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Abstract

The glucagon-like peptide-1 receptor (GLP-1R) agonist liraglutide is approved for the treatment of
obesity; however, there is still much to be learned regarding the neuronal sites of action that
underlie its suppressive effects on food intake and body weight. Peripherally administered
liraglutide in rats acts in part through central GLP-1Rs in both the hypothalamus and the
hindbrain. Here, we extend findings supporting a role for hindbrain GLP-1Rs in mediating the
anorectic effects of liraglutide in male rats. To dissociate the contribution of GLP-1Rs in the area
postrema (AP) and the nucleus tractus solitarius (NTS), we examined the effects of liraglutide in
both NTS AAV-shRNA~driven G/p1rknockdown and AP-lesioned animals. Knockdown of NTS
GLP-1Rs, but not surgical lesioning of the AP, attenuated the anorectic and body weight-reducing
effects of acutely delivered liraglutide. In addition, NTS c-Fos responses were maintained in AP-
lesioned animals. Moreover, NTS G/pIrknockdown was sufficient to attenuate the intake- and
body weight-reducing effects of chronic daily administered liraglutide over 3 weeks. Development
of improved obesity pharmacotherapies requires an understanding of the cellular phenotypes
targeted by GLP-1R agonists. Fluorescence in situ hybridization identified G/pZrtranscripts in
NTS GABAergic neurons, which when inhibited using chemogenetics, attenuated the food intake—
and body weight—reducing effects of liraglutide. This work demonstrates the contribution of NTS
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GLP-1Rs to the anorectic potential of liraglutide and highlights a phenotypically distinct
(GABAergic) population of neurons within the NTS that express the GLP-1R and are involved in
the mediation of liraglutide signaling.

INTRODUCTION

The ongoing obesity epidemic requires strategies aimed at reducing food intake and
sustaining body weight loss. Because lifestyle interventions fail to maintain long-term
weight loss (1), pharmacotherapies are used in conjunction with diet and exercise to support
clinically meaningful weight loss that persists over time. One such class of drugs includes
analogs of the endogenous satiety signal glucagon-like peptide-1 (GLP-1) (2). The long-
acting synthetic GLP-1 receptor (GLP-1R) agonist liraglutide shares 97% homology with
human GLP-1 and reduces body weight in both humans and preclinical models via a
reduction in appetite and energy intake [see (3) for review]. However, despite liraglutide’s
clinical implications and U.S. Food and Drug Administration—approved status, the sites of
action and mechanisms underlying its anorectic effects are only partially understood.

Similar to native GLP-1 (4, 5), the food intake— and body weight- reducing effects of
liraglutide require central GLP-1R activation (6, 7). Because the distribution of GLP-1Rs
within the brain is vast (8-11), a systematic analysis of the GLP-1R populations that are
functionally relevant for the regulation of feeding behavior is necessary. We chose to
examine the involvement of GLP-1Rs within the nucleus tractus solitarius (NTS), a
hindbrain hub of energy balance control (12, 13), in the mediation of liraglutide’s anorectic
effects. The NTS together with the area postrema (AP) and dorsal motor nucleus of the
vagus (DMX) comprise the dorsal vagal complex (DVC). Both endogenous GLP-1 and
peripherally administered GLP-1 analogs exert anorectic effects via DVC GLP-1R activation
(14-19). Although it has recently been shown that NTS-specific G/p1rknockdown is
required for food intake control by endogenous GLP-1 (18), any role of the NTS in
mediating the anorectic effects of liraglutide has not yet been examined.

Despite the abundance of GLP-1 research, there is a paucity of studies exploring the cellular
substrates that mediate the anorexia induced by both endogenous GLP-1 and GLP-1 analogs.
This is not the case for other energy balance signals such as neuropeptide Y/agouti-related
protein (NPY/AGRP). The projection patterns of NPY/AGRP neurons and the neural
phenotypes of cells expressing the receptors for the NPY/AGRP ligands have been
extensively investigated [see (20) for review] despite the fact that this particular energy
balance control system has not yet been shown to be a viable target for treating obesity in
humans. Only recently have studies begun to comprehensively investigate the cellular
phenotypes involved in mediating the intake-reducing effects of liraglutide (21). GLP-1R
expression on y-aminobutyric acid (GABA) neurons has been observed in regions
throughout the brain of mice and rats (22-24), including the NTS (24). Extensive work has
demonstrated GLP-1R-mediated potentiation of GABA release (22, 25-29); however, few
studies have examined the contribution of GABA neurons to the anorectic effects of GLP-1
analogs (21), and no studies have done so specifically within the NTS.
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Using chemogenetics [or designer receptors exclusively activated by designer drugs
(DREADD)] to silence regionally and cell type- specific populations of neurons in adult rats
(30), we examined GABAeric neurons as a distinct physiologically relevant cellular
phenotype within the NTS that mediates liraglutide’s anorectic effects. Although there are
likely many sites of action for liraglutide across multiple brain nuclei and cell types, our
work highlights a behaviorally relevant population of NTS GABAergic neurons that are
targeted by liraglutide to reduce food intake and body weight.

