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The induction of nausea and emesis is a major barrier to
maximizing the weight loss profile of obesity medications,
and therefore, identifying mechanisms that improve tolera-
bility could result in added therapeutic benefit. The devel-
opment of peptide YY (PYY)-based approaches to treat
obesity are no exception, as PYY receptor agonism is
often accompanied by nausea and vomiting. Here, we
sought to determine whether glucose-dependent insulino-
tropic polypeptide (GIP) receptor (GIPR) agonism reduces
PYY-induced nausea-like behavior in mice. We found that
central and peripheral administration of a GIPR agonist
reduced conditioned taste avoidance (CTA) without affect-
ing hypophagia mediated by a PYY analog. The receptors
for GIP and PYY (Gipr and Npy2r) were found to be
expressed by the same neurons in the area postrema (AP),
a brainstem nucleus involved in detecting aversive stimuli.
Peripheral administration of a GIPR agonist induced neu-
ronal activation (cFos) in the AP. Further, whole-brain cFos
analyses indicated that PYY-induced CTA was associated
with augmented neuronal activity in the parabrachial
nucleus (PBN), a brainstem nucleus that relays aversive/
emetic signals to brain regions that control feeding behav-
ior. Importantly, GIPR agonism reduced PYY-mediated
neuronal activity in the PBN, providing a potential mecha-
nistic explanation for how GIPR agonist treatment reduces
PYY-induced nausea-like behavior. Together, the results
of our study indicate a novel mechanism by which GIP-
based therapeutics may have benefit in improving the tol-
erability of weight loss agents.

A major challenge of current and novel weight loss medi-
cations is the occurrence of nausea and vomiting (1-3).
These physiological responses can occur due to drug-medi-
ated overstimulation of anorectic pathways and/or the
recruitment of aversive/emetic circuits that naturally
defend against the consumption of toxic substances (4-6).
Aversive/emetic responses are largely controlled by the
area postrema (AP), a circumventricular organ located in
the hindbrain that senses blood-borne signals (7). The AP
plays a dual role in detecting both satiety and emetic sig-
nals (7-9). Therefore, identifying therapeutic agents that
target nonaversive anorectic circuits originating within the
AP offers great potential for the treatment of conditions
exacerbated by excess energy consumption such as type 2
diabetes (T2D) and obesity.

Glucose-dependent insulinotropic polypeptide (GIP) is a
gut-derived hormone that enhances glucose-dependent
insulin secretion, thereby helping to regulate postprandial
glycemia (10). In addition to its role as an incretin, GIP can
act centrally to impact energy homeostasis (11). Indeed,
the GIP receptor (GIPR) is expressed by both glutamatergic
and GABAergic neurons found in hypothalamic nuclei that
regulate energy balance (e.g., the arcuate [ARC], paraven-
tricular [PVH], and dorsomedial [DMH] nuclei) and by
GABAergic neurons in the AP (12-14). Peripheral adminis-
tration of GIPR agonists induces neuronal activation in the
ARC and AP (14,15). Additionally, chemogenetic activation
of GIPR" cells in the ARC reduces feeding in mice (12),
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and both central and peripheral administration of GIPR
agonists reduces food intake and body weight in obese
mice (15,16). Further, chronic treatment of obese mice
with GIPR agonists enhances the anorectic action of glu-
cagon-like peptide 1 receptor (GLP-1R) agonism and deliv-
ers synergistic weight loss (17). Intriguingly, in addition
to enhancing the anorectic action of GLP-1R agonism,
GIPR activation has been shown to block emesis in fer-
rets, musk shrews, and dogs and attenuate nausea-like
behavior in mice and rats (14,18,19). This work has led to
the hypothesis that GIPR agonism enhances the weight
loss efficacy of GLP-1R agonism, in part, by attenuating
its nauseating activity and thereby improving patient
compliance (20-22). If true, these findings have signifi-
cant implications not only for the GLP-1R agonist drug
class but also for other anorectic agents whose weight
loss efficacy is compromised by tolerability issues.

