = 4.74, P < 0.05; but no
interaction between these two factors: F(; 35y = 0.11, P > 0.05), but
increased the amount of chow consumed at 24 h by females, and not
males (Fig. 1D; two-way ANOVA indicated no significant effect, but a
potential trend, of CNO: F(; 35y = 2.78, P = 0.10, a significant effect of
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Fig. 1. Chemogenetic activation of SuM neurons. Activation of SuM neurons by intraperitoneal CNO injections in female and male rats expressing DREADDs
selectively on SuM neurons is anxiolytic, as shown by an increase in the time spent in the center of the open field (OF) (A). In addition, locomotor activity was
increased (B). Activation of SuM neurons did not alter chow intake during the 6 h period after CNO injection in either sex (C). However, female rats increased chow
intake after 24 h with no effect in males (D). Yet, the consumption of the more palatable food, peanut butter, was increased after 6 h only in male rats (E). This
orexigenic effect did not persist to the 24 h measurement (F). Representative confocal and rat atlas images for DREADD injection site in male (G) and female (H) rats.
Bregma -4.56 to -4.8. Neurons expressing DREADDs are indicated in red (mCherry). Many of the SuM neurons targeted by the CNO-DREADD strategy express GLP-1R
as indicated by binding of the FAM-labeled exendin-4 (Ex4; green) (I). Data are expressed as mean = SEM. n = 19 for male rats and n = 17-19 for female rats. *
p < 0.05, ** p < 0.01, *** p < 0.001 main factor effect (sex or CNO). # p < 0.05, ## p < 0.01 (for post-hoc comparisons). Coronal brain atlas figures are from

Paxinos & Watson 5th edition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

sex: F1,35) = 4.74, P < 0.05; and a trend for an interaction between
these two factors: F 35y = 3.15, P = 0.08). In contrast, intake of pa-
latable food was increased in males, but not females, 6 h after che-
mogenetic activation of SuM neurons (Fig. 1E; a significant effect of
CNO: F135y = 5.26, P < 0.05, a significant effect of sex: F 35 =
11.81, P < 0.005; and a trend to interaction between these two factors:
Fa 35 = 2.61, P = 0.11). This orexigenic effect did not persist through
the 24 h measurement point (Fig. 1F; no significant effect of CNO:
Fa34 = 0.06, P > 0.05, a significant effect of sex: F(; 34y = 14.58,
P < 0.0005; and no interaction: F 34y = 0.06, P > 0.05). Since male
rats weight significantly more than female rats, we additionally ana-
lysed the food intake results per 100 g of body weight to attempt to
account for body weight differences between the sexes. It is important
to note that in the literature evaluating sex differences in feeding or

metabolism this type of normalization is a hotly debated topic, con-
sidering that muscle mass (or more metabolically active tissue mass)
and fat mass proportion is vastly different in males and females.
However, we, and the field in general, agree that while there is no ideal
way to compare male and female intake, it can be useful for the reader
to have both ways of data presentation available, hence normalized
data are presented in Fig S1. CNO injections in male and female rats
without viral DREADD expression did not change anxiety-like behavior
or feeding (Figs. S2 and S3).