NTS GLP-1Rs mediate the food intake— and body weight—reducing effects of acutely
delivered liraglutide

The central sites of action that mediate the anorectic effects of liraglutide are not clear. To
explore the contribution of the NTS in the food intake— and body weight-reducing effects of
liraglutide, we used an AAV-shRNA virus to knock down the GLP-1R within the
caudomedial NTS. This strategy (31) has been used to remove the contribution of the
GLP-1R within discrete nuclei of the brain (18, 23, 31, 32). After stereotaxic delivery of the
Glp1rknockdown virus (AAV-GLP-1R) or a control virus (AAV-control), rats experienced 2
days of postoperative body weight loss followed by body weight recovery and gain (Fig.
1A). Differences in the mean body weight of the G/pZrknockdown and control groups failed
to reach statistical significance for the duration of the 26-day experiment (P=0.07),
consistent with previous findings in animals maintained on a chow diet (18). The body
weight gain from the time of viral injection to the conclusion of testing (Fig. 1A) was
statistically the same between the two tested groups (Fig. 1A, inset). To confirm Glp1r
knockdown after experimentation, rats were euthanized, and their brains were extracted.
Coronal sections at the caudal extent of the NTS were slide mounted for histological
verification of green fluorescent protein (GFP)-labeled viral expression within the NTS
(Fig. 1B, inset); see the Supplementary Materials and Methods for inclusion criteria. As a
proof of concept, tissue punches from the bilateral NTS were taken for polymerase chain
reaction (PCR) analysis of G/lpZr mRNA expression. Consistent with previous investigations
using the AAV-GLP-1R virus (18, 31, 32), AAV-GLP-1R delivery to the NTS resulted in a
54% reduction in G/lpZr mRNA relative to control virus—injected animals (Fig. 1B).

Beginning on day 21, AAV-control and AAV-GLP-1R rats received two counterbalanced
drug treatments of either intraperitoneally delivered vehicle or liraglutide, separated by 72
hours. Liraglutide treatment reduced food intake at all measured time points (1, 3, 6, and 24
hours after drug delivery). Post hoc tests showed effects of liraglutide on food intake within
the control group at 1, 3, 6, and 24 hours (black versus green solid bars; £ < 0.05) and within
the Glp1rknockdown group at 3, 6, and 24 hours (black versus green hatched bars; £< 0.05;
Fig. 1C). Main effects of G/pZrknockdown were also observed at 6 and 24 hours, with
liraglutide reduced feeding more in the AAV-control group than in the AAV-GLP-1R group
at both 6 and 24 hours (P< 0.01 and £ < 0.05; Fig. 1C). The reduced anorectic effect of
liraglutide in the AAV-GLP-1R group relative to the AAV-control group was also observed
in the 24-hour body weight reduction, where we observed both main effects and an
interaction of knockdown and drug treatment (P < 0.05; Fig. 1D). We observed no

Sci Transl Med. Author manuscript; available in PMC 2020 September 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fortin et al.

Page 4

differences in cumulative chow intake or body weight between the AAV-control and AAV-
GLP-1R groups treated with vehicle (P> 0.05; Fig. 1, C and D).

NTS GLP-1Rs contribute to the food intake— and body weight-reducing effects of
chronically delivered liraglutide

As a pharmacotherapy for obesity, liraglutide is administered chronically to overweight
individuals. To best model the conditions in which liraglutide is administered in humans, we
prepared a group of high-fat diet (HFD)—maintained rats with an NTS-directed AAV-
GLP-1R virus or an AAV-control virus to test the effects of once daily subcutaneous
liraglutide treatment for 3 weeks. Knockdown of G/pZrdid not affect baseline food intake
(Fig. 2, A and B). Daily food intake and body weight were measured before (-2 to 0 day or
“baseline”) and throughout the 3-week period of liraglutide treatment. In both the AAV-
GLP-1R knockdown and control groups, the first day of liraglutide administration resulted
in a sudden reduction in food intake relative to the vehicle-injected control groups. Although
food intake in the vehicle-treated groups remained similar throughout the duration of the
experiment, deviations in food intake emerged between the AAV-control and AAV-GLP-1R
liraglutide-treated groups over time such that the reduction in food intake by liraglutide was
more pronounced in the AAV-control group (Fig. 2A). Liraglutide significantly reduced food
intake in the AAV-control group relative to vehicle-treated rats at weeks 1, 2, and 3 (P<
0.05; Fig. 2B). By contrast, the effects of liraglutide on food intake were less pronounced in
the AAV-GLP-1R animals. In this group, liraglutide reduced food intake relative to vehicle-
injected rats only during the first, but not second or third, week of drug treatment (£ < 0.001;
Fig. 2B).