One obesity drug candidate whose anorectic activity
may be linked to inducing a state of visceral malaise is pep-
tide tyrosine-tyrosine (PYY336) (23,24). PYY33¢ is a gut-
derived hormone that promotes satiety by activating the
neuropeptide Y receptor type 2 (NPY2R) in the hypothala-
mus and brainstem (24,25). However, efforts to develop
PYY-based approaches to treat obesity have been hampered
by the occurrence of nausea and vomiting on treatment
with PYY-derived analogs (26,27). Therefore, the objective
of the current investigation was to determine whether
treatment with a GIPR agonist blocks nausea-like behavior
induced by a PYY analog. We took an integrated approach
combining behavioral indices of nausea with whole-brain
neuronal activity mapping. With these approaches we
determined that GIPR agonism attenuates the aversive
effect of a PYY analog while maintaining its anorectic activ-
ity. Mechanistically, we show that the GIPR and NPY2R
are expressed by the same neurons in the AP, and we
describe a neural pathway by which GIPR agonism may
mitigate malaise induced by a PYY analog.

RESEARCH DESIGN AND METHODS

Peptide Synthesis and In Vitro Characterization

GIPR agonists (short acting [GIPRA] and long acting [LAGI-
PRA] [19]), and a NPY2 selective long-acting analog of PYY
(compound 4 [28]), were synthesized at Eli Lilly and Com-
pany. cAMP assays were conducted in HEK293 cells
expressing the mouse GLP-1R, GIPR, or GCGR or mouse
NPY2R using a homogeneous time-resolved fluorescence
method to assess cCAMP accumulation or the inhibition of
forskolin-mediated stimulation of cAMP (CisBio cAMP
Dynamic 2 HTRF assay kit, 62AM4PEJ). We determined
intracellular cAMP levels by extrapolation using a stan-
dard curve. Dose response curves of compounds were
plotted as the percentage of stimulation normalized to
minimum and maximum values and analyzed with a
four-parameter nonlinear regression fit with a variable
slope (Genedata Screener 13).
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Animals

All experiments were performed in accordance with proto-
cols approved by the Eli Lilly and Co. Institutional Animal
Care and Use Committee. All animals were individually
housed in a temperature-controlled facility with a 12 h/
12 h light/dark cycle. Wild-type (WT) and Gipr-defr-
cient (Gipr /") mice on a C57BL/6 genetic background
(29,30) were maintained at Taconic Contract Breeding.

Pharmacokinetic Analysis

The pharmacokinetic (PK) of LAGIPRA and a long-acting
PYY (LAPYY) analog was evaluated in male CD-1 mice fol-
lowing a single dose of 200 nmol/kg s.c. Blood samples
were collected over 168 h, and the resulting individual con-
centrations from one or two animals/group/time point
were used to calculate the reported PK parameters. The PK
parameters are shown in Supplementary Table 1.

Conditioned Taste Avoidance Assay

Conditioned taste avoidance (CTA) was established as previ-
ously described (31). Age-matched (10-12 weeks) male WT
mice (C57BL/6) were individually housed with ad libitum
access to food and water. Two water bottles were placed
into each cage with equal access to food on both sides. Day
—1, water bottles were removed and overnight (18 h) water
deprivation was initiated to facilitate drinking on day 1. On
day 1, mice were given access to two bottles, each filled
with a saccharin solution (0.15%), for 40 min and immedi-
ately thereafter given an injection of each respective aver-
sive agent (PYY [via subcutaneous injection], LiCl [vi
interparental injection] [cat. no. 501821911; Sigma-Aldrichl],
or recombinant human GDF15 [via interparental injection]
alone or in combination with vehicle, GIPRA [subcutane-
ously], or LAGIPRA [subcutaneouslyl; n = 6 per group). Fol-
lowing compound administration bottles were removed,
and bottles containing just water were returned. On day 4,
mice were water deprived overnight (~18 h). On day 5,
mice were given one bottle containing water and one bottle
containing the saccharin solution (0.15%), and placement
of bottles was counterbalanced across all animals to prevent
a conditioned place preference effect. On day 6, 24 h after
the two-bottle choice test, each bottle was removed and
weighed and the saccharin preference ratio was calculated.
Twenty-four-hour body weight and food intake were
recorded.