3.2. GLP-1R are present on chemogenetically-targeted SuM

FAM-based green fluorescence was co-localized to DREADD-ex-
pressing SuM neurons (Fig. 11), indicating that SuM neurons, activation
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Fig. 2. SuM GLP-1R activation is anxiogenic.
Activation of the GLP-1R in the SuM, by Ex4 micro-
injection directly into this area, increased anxiety-
like behavior in both female and male rats in the OF
test (A). This effect was robust, and also detected in
the EPM test, where Ex4-treated rats spent sig-
nificantly less time in the open arm of the maze (C).
While an anxiogenic effect was detected in both
sexes, intra-SuM Ex4 application significantly re-
duced locomotor activity in the OF test in females,
with no change in locomotion detected in males (B).
However, when locomotion was assessed during the
EPM test, no effect was detected in either sex (D). As
expected, Ex4 reduced chow intake 24 h post injec-
tion (E). Water intake was not altered (F).
Representative image for injection site in both female
and male rats (G). Data are expressed as
mean + SEM. n = 9-11 for male rats and n = 17-18
for female rats. * p <0.05 ** p<0.01, ***
p < 0.001, **** p < 0.0001 main factor effect (sex or
drug). # p < 0.05, ## p < 0.01, ### p < 0.001 (for
post-hoc comparisons). Medial SuM: SuMM,; lateral
SuM: SuML; dorsal SuM: sumd; posterior lateral hy-
pothalamus: PLH; mammillary nuclei, comprising
pars medialis (MM) and pars lateralis (ML); 3V: third
ventricle. Coronal brain atlas figures are from
Paxinos & Watson 5th edition.

of which was anxiolytic, are potentially responsive to GLP-1 and its also capable of directly responding to GLP-1R agonists.

analogues. These results clearly indicate that GLP-1R capable of binding
Ex4 are present on SuM neurons, future studies are necessary to eval-
uate whether other SuM cell types, namely astrocytes and microglia, are
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3.3. SuM GLP-1R activation increases anxiety-like behavior

GLP-1R activation in the SuM, with Ex4, was anxiogenic, measured
by a significant decrease in the time spent in the center of the OF arena
in both males and females (Fig. 2A; significant effect of Ex4: F;, s
=12.10, P < 0.005; no effect of sex: F;, 55y = 2.07, P > 0.05; no in-
teraction; Fq, 52y = 0.016, P > 0.05). During the OF test female, but not
male rats, displayed reduced locomotor activity (Fig. 2B; F, 50y =8.7,
P < 0.005; no effect of sex: F;, 50y = 0.39, P > 0.05; and a trend to
significant interaction; F(;, 50) = 3.28, P = 0.07). The anxiogenic effect
of GLP-1R activation in the SuM, detected in the OF test, was confirmed
by the EPM test (Fig. 2C; significant effect of Ex4: F(;, sy =4.41,
P < 0.05; significant effect of sex: F, 52y = 4.19, P < 0.05; and no
interaction; Fy, 55y = 0.11, P > 0.05). However, in contrast to the
hypolocomotion detected in females during the OF test, Ex4 treatment
was not associated with changes in locomotor activity during the EPM
test, although females moved more than males in both drug and control
conditions (Fig. 2D; no significant effect of Ex4: F, sz =1.02,
P > 0.05; but a significant effect of sex: F;, 50y = 8.88, P < 0.005; no
interaction; F;, 55y = 0.005, P > 0.05). Furthermore, Ex4 treatment in
the SuM was also anorexic, with both males and females significantly
reducing their 24 h chow intake (Fig. 2E; significant effect of Ex4: F(;,
48y = 17.33, P < 0.0005; significant effect of sex: F, 45y = 55.57,
P < 0.0005; and no interaction; F;, 48y = 0.99, P > 0.05), confirming
recently published data (Lopez-Ferreras et al., 2019). In contrast, we
did not find any significant effect of Ex4 on 24 h water intake (Fig. 2F;
no effect of Ex4 Fq, 50y =0.3, P > 0.05; a significant effect of sex: F3 50,
= 15.00, P < 0.0005; and no interaction; F(;, 50y = 0.33, P > 0.05). As
expected male rats ate more chow and drank more water compared to
females during the 24 h period of measurement, irrespective of drug
treatment (Fig. 2E-F). These data are also presented as intake per 100 g
of body weight (Fig S4). This data transformation does not change the
main conclusion — Ex4 injected into the SuM is anorexic in both sexes,
and the effect size is similar in both males and females.