At the onset of treatment, all rats were obese (514.9 + 7.8 g). Unlike in standard chow-
maintained animals [this work and (18)], there was no trend toward a difference in baseline
body weight between the control and G/p1rknockdown groups (Fig. 2, C and D). Similarly
to food intake, body weight for the vehicle-treated groups remained similar throughout the
duration of the experiment. However, over time, the AAV-control group treated with
liraglutide had reduced weight gain relative to the AAV-GLP-1R group treated with
liraglutide (Fig. 2C). Liraglutide significantly reduced body weight relative to vehicle
treatment only within the AAV-control group at weeks 2 and 3 (P< 0.01; Fig. 2D) and did
not significantly reduce body weight in the AAV-GLP-1R knockdown animals at any
measured time point (P> 0.05; Fig. 2D).

The AP is not required for the food intake— and body weight-reducing effects of acutely
delivered liraglutide

We examined sham and AP-lesioned (APX) animals to test the requirement of the AP in the
mediation of liraglutide’s anorectic effects. As a positive control for our APX model, we
replicated previously published data showing that salmon calcitonin (sCT; 5 pg/kg) reduces
3-hour food intake only in sham-prepared rats because the AP has been shown to mediate
the effects of sCT (33). In sham animals, sCT reduced food intake at 3 hours relative to
vehicle-injected rats (7.3 + 0.35 g versus 4.5 £ 0.37 g; £=0.006; fig. S1). In contrast, APX,
confirmed via histology, prevented sCT—induced hypophagia at 3 hours (7.3 + 1.06 g for
vehicle treatment versus 7.67 + 0.87 g for sCT treatment; 2= 0.90; fig. S1). We observed
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significant differences in food intake in sham-prepared animals at 3, 6, and 24 hours after
liraglutide delivery (P < 0.05; Fig. 3A). Post hoc tests showed liraglutide-induced
differences in food intake at 6 and 24 hours in the APX-prepared group (P< 0.05; Fig. 3A).
Both sham and APX groups displayed reduced weight loss 24 hours after drug treatment (#
< 0.05; Fig. 3B). Although APX induced mild hypophagia, a main effect of surgical
manipulation, at 3 and 6 hours (Fig. 3A), as previously reported (34, 35), post hoc testing
showed no differences in food intake or body weight between the sham and APX groups at
any of the tested drug doses (Fig. 3, A and B), consistent with findings from a previous
report (34).

Liraglutide-induced c-Fos activation in the NTS does not require an intact AP

After observing that liraglutide maintained its intake- and body weight—reducing effects in
the absence of AP GLP-1Rs, we went on to support our hypothesis that liraglutide acts
directly on NTS GLP-1Rs by testing liraglutide-induced c-Fos activation, a molecular
marker of neuronal activity, in sham and APX rats. We treated sham and APX-prepared rats
at 90 min before sacrifice with either vehicle or liraglutide (200 ug/kg) and then analyzed c-
Fos expression within the NTS. We observed a robust c-Fos response within the NTS of both
sham and APX rats after liraglutide, but not vehicle, treatment (Fig. 3C). Data were
quantified by averaging the c-Fos™ cells per section of the NTS examined. We observed a
main effect of drug treatment, and post hoc testing showed that in both sham and APX
groups, liraglutide treatment significantly increased the average number of c-Fos—expressing
cells within the NTS compared with vehicle-treated animals (P < 0.001; Fig. 3D). There was
no main effect of surgical AP manipulation on c-Fos responses (Fig. 3D).

NTS GABAergic cells express GLP-1Rs

Activation of NTS GLP-1Rs by liraglutide requires penetrance of the drug into the DVC. To
demonstrate that liraglutide can access NTS GLP-1Rs, we administered a peripheral
injection of fluorescently labeled liraglutide (Cy3-Lirag) to a rat and euthanized it 6 hours
later for tissue processing. The 6-hour time point was chosen on the basis of previous studies
investigating liraglutide penetrance into the brain (34, 36), as well as work in this and other
research (7, 37) that shows food intake reduction by liraglutide 6 hours after treatment. Cy3-
Lirag (Fig. 4A) was visually confirmed to be within both the AP and NTS. A blue
counterstain for 4”,6-diamidino-2-phenylindole (DAPI; Fig. 4A), marking cell nuclei, and
optical zoom within the NTS revealed close association of liraglutide with cells in the NTS
(Fig. 4A).

To further investigate the phenotype of NTS cells that bind liraglutide, we used fluorescence
in situ hybridization (FISH). We analyzed NTS tissue for expression of glutamate
decarboxylase (GadZ) mRNA, a commonly used marker of GABAergic neurons, and Glp1r
mRNA expression (Fig. 4B). Quantification of colocalization revealed that at the level of the
AP, 16.7 + 1.34% of NTS GABA neurons expressed the G/p1r (GABA*/GLP-1R*), and
37.5 £ 2.71% of NTS GLP-1Rs were expressed on GABA neurons (GLP-1R*/GABA*; Fig.
4C).
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NTS GABAergic cells mediate food intake— and body weight-reducing effects of acutely
delivered liraglutide