Intracerebroventricular Cannulation

Mice were intracerebroventricularly cannulated by inser-
tion of a unilateral site-directed guide cannula (mouse can-
nula, 2 mm, PlasticsOne, Bilaney, Germany) into the
right lateral ventricle under isoflurane anesthesia (Vet-
flurane; Virbac, Kolding, Denmark). An incision was
made along the midline of the skull, and two holes (one
rostral in the right frontal bone and one caudal in the
left parietal bone) were drilled, followed by insertion of
anchoring screws. A cannula hole was drilled and the
cannula placed and fastened with use of acrylic dental
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cement at the following coordinates: anterior-posterior
—0.25, medial-lateral 1.0, and caudal-ventral —2 mm rela-
tive to bregma. Carprofen (Norodyl; ScanVet, Fredensborg,
Denmark) and enrofloxacin (Baytril; Bayer, Leverkusen,
Germany) were administered on the day of operation and
for the following 3 days.

cFos Analysis

For all cFos studies, chow-fed C57BL/6J male mice were
acclimated to handling with daily PBS injection (subcutane-
ously) for 4 days. On day 5, GIPRA (10 nmol/kg s.c.), PYY
(100 nmol/kg s.c.), and GDF15 (2 nmol/kg s.c.) and combi-
nations thereof were dosed. Mice were anesthetized and
transcardially perfused with 10% formalin at 45 min (Fig. 6
and Supplementary Fig. 4) or 120 min (Figs. 7 and 8 and
Supplementary Figs. 5 and 6) post-drug injection. Brain
samples were collected, prepared, and cleared according to
standard iDISCO+ protocol. cFos immunostaining, light
sheet microscopy, image processing, registration and voxel-
based statistical analysis were performed exactly as
previously described (32). The three-dimensional cFos hot-
spots at parabrachial nucleus (PBN) (dorsal PBN [PBNp]
and ventral PBN [PBNy]) were defined by the averaged
cFos signal in PYY-treated group and GDF15-treated
group, respectively. Subsequent cFos quantification with
voxel-based statistical analysis was performed within these
registered three-dimensional hotspots for each treat-
ment group. Immunohistochemistry antibodies were as
follows: rabbit anti-cFos (1:200, 9F6; Cell Signaling
Technology), sheep anti-FoxP2 (1:5,000, AF5647; R&D
Systems), guinea pig anti-CGRP (1:500, no. 14004; Synap-
tic Systems), and sheep anti-GFRAL (1:1,000, AF5728;
R&D Systems).

RNAscope In Situ Hybridization

In situ hybridization studies were conducted with use of
the RNAscope method (Advanced Cell Diagnostics, Newark,
CA). Mice (C57BL6J; Janvier Labs) or rats (Long Evans;
Janvier Labs) were terminally anesthetized and the brains
removed and frozen on dry ice. Brains were sectioned (coro-
nal sections covering the AP and nucleus tractus solitaries
[NTS]) on a cryostat (12 pm) and mounted on microscope
slides. Cynomolgus monkey brain block containing the AP
was obtained from MediTox (Czech Republic) and fixed in
10% neutral buffered formalin for 24 h before transfer to
70% ethanol followed by paraffin imbedding and sectioning
(5 pm). Sections were stained with RNAscope multiplex
probes (mouse, Gipr 319121-C2, Npylr 427021-C1, Npy2r
315951-C1, Npy4r 313551-C1, NpySr custom designed by
Advanced Cell Diagnostics; rat, Gipr 318801-C2, Npylr
414471-C1, Npy2r 414481-C1, Npydr 414491-C1, NpyS5r
414501-C1; and monkey, GIPR 49051-C2, NPY2R 508001-
C1) according to the manufacturer’s instructions. Sections
were counterstained with DAPI to mark cellular nuclei,
cover slipped, imaged, and scanned with an Olympus
VS120 fluorescent scanner. Target mRNA and colocalization
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were then evaluated and reported. All experiments were
conducted at Gubra (Hgrsholm, Denmark).

Statistical Analysis

Data are presented as means + SEM. Data analysis was
conducted with GraphPad Prism 9. Statistical analyses per-
formed included Student unpaired t test or one-way
ANOVA or two-way ANOVA followed by Dunnett multiple
comparisons test where appropriate. Differences were con-
sidered significant when P < 0.05.

Data and Resource Availability

The data sets generated during or analyzed during the
current study are available from the corresponding author
on reasonable request.