3.4. Anxiogenic effect of SuM GLP-1R activation persists in HFHS diet-fed
rats

Intra-SuM administration of Ex4 elicited anxiety-like behavior in the
OF test (F(1, 14) = 18.98, P < 0.001) in both males and females (Fig. 3A;
no effect of sex (F1, 149 = 0.20, P > 0.05), and no interaction of Ex4
and sex: (F, 14y = 0.39, P > 0.05)). Consistently with the results ob-
tained in chow-maintained rats, Ex4-treated HFHS-fed female, but not
male rats, displayed reduced locomotor activity (Fig. 3B; overall effect
of Ex4: F1, 140 =11.48, P < 0.005). Under HFHS diet, in contrast to
chow experiment, there was a significant effect of sex: F;, 14y = 5.26,
P < 0.05; and also a trend for interaction; F;, 14y = 3.0, P = 0.1). SuM
GLP-1R activation was also anxiogenic when HFHS-fed rats were tested
in the EPM (Fig. 3C). Ex4 significantly reduced the % time spent in open
arms of the maze (F(;, 14y = 13.78, P < 0.005), with no effect of sex
(Fq, 149 = 0.82, P> 0.05) and no interaction (Fy, 14 = 0.29,
P > 0.05). There was a trend to Ex4 associated reduction in locomotor
aCtiVity F(]) 14) = 3.73, P = 007), with an effect of sex (F(l) 14) =
10.26, P < 0.01) and a potential trend for an interaction (F, 14y = 2.9,
P = 0.1), but no effect was detected in males or females separately
(Fig. 3D).

3.5. Sex divergence in the effect of meal-associated endogenous SuM GLP-1
on anxiety

Food intake is associated with short-latency intestinal GLP-1 pro-
duction and activation of hindbrain GLP-1 neurons with subsequent
GLP-1 release throughout the brain (Kanoski et al., 2016; Vrang et al.,
2003). In order to determine whether this meal-associated en-
dogenously produced GLP-1 exerts its anxiogenic effect by acting on
SuM GLP-1R, rats were offered an ad libitum chow meal with
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subsequent GLP-1R antagonist administration into the SuM. Male and
female rats, food restricted overnight, chose to eat comparable amounts
of chow on average during the 20 min pre-injection feeding period
(males 3.5 + 0.18 g, females 2.8 = 0.14 g). Surprisingly, this treatment
resulted in an anxiogenic effect (overall effect of Ex9: Fq, 50y =4.78,
P < 0.05; no significant effect of sex: F(;, 50y = 0.5, P > 0.05) but in-
terestingly only in male rats (Fig. 4A). Significant interaction of Ex9 and
sex (Fq, 52y = 8.77, P < 0.005) strongly suggests a sex difference in the
role of SuM GLP-1R in anxiety-like behavior. The anxiogenic effect of
Ex9 in male rats was associated with reduced locomotor activity during
the OF test, while no effect on activity was detected in female rats
(Fig. 4B; trend for an overall effect of Ex9: F(;, 50y =3.49, P = 0.06;
significant effect of sex: F3, sy = 4.12, P < 0.05). Here again a sig-
nificant interaction of Ex9 and sex (F(1, s2y = 7.29, P < 0.01) strongly
suggests a sex difference in the effect of SuM GLP-1R in locomotor
activity control. In contrast no overall effect of Ex9 or interaction were
detected during the EPM test (F, 52y =0.97, P > 0.05; F(1, 59y = 0.47,
P > 0.05 respectively) and neither males nor females altered their open
arm behavior during this test after intra-SuM Ex9 injections (Fig. 4C).
Although during the EPM test females spent more time in the open arm
compared to males, irrespective of drug treatment, thus there was a
significant overall effect of sex (F;, 55y = 18.44, P < 0.0001). The EPM
total locomotor activity results closely followed those obtained during
OF, with only males moving less in the EPM apparatus (Fig. 4D; no
significant effect of Ex9: Fy, 55y =0.29, P > 0.05; a significant effect of
sex: Fq, 52y = 6.29, P < 0.05; and interaction; F(;, 52) = 6.0, P < 0.05).