We used chemogenetics to acutely and selectively silence GABAergic neurons within the
NTS, via a peripheral injection of clozapine-A-oxide (CNO), to investigate the requirement
of this population in mediation of liraglutide’s anorectic effects. In GAD Cre* animals,
effects of both liraglutide and CNO pretreatment were observed at 3, 6, and 24 hours after
drug treatment for food intake and also for 24-hour body weight. We also observed an
interaction of drug administration and CNO pretreatment at 24 hours for both food intake
and body weight in GAD Cre* rats. Liraglutide reduced food intake only in vehicle-
pretreated rats at the above time points (£ < 0.01; Fig. 4D). In addition, pretreatment with
the CNO significantly attenuated the intake reduction by liraglutide in GAD Cre™ rats such
that cumulative food intake was significantly higher in liraglutide-treated animals pretreated
with CNO compared with liraglutide-treated animals pretreated with vehicle at the 3-, 6-,
and 24-hour time points (P < 0.05; Fig. 4D). Although less pronounced in the CNO-
pretreated group, liraglutide did reduce body weight in both vehicle- and CNO-pretreated
groups relative to their vehicle-injected control group (P < 0.001 and P< 0.05; Fig. 4E).
Similarly to food intake, CNO attenuated the body weight reduction by liraglutide such that
liraglutide reduced body weight significantly more in the vehicle-pretreated group than in
the CNO-pretreated group (P< 0.01; Fig. 4E).

In GAD Cre™ control animals, an effect of liraglutide on both food intake and body weight
was observed at all measured time points in both vehicle- and CNO-pretreated rats (P <
0.05; Fig. 4, F and G). CNO pretreatment had no effect on liraglutide-induced food intake or
body weight reduction (Fig. 4, F and G). Likewise, CNO alone had no effect on cumulative
food intake or body weight in GAD Cre* or GAD Cre~ control animals (Fig. 4, D to G).

DISCUSSION

In both rodent and nonhuman primate models, the caudomedial NTS expresses an
abundance of GLP-1Rs (8-11) that regulate feeding behavior by endogenous GLP-1 (18).
Here, we demonstrated that NTS GLP-1Rs also mediated the anorectic effects of liraglutide.
Although our findings clearly showed that the NTS is a contributing site of action for the
acute and chronic effects of systemic liraglutide, G/pZrknockdown did not completely
abolish the anorectic effects of liraglutide. Only a partial attenuation of food intake and body
weight reduction after liraglutide was observed in our NTS AAV-GLP-1R knockdown rats.
Furthermore, under conditions of chronic liraglutide treatment, the attenuation of food intake
reduction by G/pZrknockdown was more pronounced, or possibly preceded the effects of
knockdown on body weight attenuation. The discrepancies in the onset and magnitude of
food intake and body weight reflected in our data are interesting and warrant continued
investigation. It is possible that 3 weeks of chronic liraglutide treatment was insufficient for
body weight differences to emerge in the liraglutide-treated groups. Because changes in food
intake patterns precede consequent changes in body weight, we expect that over time, the
body weight difference between knockdown animals treated with vehicle or liraglutide
would diminish and be more reflective of food intake patterns. It is also worth noting that
animals receiving chronic liraglutide were maintained on an HFD to more accurately model
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the human population prescribed liraglutide. HFD and resulting obesity may alter the
dynamics of body weight loss and regain during chronic liraglutide such that a body weight
phenotype requires extensive time to observe. It is also possible that liraglutide-induced
reduction of water intake (38, 39) or increases in energy expenditure (14, 40) are challenging
the emergence of a body weight phenotype despite the apparent differences in food intake
after GlpIrknockdown.

The magnitude of the effect of NTS G/p1rknockdown on food intake and body weight is
perhaps limited by methodology, which does not permit complete G/pZrknockdown.
Incomplete knockdown of the GLP-1R, consistent with previous findings (18, 31, 32), may
contribute to the lack of a strong body weight phenotype before drug treatment and the
partial effects of the knockdown on liraglutide-induced anorexia, the intended focus of this
work. We would expect to see a more rapid and robust attenuation of liraglutide’s effects
with enhanced GLP-1R deletion. Unfortunately, genetic strategies to more thoroughly
remove the contribution of the GLP-1R are currently limited to mouse models (6, 21, 41, 42)
and present interpretational confounds (for example, developmental compensation) and
experimental challenges and limitations such as anatomical restriction of knockdown. It is
important to note that the population of cells in the NTS that express the GLP-1R is limited
(8). Nevertheless, our studies demonstrate that AAV-assisted knockdown of a mere subset of
these limited NTS GLP-1Rs is sufficient to attenuate the intakeand body weight-reducing
effects of liraglutide, thereby emphasizing the functional relevance of NTS GLP-1Rs.