RESULTS

GIPR Agonism Enhances the Anorexic Action of PYY

To determine whether combined treatment of a GIPR ago-
nist and PYY analog achieves a greater reduction in body
weight and food intake in obese high-fat-fed mice, we used
a potent and selective LAGIPRA (Supplementary Fig. 1A and
Supplementary Table 1) (19) and an LAPYY analog with
potent activity at the mouse Npy2 receptor (Supplementary
Fig. 1B and Supplementary Table 1) (28). Following a single
dose (200 nmol/kg s.c.) of LAGIPRA or the LAPYY analog,
the mean apparent cdearance and mean half-life were
4.86 mL/h/kg and 21.3 h and 4.52 mL/h/kg and 20.7 h,
respectively, in mice. (See Supplementary Table 2.) In vivo,
LAGIPRA showed selectivity for the mouse GIPR by lowering
blood glucose in intraperitoneal glucose tolerance tests in
WT mice (Supplementary Fig. 24) but not Gipr '~ mice
(Supplementary Fig. 2B). In addition, the LAPYY analog
dose-dependently decreased fasting-induced hyperphagia
and weight gain in lean WT animals (Supplementary Fig. 2C
and D). To determine whether GIPR agonism enhances the
anorectic action of the LAPYY analog, we dosed obese mice
chronically with the LAPYY analog alone or in combination
with the LAGIPRA (Fig. 1). Both the LAPYY analog and
LAGIPRA reduced food intake and body weight during a
72-h dosing period (Fig. 1A-F). Importantly, the LAGIPRA
enhanced the anorectic action of low (3 nmol/kg) (Fig. 1B)
and mid (30 nmol/kg) (Fig. 1C) doses of the LAPYY analog
but only delivered greater weight loss in combination with a
low dose of the LAPYY analog (Fig. 14). These findings are
the first to show that, similar to GLP-1R agonism, chronic
treatment with an LAGIPRA enhances the anorectic and
weight-lowering efficacy of a LAPYY analog in obese mice.

GIPR Agonism Attenuates PYY-Induced Aversion in
Mice

To investigate the potential antiaversive action of GIPR
agonism, we used both the LAGIPRA and a potent and
selective GIPRA (19). (See Supplementary Fig. 1C and
Supplementary Table 1.) In vivo, the GIPRA showed selec-
tivity for the mouse GIPR by dose-dependently reducing
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Figure 1—GIPR agonism enhances the anorectic action of PYY. Body weight and food intake in obese mice dosed once daily with an
LAPYY analog at 3 nmol/kg (A and B), 10 nmol/kg (C and D), and 300 nmol/kg (E and F) alone or in combination with an LAGIPRA
(10 nmol/kg) (n = 6 per group). Values are means + SEM. *P < 0.05 vs. vehicle; #LAPYY vs. LAGIPRA + LAPYY.

hyperglycemia following an intraperitoneal glucose tolerance
test in WT mice but not Gipr ’~ mice (Supplementary Fig.
2E and F). To determine whether GIPR agonism attenuates
the aversive effect of PYY, we applied the CTA assay, where
exposure to a LAPYY analog was paired with a novel tastant
(0.15% saccharin in drinking water) alone or in combination
with either GIPRA or LAGIPRA. In this design, reduced con-
sumption of the saccharin-containing solution is indicative
of an aversive response. Consistent with previous reports
(24), administration of the LAPYY analog dose-dependently
reduced saccharin preference, food intake, and body weight
in lean C57/B6 mice (Fig. 24, C, and E and Supplementary
Fig. 34, C, and E). By contrast, there was no effect of either
GIPRA (Fig. 2A) or LAGIPRA (Supplementary Fig. 3B) on
saccharin preference compared with vehicle treatment. Strik-
ingly, in the presence of either GIPR agonist, the aversive
effect of the LAPYY analog was ablated at all effective doses
tested (Fig. 2B and Supplementary Fig. 3B); of note, the
LAPYY analog still reduced 24 h food intake and body
weight (Fig. 2D and F and Supplementary Fig. 3D and F).
GIP has been shown to require its receptor in the cen-
tral nervous system (CNS) to suppress appetite (15). There-
fore, to determine whether the GIPRA can act centrally to
block PYY-induced CTA, we administered the GIPRA via an
intracerebroventricular injection, while the LAPYY analog

was dosed peripherally. Consistent with data from GIPRA
peripheral dosing (Fig. 34, C, and E), central administration
of the GIPRA ablated the aversive effect of the LAPYY ana-
log (Fig. 3B) without affecting the ability of the LAPYY ana-
log to suppress food intake and reduce body weight (Fig.
3D and F). The finding that GIPR agonism attenuates the
aversive effect of PYY without altering its hypophagic
effect provides new insight into the mechanisms whereby
GIPR agonism may offer therapeutic advantages.