3.6. SuM GLP-1R are necessary for normal expression of anxiety-like
behavior

SuM GLP-1R knockdown, resulted in a clear anxiolytic effect in fe-
male rats in the OF test (Fig. 4E), consistent with an anxiogenic effect of
Ex4 shown by the current study. However, surprisingly, male rats again
responded with a significant increase in anxiety-like behavior (Fig. 4E),
in line with the acute blockade (Ex9) results. Thus, whether chronically
reduced GLP-1R levels in the SuM were associated with increased or
reduced anxiety was determined by the sex of the subject. These ob-
servations are fully supported by the two-way ANOVA analysis which
indicated a significant interaction between sex and GLP-1R knockdown
(F, 32 =11.43, P < 0.005), and no overall effect of knockdown (F,
32) = 0.05, P > 0.05) or sex (F(l’ 32) = 0.39, P > 0.05). GLP-1R
knockdown did not affect locomotor activity during the OF test
(Fig. 4F) in either sex or drug condition (knockdown: F, 33 =0.9,
P > 0.05; sex (F, 33 = 1.8, P > 0.05; interaction: F, 33y = 0.8,
P > 0.05). The anxiolytic effect detected in females is robust since GLP-
1R knockdown also increased the amount of time female rats chose to
spend in the open arms of the EPM (Fig. 4G; significant interaction
between sex and GLP-1R knockdown (F(;, 32y = 7.4, P < 0.05), and no
overall effect of knockdown (F(q, 35y = 0.01, P > 0.05) or sex (F(y, 32) =
2.45, P > 0.05)). In contrast to the OF results, EPM test did not indicate
any changes in anxiety-like behavior in males. There was no effect on
total locomotor activity in the EPM test (Fig. 4H) in either sex or drug
condition (knockdown: F;, 32y = 0.1, P > 0.05; sex: F;, 35 = 0.1,
P > 0.05; interaction: F(3, 35y = 0.68, P > 0.05).

3.7. SuM innervation of the lateral habenula is sex divergent

In addition to sex differences in the anxiogenic effect of SuM GLP-1R
activation or blockade, we also evaluated neurocircuit sex differences
between SuM efferent connections to an anxiety-controlling brain nu-
cleus, LHab (Geisler and Trimble, 2008; Gill et al., 2013; Jhou et al.,
2009). Thus, using retrograde tracing (Fig. 5A), neurons projecting
from SuM to LHb were quantified in male and female rats. Delivery of
the retrograde virus AAV2 (Retro)-eSyn-EGFP to the LHab was con-
firmed as shown in Fig. 5B and C. Expression of EGFP was detected
throughout the SuM (Fig. 5N) confirming SuM projections to the LHab.
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Females show a higher number of SuM neurons projecting to the LHab
compared to males (D). This difference is driven by the caudal SuM
(Fig. 5M).

3.8. GLP-1R activation, or blockade, in the IPN does not affect anxiety-like
behaviors or feeding

IPN recently emerged as an important CNS site for GLP-1’s effect on
nicotine reward (Tuesta et al., 2017). It is located directly on the caudal
tail of the SuM, expresses GLP-1R, and has neuroanatomical connec-
tions partly overlapping with those of the SuM (Pan and McNaughton,
2004). However, in contrast to the results obtained here for the SuM,
GLP-1R activation (Fig S5A-F) or blockade (Fig S5G-J) in the IPN did
not alter anxiety-like behavior, locomotor activity, or chow intake.
Chow or peanut butter intake were also not altered by chemogenetic
activation of the IPN (Fig S5K-L).