It is unlikely that the incomplete knockdown of the NTS GLP-1R entirely accounts for the
modest attenuation of liraglutide-induced food intake and body weight reduction. Instead,
we speculate that liraglutide acts on a neuroanatomically distributed network of GLP-1Rs
and that NTS GLP-1Rs, together with other populations outside of the NTS, mediate the
anorectic effects of liraglutide. The NTS is but one of many nuclei that express the GLP-1R
(8-11) and has been implicated in orchestrating aspects of energy balance control via the
GLP-1R (14-18). Despite high abundance of fluorescently labeled liraglutide in the
hypothalamus (34) and anorexia following direct intrahypothalamic GLP-1R agonism (43—
46), GLP-1Rs in the hypothalamus are not necessary for liraglutide-induced anorexia (42,
47). Both the acute and chronic anorectic effects of peripheral liraglutide are preserved in
mice with hypothalamic G/pZrknockdown (42, 47). These findings are consistent with those
showing that hypothalamic GLP-1Rs are also not necessary for the anorectic effects of
exendin-4, a GLP-1R-selective agonist (48). Further supporting an extrahypothalamic model
for GLP-1R’s anorectic effects are decerebrate rat studies demonstrating a normal reduction
in food intake following peripheral GLP-1R agonists (14) and studies that fail to observe
hypothalamic neuronal activation following peripheral GLP-1R agonist administration (42,
49, 50). Although mounting evidence is shifting the focus away from the hypothalamus as
the primary site of action for the food intake— and body weight-reducing effects of GLP-1
and GLP-1-based drugs, the hypothalamus is undoubtedly a contributing mediator to the
effects of GLP-1 and perhaps some aspects of liraglutide signaling (32, 34, 43-46).

Discrepancies in the GLP-1 literature, including the role of hypothalamic GLP-1Rs, are
perhaps due to prominent species differences in the GLP-1R system. Site-specific Glp1r
knockdown has been used to show the involvement of discrete GLP-1R populations in
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normal food intake and body weight regulation in rats (18, 32, 51). However, these findings
contradict mouse work that fails to produce changes in body weight, fat mass, or
hyperphagia with whole-body or CNS-specific GLP-1R knockout (6, 47, 52, 53). In addition
to energy balance regulation, the GLP-1 system is required for coordinating visceral illness
in response to aversive stimuli in rats, but not in mice (54). Divergent neural circuitry
between mice and rats, including differences in the density of GLP-1 axon projections and
the central cellular phenotypes expressing preproglucagon or the GLP-1R (8, 54-58), likely
accounts for the inconsistent contributions of GLP-1 signaling to behavior. Because species
differences are apparent, our findings do not necessarily translate to the mouse or any other
species, a noted limitation of our work. Future studies examining the involvement of NTS
and hypothalamic GLP-1Rs in liraglutide-induced food intake and body weight reduction
should be conducted in both rats and mice. Furthermore, sex differences in the GLP-1
system are largely unexplored, and the field would greatly benefit from parallel studies
conducted in female rats. Findings in both sexes should be extended to dissect the
contribution of other GLP-1R populations to liraglutide signaling. GLP-1R-expressing
nuclei with demonstrated sufficiency for GLP-1R-mediated food intake reduction include
the parabrachial nucleus (59, 60), lateral dorsal tegmental nucleus (61), bed nucleus of the
stria terminalis (23, 62), hippocampus (63), ventral tegmental area (64, 65), and nucleus
accumbens (64, 66, 67).

The NTS is adjacent to and highly interconnected with the AP (68), a circumventricular
nucleus with high GlpIrexpression (8-11). The position of the AP within the brain supports
exposure of GLP-1Rs to circulating liraglutide, and high penetrance of fluorescently labeled
liraglutide across the blood-brain barrier and into the AP has been shown in our work and
others’ (34, 36). In addition, the AP is one of the most c-Fos—responsive areas of the brain
following peripheral liraglutide (21, 36), and it is possible that part of the observed neural
activity within the NTS (34, 36) is secondary to AP GLP-1R activation. It is therefore
important to disassociate the contributions of the two nuclei to liraglutide-induced neural
activation and consequent anorectic effects. We showed that NTS c-Fos following liraglutide
persists in the absence of the AP, strongly suggesting that liraglutide has direct action on
NTS GLP-1Rs independent of action in the AP. In addition, unlike NTS G/p1rknockdown,
APX did not attenuate the food intake— and body weight-reducing effects of liraglutide,
suggesting that the NTS, but not the AP, is a functionally relevant site of action for
liraglutide’s food intake-reducing effects. Our work is supported by studies in both rats and
mice that show preserved short-term anorectic effects of exendin-4 (35) and long-term
anorectic effects of liraglutide (34) in APX animals. Collectively, the evidence to date
suggests that although peripheral liraglutide is reaching and activating neurons in the AP, the
AP is not required for liraglutide’s acute anorectic effects. Further, the observed NTS neural
activity after liraglutide is not secondary to AP activation because APX did not attenuate the
expression of c-Fos in the NTS after liraglutide. We therefore conclude that the NTS is an
independent and essential site of action mediating liraglutide’s anorectic effects.