To determine whether the antiaversive action of GIPR
agonism is specific to meal-related satiety factors (e.g.,
PYY) or extends to broad emetic stimuli, we investigated
the effect of the GIPRA on CTA induced by the abdominal
irritant LiCl and the cytokine GDF15 (33). LiCl robustly
provoked an aversive response (Fig. 4A); however, the
GIPRA was unable to block this effect (Fig. 4B). GDF15-
induced gastrointestinal malaise is mediated through bind-
ing to its receptor (GFRAL) on neurons located in the AP
and NTS (31,33). Importantly, the GIPR is expressed by a
population of neurons different from those of GFRAL in
the AP (13,18). Therefore, we determined whether the
GIPRA was able to block the known effect of GDF15 on
CTA. GDF15 dose-dependently reduced saccharine prefer-
ence (Fig. 4C). However, the GIPRA did not block the aver-
sive action of GDF15 (Fig. 4D). Taken together, these
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Figure 2—GIPR agonism attenuates PYY-induced aversion in mice. Saccharin preference (A and B) and 24 h body weight (C and D) and
food intake (E and F) in lean C57/BI6 mice dosed subcutaneously with an LAPYY analog alone (A, C, and E) or in combination (B, D, and F)
with a GIPRA (n = 6 per group). Values are means + SEM. *P < 0.05 vs vehicle; #P < 0.05 vs. LAPYY-only group. Statistical analyses per-
formed with use of one-way ANOVA, followed by Dunnett multiple comparisons test where appropriate.

studies suggest that the antiaversive effect of GIP may be
specific to meal-related factors that drive nausea-like behav-
ior via neuronal circuits distinct from those of broad nause-
ating agents.

The GIPR and NPY2R Colocalize on Neurons in the AP
in Mouse, Rat, and Monkey

To determine the expression pattern of Gipr and Npy2r in
the AP and NTS, we conducted RNA insitu hybridization.
In the mouse brain, cells expressing messages for the
Npy2r were detected in the AP, as well as in scattered
cells across the NTS. Gipr message was confined to cells
in the AP, with few cells positive for Gipr in the neigh-
boring NTS. Interestingly, in mice many Gipr-express-
ing cells were also found to express Npy2r (mean + SEM

43 + 4.6%) (Fig. 5A and D). While mRNA for other PYY
receptors (Y1, Y4, and Y5) was detected in cells of the
mouse AP, only limited colocalization with Gipr was
observed (Fig. 5D). Of note, similar colocalization of
Gipr and Npy2r (60.0 + 2.4%) was detected in the rat
brainstem (Fig. 5B and D). Consistent with the expression
pattern in rodents, Gipr and Npy2r colocalized in cells of
the monkey AP (Fig. 4C and D). Taken together, these data
suggest a potential site of interaction whereby GIPR ago-
nism may directly attenuate the ability of PYY to induce
visceral malaise.

GIP Induces Neuronal Activity in the AP
Since the GIPR and NPY2R are coexpressed by a substan-
tial number of neurons within the AP, we investigated
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Figure 3—GIPR agonism attenuates PYY-induced aversion in mice. Saccharin preference (A and B) and food intake (C and D) and
24 h body weight (E and F) in lean C57/BI6 mice dosed subcutaneously (SC) with an LAPYY agonist alone (C and D) and in combination
(E and F) with a GIPRA dosed peripherally or centrally (intracerebroventricular injection [ICV]) (n = 6-11 per group). Values are means +
SEM. *P < 0.05 vs. vehicle (Veh). Statistical analyses performed included Student unpaired t test or one-way ANOVA, followed by Dunnett

multiple comparisons test where appropriate.

whether peripherally dosed GIPRA and the LAPYY analog
induce neuronal activity (cFos expression) in the AP and
how GIPR and NPY2R agonism affects neuronal activity in
this area of the brain. The GIPRA induced cFos expression
in the mouse AP 45 min after injection (Fig. 64, B, and E),
while there was no cFos induced by LAPYY analog (Fig. 6C
and E). Interestingly, cotreatment with the GIPRA and
LAPYY analog led to a significant reduction of cFos expres-
sion compared with GIPRA treatment alone (Fig. 6D and
E). We further conducted triple RNA in situ hybridization
to detect cFos, Npy2r and Gipr in the AP and discovered
that the GIPRA led to cFos expression in NPY2R " neurons,
while the LAPYY analog and GIPRA cotreatment resulted in
decreased cFos expression in these neurons (Supplementary
Fig. 4). These results suggest that the activation of the
Gj-coupled NPY2R does not induce cFos expression in
NPY2R" AP neurons; however, it is capable of suppressing
the cFos expression induced by the activation of Gs-coupled
GIPR expressed in the same neurons (13). Further, in line
with the differential effect of GIPRA treatment on

PYY-induced CTA, compared with that of GDF15, we found
that AP neurons activated by the GIPRA do not express
GDF15 receptor GFRAL, suggesting that GIP and GDF15
engage distinct neuronal populations in the AP (Fig. 6G
and H).