4. Discussion

Based on results obtained in this study, the SuM emerges as an es-
sential component of the brain’s anxiety behavior control network.
Increasing activity of the SuM neurons had an anxiolytic and orexigenic
effect. In contrast, activating SuM GLP-1R resulted in a potent anxio-
genesis, and anorexia. The anxiogenic effect of SuM GLP-1R activation
was robust, and persisted in rats fed an obesogenic diet; these effects
were present in both males and females. Importantly, GLP-1R signaling
in the SuM was necessary for normal expression of anxiety-like beha-
vior. In females, chronic reduction in SuM GLP-1R, by virally mediated
knockdown, was anxiolytic. In males however, pharmacological acute
reduction in GLP-1R activation resulted in anxiogenesis. Sex divergence
was also identified in the link between the SuM and the LHb. While SuM
neurons innervating the LHb were identified in both males and females,
significantly more LHb-projecting neurons were found in the females.
Effects on anxiety-like behavior and food intake were site-specific, as
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identical manipulation just caudal to the SuM, in the IPN, had no effect
on the behaviors measured.

While the amygdala, bed nucleus stria terminalis, or the prefrontal
cortex are well established and investigated for their contribution to the
generation of anxiety responses, by human and rodent studies
(Charney, 2003; Davis et al., 1997a, b; Schmidt et al., 2018), our study
is the first to show that manipulation of SuM neurons is sufficient to
alter the behavioral expression of anxiety. Previous reports only in-
directly evaluated the position of the SuM in the brain’s anxiety net-
work, and presented evidence for SuM activation by various conditions
associated with stress, fear, and anxiety. However, only neuronal acti-
vation was examined in these studies, for example c-fos expression as-
sociated with locomotor activity or spatial exploration, leaving the
potential for an indirect or unspecific association. The specific com-
ponents of the anxiety response controlled by SuM were not examined,
and a potential role in counter-regulatory/coping response was not
refuted. Moreover, all the previous (c-fos) studies were done only in
male rats.

Activation of SuM neurons was orexigenic, with a sex divergence in
effect onset and palatability, where male rats increased intake of pa-
latable food and female rats increased intake of less palatable chow. We
previously found that SuM-directed delivery of GLP-1 or Ex4 reduces
food intake and motivated behavior for sucrose in male rats (Vogel
et al., 2016). Moreover, we have recently found that chronic reduction
in GLP-1R expression in the lateral hypothalamus of males or females
results in a profound weight gain and hyperphagia, but the same ma-
nipulation produces a rather small effect when targeting the SuM, with
no changes in body weight or food intake (Lopez-Ferreras et al., 2018;
Lopez-Ferreras et al., 2019). Thus, the anxiolytic effect of SuM GLP-1R
knockdown, detected here in female rats, is not linked with changes in
weight or amount of food consumed.

The contrasting effect on emotionality and ingestive behavior of
broad chemogenetic activation of neurons in the SuM, and intra-SuM
GLP-1R agonist administration, suggest a potential inhibitory effect of
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comprising pars medialis (MM) and pars lateralis (ML). Coronal brain atlas figures are from Paxinos & Watson 5th edition.

GLP-1R activation. While an excitatory effect of GLP-1R activation is
commonly reported (Anderberg et al., 2017; Richard et al., 2014),
emerging data indicate the possibility of inhibitory or a heterogeneous,
inhibitory and excitatory, cellular responses to GLP-1R activation de-
pending on the brain area investigated (Acuna-Goycolea and van den
Pol, 2004). These electrophysiological results are supported by sig-
naling studies indicating that GLP-1R are not only coupled to G but
also to Ggi)/Gacoy type G proteins (Bavec et al., 2003; Hallbrink et al.,
2001). Different G-protein subfamilies can be induced by targeting
distinct domains within GLP-1R, allowing the native GLP-1 peptide to
act on the same receptor to activate different second messenger systems
(Bavec et al., 2003; Hallbrink et al., 2001).