Our work using fluorescently labeled liraglutide, in addition to other extensive studies of
liraglutide penetrance (34, 36), provides visual evidence that peripherally administered
liraglutide gains access to NTS GLP-1Rs by crossing the blood-brain barrier. However, the
mechanism by which liraglutide is transported across the blood-brain barrier, where it plays
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a behaviorally relevant role, remains unclear. Potential mechanisms include passage via
fenestrated capillaries or ependymal cells such as tanycytes (34, 69-73), both of which have
documented roles in the transport of blood-borne molecules (73-76). Of particular
relevance, these routes have been proposed for the access of ghrelin and leptin, other
circulating appetite-modulating hormones, into the hypothalamus (76, 77). Transcytosis is
also conducted by astrocytes (78), and we have demonstrated internalization of fluorescently
labeled exendin-4 by cells in the NTS including astrocytes (56), suggesting the potential of
astrocyte-mediated transport of GLP-1 analogs. Diffusion of liraglutide from the AP to the
NTS via tanycytes or astrocytes is an attractive hypothesis given the abundance of tanycyte-
like cells, astrocytes, and astrocyte fibers in the AP and the subpostrema (the border between
the NTS and AP) (79-81). Further work will be required to elucidate the mechanism by
which liraglutide is penetrating the blood-brain barrier. Once understood, studies should be
aimed at how to best exploit these mechanisms for increased access of liraglutide to NTS
GLP-1R—expressing cells.

Identification of the phenotypically distinct GLP-1R populations that mediate the anorectic
effects of liraglutide is beneficial for the development of more targeted therapeutics for
obesity. To this end, neuronal and non-neuronal cells expressing the GLP-1R have been
explored for their role in mediating the food intake—reducing effects of GLP-1R agonists
including liraglutide and exendin-4. A diverse portfolio of cell types including
glutamatergic, proopiomelanocortin (POMC)/cocaine- and amphetamine-regulated transcript
(CART)- expressing neurons, and astrocytes have been shown to be involved (21, 34, 56, 65,
82). Our work using FISH confirmed previous data demonstrating the presence of the Glp1r
on GABAergic neurons in the NTS (24) and extends these findings by quantifying the
percentage of G/lpIr mRNA-expressing cells that are GABAergic in the NTS, at the level of
the AP. Future work will be necessary to phenotype the remaining 62.5% of GLP-1R-
expressing cells in the NTS. We expect that this population includes, but is not limited to,
glutamatergic (21) and noradrenergic neurons (24), as well as astrocytes (56). Although the
percentage of GABA neurons that expresses the GLP-1R is a small population of GABA
neurons in the NTS, it is important to note that NTS GABAergic neurons contribute to the
regulation of diverse physiological processes beyond energy balance control including
cardiovascular and respiratory function (83-85).

Few studies to date have examined the requirement of distinct cellular phenotypes for
liraglutide-induced anorexia. Previous work has initiated these important studies through
mice with genetic deletion of GLP-1Rs within glutamatergic and, separately, GABAergic
neurons of the entire brain (21). In these studies, regionally distributed glutamate and not
GABA neurons were shown to be required for liraglutide-induced food intake and body
weight reduction. It is important to realize that the genetic approach used in the prior studies
is not ideal for examining the physiology of the GLP-1 system. A whole-brain Glp1r
knockdown approach lacks the regional specificity to draw conclusions about the
requirement of either glutamate or GABA populations of neurons within discrete nuclei such
as the NTS. The redundancy of the GLP-1R-mediated pathways that control food intake
presents a scenario where the nuanced contribution of a particular cellular phenotype within
a given nucleus may be masked by whole-brain GABAergic G/pIrknockdown. This point is
stressed by the failure of whole-body or whole-brain GLP-1R null animals to alter food
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intake and body weight (6, 86) and suggests that subsets of nuclei must be tested in isolation
for their role in GLP-1R-mediated food intake changes. Also, although a common strategy
(42, 47, 48), breeding mice with either whole-brain or nucleus-specific G/jpZrknockdown
presents the opportunity for developmental compensation for the absence of the GLP-1R
within other areas of the brain. Ultimately, the GLP-1R distribution pattern in the adult
transgenic animal being tested for the effects of liraglutide may not represent that of a
normal animal.

To test the requirement of NTS-specific GABAergic neurons for the food intake— and body
weight-reducing effects of liraglutide in the rat, we used chemogenetics. Selective acute
silencing of NTS GABA neurons in adult rats, via CNO injection in GAD Cre* rats prepared
with NTS injection of an inhibitory DREADD virus, attenuated liraglutide-induced food
intake and body weight reduction. Although these studies suggest that liraglutide is acting
on NTS GABAergic neurons to mediate food intake and body weight reduction, our
chemogenetic manipulation is not specific to NTS GLP-1R—expressing GABAergic neurons.
The creation of a GLP-1R—Cre rat would allow for DREADD experiments, which would
inform whether the action of liraglutide on GABAergic neurons is first or second order.
Although our work indicates that a substantial percentage of G/jpZr mRNA transcript—
expressing cells are also GABAergic (37.5%), we expect that other populations of GLP-1R-
expressing cells, including those on glutamate neurons (21), astrocytes (56), noradrenergic
(24), and potentially other nonidentified populations of cells, also contribute to the effects of
liraglutide within the NTS. The mechanisms by which these populations of cells suppress
feeding may or may not involve the downstream engagement of NTS GABA neurons. To
further elucidate the mechanism by which liraglutide reduces feeding via action on NTS
GABA neurons, analyses should be extended to identify the projection targets of these cells.
Whether the GlpIr-expressing GABAergic cells are local interneurons, known to be heavily
expressed with the NTS (87), or projection neurons remains undetermined. It is known that
NTS GABA neurons project to preganglionic DMX motor neurons (88-90) for the control
of glucose metabolism (91, 92). Recently, chemogenetic activation of NTS GABA neurons
has been shown to induce hyperglycemia (30); however, regulation of blood glucose by NTS
GABA neurons expressing the GLP-1R has not been explored.