Next, we investigated how the GIPRA and LAPYY ana-
log affect neuronal activity in the NTS. Interestingly,
while neither the GIPRA nor LAPYY induced cFos expres-
sion when dosed alone (Fig. 6F), cotreatment with these
agents robustly augmented cFos expression in the NTS
(Fig. 6F). Overall, these results suggest that GIPRA and
PYY directly impact the NPY2R* neurons in AP and
engage neural pathways distinct from those recruited by
GDF15.

Distinct cFos Expression Patterns Induced by GIPRA,
PYY, and GDF15

Our invivo studies showed that GIP can block the aversive
action of PYY but not that of the emetic agent GDF15.
Therefore, to elucidate the downstream neuronal circuits


https://doi.org/10.2337/figshare.19601518
https://doi.org/10.2337/figshare.19601518

1416 GIPR Agonism Inhibits PYY-Induced Nausea

O Veh

O LiCI (0.003 mmol/L)
3 LiCl (0.01 mmoliL)
& LiCl (0.03 mmol/L)
B LiCl (0.1 mmoliL)
B LiCl (0.3 mmoliL)
B GIPRA (3 nmolikg)

[o]

80- gz

*
60-

©
404 I *

[o]

20-
0

Veh

LiCl (0.003 mmol/L) + GIPRA
LiCl (0.01 mmol/L) + GIPRA
LiCl (0.03 mmol/L) + GIPRA
LiCl (0.1 mmol/L) + GIPRA
LiCl (0.3 mmol/L) + GIPRA
GIPRA (3 nmol/kg)

>

-
o
g

Saccharin Preference (%)

AREDOO0O0

100

LT
*
60
*
40 o
204
0

Saccharin Preference (%)

Diabetes Volume 71, July 2022

O Veh

3 GDF15 (0.04 nmol/kg)
O GDF15 (0.2 nmol/kg)
3 GDF15 (0.4 nmol/kg)
B GDF15 (1 nmol/kg)
E GDF15 (2 nmol/kg)
I GIPRA (3 nmol/kg)

(@)

< 1001
o (¢] o
e & Q0 O
8 s0qf° 2T %
[ 0 o o0
£ 601 °
E o *
c 401
= le| 8 00
© O
K= O
3 204 O]
[3°]
(72]

0

O Veh

I GDF15 (0.04 nmol/kg) + GIPRA

O GDF15 (0.2 nmol/kg) + GIPRA

I GDF15 (0.4 nmol/kg) + GIPRA

3 GDF15 (1 nmol/kg) + GIPRA

E GDF15 (2 nmol/kg) + GIPRA
_- GIPRA (3 nmol/kg)

O

< 100
< &8 *
3 sod[1F & ¢
c O % o *
g & oo
“‘1:’ 601 o
o
£ 401 o T
S o
S 204
3]
(%]

0

Figure 4—GIPR agonism does attenuate CTA induced by broad aversive agents. Saccharin preference ratio in lean C57/BI6 mice dosed
once with LiCl (intraperitoneally) and growth differentiation factor 15 (GDF15) (subcutaneously) alone (A and C) and in combination (B and
D) with a GIPRA (subcutaneously) (n = 6 per group). Values are means + SEM. *P < 0.05 vs. vehicle (Veh). Statistical analyses performed
included a one-way ANOVA, followed by Dunnett multiple comparisons test where appropriate.

that may be responsible for the selective antiaversive
action of GIPR agonism, we compared the effect of GIPRA
on neuronal activity (cFos) induced by the LAPYY analog
or GDF15 at 120 min posttreatments at the whole-brain
level. Unbiased analysis showed that treatment with GIP
increased cFos expression in four major regions of the CNS
(i.e., the central amygdala [CeA], AP, xiphoid thalamus, and
bed nuclei of the striata [BST]) (Fig. 7A and F). Treatment
with the LAPYY analog augmented cFos expression in six
regions of the brain (the CeA, PBN, AP, tuberal nucleus,
retrochiasmatic area, and NTS) (Fig. 7B and G). Adminis-
tration of GDF15 led to increased cFos expression in seven
brain areas (the CeA, NTS, dorsal motor nucleus of the

vagus [DMX], AP, paraventricular thalamus, BST, and PBN)
and decreased cFos expression in nine regions (the giganto-
cellular reticular nucleus, posterolateral visual area, medial
septum, VISpl, tenia tecta dorsal part, posterior amygdala,
nucleus accumbens core, reticular nucleus of the thalamus,
and rostral linear nucleus raphe) (Fig. 7C and H).