Many preclinical studies found that CNS-directed injections of GLP-
1, or it’s analogues, in rodents may increase anxiety (Anderberg et al.,
2016; Gulec et al., 2010; Kinzig et al., 2003), while others show no
changes in anxiety-like behavior (Krass et al., 2012, 2015). Yet, other
studies, have even found an anxiolytic effect (Komsuoglu Celikyurt
et al., 2014; Sharma et al., 2015). Of note, nearly all (but one) studies to
date evaluated the effect of GLP-1R agonists exclusively on male rats, in
contrast to the current study. While at first glance this may present a
very inconsistent effect of GLP-1R agonists on anxiety-like behavior, in
general the studies that found an anxiogenic effect of GLP-1R activation
tended to study healthy rats in acute experiments, this is also the
context of the current study. An anxiolytic effect, or no effect on an-
xiety-like behavior, was more common in studies that either applied

GLP-1R agonists in a chronic manner, and/or applied the agonists to
obese or diabetic rodents; and this effect was not dependent on the
specific anxiety test used. The latter result is of course not surprising,
since application of GLP-1 analogues in this context is expected to
improve the glucoregulation, body weight and fat, and overall health of
the obese or diabetic animal, thus improvements in mood can be driven
by improvements in metabolic health. Moreover, the idea that acute vs.
chronic effect of GLP-1R agonists on mood is divergent was directly
shown by Anderberg et al. (2016), where acute GLP-1R stimulation led
to increased anxiety-like behavior, while chronic stimulation of these
receptors led to reduced depression-like behavior, but no changes in
anxiety-like behavior. The divergence of acute and chronic treatment
was also supported by gene expression and neurotransmitter changes
(Anderberg et al., 2016). Whole body knockout of GLP-1R in mice re-
sulted in a mixed emotionality phenotype, where each of the three
anxiety-like behavior tests used in the study suggested a different effect
on the anxiety parameter (MacLusky et al., 2000). Recently, however,
chronic reduction in GLP-1R in bed nucleus stria terminalis in rats, via
the receptor knockdown approach utilized in the current study, resulted
in a consistently reduced anxiety-like behavior in rats (Zheng et al.,
2019b), similarly to what was observed in female SuM GLP-1R
knockdown rats in the current study.

In addition to changes in anxiety-like behavior, SuM Ex4 delivery
reduced locomotor activity, but did so specifically in the OF test, and
only in female rats. Since there is a significant difference in the duration
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this article).

of the two anxiety-like behavior tests (5 min for EPM vs 30 min for OF),
it is likely that the difference is largely a result of small changes in
activity accumulated over time. We cannot exclude the possibility that
the effect on locomotion is indirect, via increasing active periods of
wakefulness, since one previous study reported that in mice, che-
moactivation of SuM glutamatergic neurons increases wakefulness
(Pedersen et al., 2017). However, that the effect of GLP-1R activation
on locomotion is context dependent is likely, since previous results from
our lab demonstrate that the same doses of Ex4 as those used here,
delivered to the SuM, did not alter activity in a familiar environment
(Lopez-Ferreras et al., 2019). If GLP-1R activation increased wakeful-
ness consequent changes in locomotion, regardless of the context,

would be expected. Unlike females, the anxiogenic effect of SuM Ex4
administration in males was not coupled with hypolocomotion in the
current study.

Sex differences may result from differential levels of sex steroid
signaling, since estrogen receptors, ERa and ERp are present in the SuM
of females (Leranth et al., 1999; Mitra et al., 2003). Exogenous estrogen
application reduces anxiety-like behavior in rodents (Walf and Frye,
2009). Moreover, mice show lower anxiety-like behavior in the EPM
when tested in the high (behavioral estrus) versus the low (diestrus),
estrogen phase of the estrous cycle (Galeeva and Tuohimaa, 2001; Walf
and Frye, 2009), although not all studies detect estrous cycle driven
changes in anxiety-like behavior. In addition to estrogen, progesterone
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fluctuations have also been associated with altered anxiety in humans
or anxiety-like behavior in rodents; though a more complex and po-
tentially cyclic relationship between progesterone, stress, and anxiety
(see (Wirth, 2011) for a review) exists compared to that established for
estrogens (Reynolds et al., 2018). In humans a much higher prevalence
of anxiety disorders is reported in women compared to men. However,
not all preclinical studies reflect these differences. Similarly, in the
current study, females displayed more anxiety-like behavior compared
to males in only one experiment, where baseline testing was not asso-
ciated with microinjection-based treatment. Thus, it is possible that the
mild additional stress associated with microinjections, despite the ex-
tensive habituation, is still sufficient to interfere with detection of sex
differences. It is also possible that the large differences found in the
clinic are associated with gender and social expectations of gender ra-
ther than biological sex.