Liraglutide reduces food intake and body weight and has demonstrated success as a
pharmacotherapy for the treatment of obesity [see (2) for review]. Clinical trials have shown
average weight loss in obese patients without diabetes to be 8.2% (93, 94), within the range
(5 to 10%) that supports reductions in the incidence of type 2 diabetes and other obesity-
related comorbidities including sleep apnea, osteoarthritis, and hypertension (95-99).
However, the potential for improved weight management drugs remains, both in terms of
increasing weight loss and reducing side effects (most commonly nausea), which would
contribute to drug tolerability and compliance (94, 100, 101). Improving the
pharmacological potential and versatility of GLP-1 analogs requires the development of
more targeted drugs informed by knowledge of the liraglutide’s site and mechanism of
action. An increased understanding of the GLP-1 system can be extended to the treatment of
disease beyond obesity because GLP-1 is also implicated in neurodegenerative disease,
stroke, depression, anxiety, and addiction (102-108). These data provide evidence that NTS
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GABAergic neurons are a physiologically relevant population of GLP-1R—expressing cells
involved in the meditation of food intake and body weight reduction by liraglutide.

MATERIALS AND METHODS

Study design

Animals

This study was designed to explore the site of action of the obesity drug liraglutide within
the DVC, specifically the NTS and AP, using male rats. AAV-assisted G/pZrknockdown in
the NTS and, separately, surgical lesioning of the AP were used to examine the involvement
of each GLP-1R population in mediating the food intake— and body weight-reducing effects
of liraglutide. Because visual evidence obtained from rats injected peripherally with
fluorescently labeled liraglutide suggested penetrance of the drug into the NTS, we used
immunohistochemical comparison of c-Fos responsivity in the NTS in sham and APX rats
treated with liraglutide to determine whether the NTS is an independent site of action for
liraglutide. We also used FISH to quantify G/pZr mRNA expression on GABAergic neurons
and used DREADD technology to demonstrate the involvement of NTS GABA neurons in
mediating liraglutide’s effects. Adult male rats were used for all behavioral,
immunohistochemical, and in situ hybridization studies. All procedures were performed in
accordance with National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals and approved by the University of Pennsylvania Institutional Animal
Care and Use Committee. Data were excluded only in instances of improperly prepared
animals as assessed via postmortem histological verification of viral placement or APX. For
all histological analyses, investigators were blinded to experimental groups. Additional
materials and methods are available in the Supplementary Materials.

Male Sprague-Dawley rats (Charles River Laboratories) weighing between 300 and 400 g
were used for all studies except those involving chemogenetic suppression of NTS
GABAergic neurons. Chemo-genetic experiments used age- and weight-matched Long-
Evans rats expressing Cre-recombinase under the GadZ promoter (GAD Cre*) and GAD Cre
~ littermate controls (~400 g at testing). Rats were bred by crossing GAD Cre* rats obtained
from the Rat Resource & Research Center (RRRC) at the University of Missouri [LE-
Tg(Gad1-iCre)30ittc rats] to a Long-Evans wild-type rat (Charles River Laboratories). PCR
analysis (Transnetyx Inc.) was used to determine offspring genotype. All rats were
individually housed in wire-hanging cages in a climate-controlled (22° to 24°C) room with a
12-hour light/12-hour dark cycle. Rats were maintained on an ad libitum diet of standard rat
chow (Lab Diet), except where noted (see the Supplementary Materials).

Statistical analysis

All data are expressed as means + SEM. Statistical analysis including unpaired two-tailed
Student’s ttests of normally distributed samples, two-way analysis of variance (ANOVA)
with Tukey’s multiple comparison tests, or two-way repeated-measures ANOVA with
Sidak’s multiple comparison tests were performed in GraphPad Prism 8. The value of alpha
(significance level) was set at 0.05, and all tests of significance were two sided. Figure
legends note statistical parameters for each experiment. Immunohistochemical analysis of c-
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Fos expression was conducted in triplicate coronal sections and quantified in NIH ImageJ.
FISH data were quantified from four coronal sections at the level of the AP across four
animals using NIH ImageJ. Data are expressed as a summary of the means of the replicates
with SEM. Imaris was used to process Cy3-Lirag images captured with confocal
microscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Knockdown of Glplr in the NTS attenuates the food intake— and body weight-reducing
effects of acutely delivered systemic liraglutide.