The overall cFos expression patterns in animals receiv-
ing cotreatment of either the GIPRA and LAPYY analog or
GIPRA and GDF15 were similar to those induced by the
GIPRA or GDF15 treatments alone (Fig. 74, C-F, and
H-J). We quantified the number of cFos™ cells in several
brain regions that are known to be involved in the regula-
tion of energy homeostasis, reward, or aversive behaviors,
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Figure 5—Specific colocalization of Gipr with Npy2R in mouse, rat, and monkey. Dual-label fluorescence in situ hybridization showing
colocalization of Gipr (green) and Npy2r (white) mMRNA transcripts in sections containing the AP from mouse (A), rat (B), and cynomolgus
monkey (C). Nuclear staining (DAPI, blue) was used to identify brain regions. Yellow arrows indicate Gipr and Npy2r double-labeled cells.
Colocalization of Gipr with Npy1, 2, 4, and 5 was assessed in sections from mouse and rat (n = 3) and Gipr with Npy2r in sections from
cynomolgus monkey (5 sections from n = 2 monkeys). The percent colocalization (mean and SEM) of Gipr with mouse, rat or cynomolgus
monkey NPY1R, NPY2R, NPY4R, and NPY5R (mY1, rY1, mY2,rY2, cY2, mY4, rY4, mY5, rY5).

including the AP, NTS, DMX, ARC, PVH, DMH, ventral
medial hypothalamus, PBN, CeA, BST, nuceus accum-
bens, and ventral tegmental area. The number of cFos™
cells were not statistically different in the ARC, DMH, Ven-
tral medial hypothalamus, PVH, ACB, or ventral tegmen-
tal area among all treatment groups (Supplementary Fig.
5B-G). However, consistent with our finding in the AP at
the 45 min time point (Fig. 6E), cotreatment with the
GIPRA and LAPYY analog resulted in a moderately
decreased expression of cFos at the 120 min time
point compared with that of animals treated with the
GIPRA alone (Fig. 7K). By contrast, cotreatment with
the GIPRA and GDF15 led to a small increase of cFos
expression in the AP compared with treatment with
either GIPRA or GDF15 (Fig. 7K). In the neighboring
nuclei of the NTS and DMX, treatment with GDF15
alone or in combination with GIPRA resulted in an increased
number of cFos™ cells (Fig. 7L and Supplementary Fig.
5A). In the CeA, cotreatment with the GIPRA and LAPYY
or the GIPRA and GDF15 led to an increased number of
cFos™ cells that appear to be additive, but without statisti-
cal significance in comparisons with animals dosed with

GIPRA or GDF15 alone (Fig. 7M). In the BST, GIPRA and
GDF15 treatments both led to increased numbers of cFos™*
cells compared with the vehicle group, and the combina-
tion of these treatments led to similar cFos expression
compared with each agent alone (Fig. 7N). The PBN is a
major neuronal center responsible for the transmission of
noxious/aversive signals to areas of the CNS associated
with control of both appetite and nausea (34). Interest-
ingly, treatment with PYY induced cFos expression in the
PBN, while this effect was moderately reduced in animals
receiving cotreatment of PYY and GIPRA (Fig. 70). In sum-
mary, when comparing the effect of GIPRA on neuronal
activity induced by PYY or GDF15, we found that consis-
tent with its antiaversive action, GIPRA moderately
reduced PYY-induced neuronal activity in the PBN.