We did not detect any effect of HFHS-diet feeding on anxiety-like
behavior of male or female rats, based on similar EPM and OF behavior
of vehicle-treated rats fed either chow or HFHS. Although, chow and
HFHS testing were performed as two separate experiments, with the
main aim of assessing differences in Ex4 responses, thus direct diet-
effect comparisons are not fully supported by this design. Preclinical
literature on the potential influence of obesogenic diet on anxiety is
mixed, with no effect, increased or reduced anxiety found in different
studies. One recent study, in an effort to explain these conflicting re-
sults, revealed that the amount of time mice were allowed to consume
the obesogenic diet was a crucial and often underreported factor
(Sweeney et al., 2017). They found that initially HFHS-diet consump-
tion was anxiolytic, followed by a period with no effect on anxiety
behaviors (at 2 months on diet), culminating with an anxiogenic effect
at nearly 4 months on the diet, but only in subjects that displayed
symptoms of metabolic syndrome on the diet. Rats in the current study
were fed the HFHS diet for 5 weeks before anxiety-like behavior testing
commenced.

The LHab contributes to behavioral expression of anxiety behaviors
and is a key component of the habenular avoidance system (Geisler and
Trimble, 2008; Gill et al., 2013; Jhou et al., 2009). Its direct afferents to
the amygdala or bed nucleus stria terminalis further support its po-
tential modulatory role in anxiety (Geisler and Trimble, 2008). Current
data indicate that a potential for direct neural communication between
the SuM and LHab exists, but that the extent of that connection is
modulated by sex, with a stronger SuM-LHab link detected in female
rats.

It should also be considered that factors other than direct influence
on emotionally charged inputs are affected by SuM manipulations to
finally affect anxiety-like behavior. Recently SuM glutamatergic neu-
rons emerged as a key component of the sleep-wake and arousal sys-
tems (Pedersen et al., 2017). It would be reasonable to hypothesize that
signals associated with satiety are also utilized to engage neurocircuitry
associated with post-meal suppression of arousal (an expected part of
the satiety sequence). We should note that the meal offered to the rats
designated for the SuM GLP-1R blockade experiment was preceded by a
period of overnight food restriction, so the data cannot be directly
compared to results derived from non-food deprived rats (note that
fasting signals like ghrelin and food deprivation have been shown to
reduce anxiety (Alvarez-Crespo et al., 2012)). Moreover, a recent study
reveals the SuM as a key node to control theta-frequency spike time
coordination, an essential process that enables animals to navigate to
desired locations in space (Ito et al., 2018). Thus, it is possible that SuM
integrates a wide range of input including arousal, satiety, and novelty,
and all these factors modulate the anxiety responses elicited by this
nucleus.

In summary, current data indicate that SuM GLP-1R are necessary
and sufficient for normal expression of anxiety-like behavior in both
sexes. However, the consequences of reduced SuM GLP-1R signaling are
sex divergent. In contrast to GLP-1R-specific SuM activation, the be-
havioral outcome of neuronal SuM activation is reduced anxiety-like
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behavior. Collectively our results highlight SuM as a novel node in the
central nervous system network underlying emotionality regulation, a
node that is neuroanatomically predisposed to modulate sex divergent
responses.
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