(A) Mean daily body weight for AAV-GLP-1R and AAV-control rats after viral injection
(day 0). Inset represents cumulative body weight change over 26 days between viral
injection and sacrifice. (B) Reverse transcription PCR analysis of G/pZrexpression in the
NTS of AAV-GLP-1R- (= 8) versus AAV-control-treated rats (7= 8). Inset represents
histological demonstration of GFP-tagged viral expression at the caudal extent of the
micropunch in a representative AAV-GLP-1R-treated rat. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase. (C and D) Mean cumulative chow intake and body weight change
in NTS AAV-GLP-1R and AAV-control rats after vehicle (Veh) or liraglutide (Lirag; 50
pa/kg) treatment. NTS, nucleus tractus solitarius; cc, central canal. Data are expressed as
means + SEM. *P < 0.05, **£< 0.01, and ***P < 0.001 by unpaired, two-tailed Student’s ¢
tests (A and B) and two-way repeated-measures ANOVA with Sidak’s multiple comparison
tests (C and D).
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Fig. 2. Knockdown of Glplr in the NTS attenuates the food intake— and body weight-reducing

effects of chronically delivered systemic liraglutide.

(A) Daily HFD intake for AAV-GLP-1R (7= 10 per group) and AAV-control (7= 9 per
group) rats treated with chronic daily vehicle (\Veh) or liraglutide (Lirag; 200 pg/kg). (B)
Mean daily HFD across 3 weeks of vehicle or liraglutide treatment compared with baseline
intake (average of the 3 days before injection). (C) Daily body weight for AAV-GLP-1R and
AAV-control rats treated with chronic daily vehicle or liraglutide. (D) Mean body weight
across the 3 weeks of vehicle or liraglutide treatment compared with baseline intake

(average of the 3 days before injection). Data are expressed as means + SEM. *P< 0.05, **P
< 0.01, and ***P < 0.001 by two-way ANOVA with Tukey’s multiple comparison tests (B

and D).
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Fig. 3. AP lesion does not attenuate liraglutide-induced food intake and body weight reduction
nor c-Fos expression in the NTS.

(A and B) Mean cumulative chow intake and body weight change in sham (s7=9) and AP-
lesioned (APX; n=11) rats after vehicle (\Veh) or liraglutide (Lirag; 50 or 200 ug/kg)
treatment. (C) Representative images of NTS c-Fos expression in sham and APX rats treated
90 min before sacrifice with systemic vehicle (Veh) or liraglutide (Lirag; 200 pg/kg). Red
dashed lines represent the removed area postrema in APX rats. (D) Quantification of mean
c-Fos*—expressing cells per NTS section in sham and APX rats treated with vehicle (Veh; n
=5 and n= 5, respectively) or liraglutide (Lirag; 200 ug/kg; n=4 and n= 7, respectively).
NTS, nucleus tractus solitarius. AP, area postrema. cc, central canal. Data are expressed as
means + SEM, *P< 0.05, **P< 0.01, and ***£ < 0.001 by two-way repeated measures
ANOVA with Sidak’s multiple comparison tests (A and B) or by two-way ANOVA with
Tukey’s multiple comparison tests (D).
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Fig. 4. GABAergic neurons in the NTS mediate effects of systemically delivered liraglutide on
food intake and body weight.

(A) Systemically delivered Cy3-labeled liraglutide (Cy3-Lirag; 200 ug/kg, intraperitoneally;
pink) within the DVC. White box within the NTS designates area with increased
magnification and three-dimensional reconstruction, pictured above, with Cy3-Lirag and
DAPI-stained cell nuclei (blue). (B) FISH showing colocalization of G/pIr(red) and Gadl
(green) mRNA around cell nuclei (DAPI, blue) in the NTS. White box within the NTS
designates area with increased magnification pictured above. (C) Percentage of NTS
GABAergic neurons that did (GLP-1R*) and did not (GLP-1R") express the G/p1r (top) and
analysis of the percentage of G/jpZr mRNA-expressing cells that were (GABA*) or were not
(GABA™) GABA cells (bottom). (D and E) Effect of chemogenetic inhibition of GABAergic
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neuron signaling in the NTS via vehicle or CNO pretreatment (CNO; 1 mg/kg) on food
intake and body weight after systemic liraglutide treatment (Lirag; 200 pg/kg) in GAD Cre*
rats (n=6). (F and G) Effects of DREADD-mediated inhibition of GABAergic neuron
signaling in the NTS on food intake and body weight after systemic liraglutide treatment in
GAD Cre™ rats (n=7) rats. GR, nucleus gracilis. Scale bar, 50 pm. Data are expressed as
means + SEM. *P<0.05, **P<0.01, and ***P < 0.001 by two-way repeated-measures
ANOVA with Sidak’s multiple comparison tests.
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