GIPRA Suppressed PYY-Induced Activity in the Dorsal
Subnucleus of PBN

Since the PBN encapsules different neuronal populations
with a high degree of heterogeneity (34), we further char-
acterized cFos " signals in subdomains of the PBN. Surpris-
ingly, LAPYY analog treatment induced strong cFos
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Figure 7—Distinct brain cFos patterns at 120 min after GIPRA, LAPYY analog, and GDF15 treatments. Averaged group overview (dorsal
view) of changes in cFos activity relative to the vehicle group (n = 8) (A-/). Brain regions where the number of cFos cells is increased in
comparison with the vehicle group are shown in red and regions with reduced cFos count compared with vehicle group are shown in blue.
Unbiased whole brain analysis of cFos fold induction by GIPRA (F), LAPYY analog (G), GDF15 (H), GIPRA + LAPYY analog (/), and GIPRA +
GDF15 (J) with the top 20 brain regions with statistically significant cFos changes compared with vehicle shown. K-O: Quantification of cFos
cell counts in different brain regions. Values are means + SEM. Statistical analyses performed included one-way ANOVA followed by Dunnett
multiple comparison test. *P < 0.05; **P < 0.005; ***P < 0.001; ****P < 0.0001. ACB, nucleus accumbens; ACBc, nucleus accumbens core;
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complex of the thalamus; PFL, paraflocculus; PGRNI, paragigantocellular reticular nucleus lateral part; POR, postrhinal cortex; PoT, posterior tri-
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primary somatosensory area; SSs, supplemental somatosensory area; TTd, tenia tecta dorsal part; TU, tuberal nucleus; VISpl, posterolateral
visual area; VPM, ventral posteromedial nucleus of the thalamus; Xi, xiphoid thalamus.

expression in the PBN}, (green arrow in Fig. 8B and F) that
is spatially separate from the PBNy activated by GDF15
(yellow arrow in Fig. 8C and F). In addition, LAPYY ana-
log-induced cFos expression in the PBNp appeared to
be reduced in the GIPRA and PYY cotreatment group
(Fig. 8D). Quantification of cFos* cells within the three-
dimensional PBNp and PBNy (Fig. 8G) (see RESEARCH DESIGN
AND METHODS) confirmed that LAPYY treatment led to

significantly increased cFos expression in the PBNp and a
small increase of cFos expression in the PBNy, while
GDF15 treatment resulted in high cFos expression in the
PBNy but not in the PBNp, (Fig. 8H and I). Importantly, the
number of cFos™ cells in the PBNp, was reduced in animals
receiving cotreatment of the GIPRA and LAPYY in compari-
son with the LAPYY analog treatment group (Fig. 8H).
Interestingly, PBNp neurons activated by the LAPYY
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analog do not express CGRP or FoxP2 (arrowheads in
Supplementary Fig. 6). In summary, here we show for the
first time that an LAPYY analog stimulates cFos expression
in a subnuceus of the PBN (PBNp), distinct from
GDF15-stimulated neurons in PBNy. Furthermore, a GIPRA
suppressed LAPYY-induced neuronal activity in PBNp.
These data provide a potential explanation for how GIPR
agonism blocks PYY-induced CTA. Future neural circuitry
studies are required to fully test this hypothesis.

DISCUSSION

The major findings of the current study are that GIPR ago-
nists inhibit PYY-induced aversion but not PYY-mediated
reductions in food intake. Mechanistically, our findings sug-
gest that the antiaversive efficacy of GIPR agonism is
underlined by the inhibition of PYY-induced neuronal activ-
ity in a subpopulation of neurons located in the PBN, a
known relay center for nauseating stimuli.

Analogs of PYY are potential drug candidates for the
treatment of obesity and type 2 diabetes (35). However,
the appetite-suppressing and emetic actions of PYY are
hypothesized to be driven by overlapping neuronal circuits
(24). To date, the occurrence of nausea/emesis has under-
mined the clinical application of PYY-based medicines (27).
Consequently, several strategies have been implemented
with the aim of bypassing such tolerability issues (27).
Indeed, cotreatment with low doses of PYY and glucagon-
like peptide 1 are well tolerated and deliver improved appe-
tite suppression in healthy and obese participants (36-38).
Further, an engineered long-acting PYY-antibody conjugate
to achieve low but sustained NPY2R engagement reduces
food intake with minimal emetic action in nonhuman pri-
mates (27). A key finding of our studies is that although
GIPR agonism was unable to block the aversive response
of LiCl or GDF15, both of which induce a state of visceral
malaise, peripheral and central GIPR agonism inhibited the
aversive effect of an LAPYY analog, without affecting its


https://doi.org/10.2337/figshare.19601518

diabetesjournals.org/diabetes

anorectic activity (33). These results therefore indicate that
it is possible to separate the hypophagic and aversive
effects of PYY and that the antiaversive action of GIPR
agonism may be specific to satiety factors. Taken together,
our data provide evidence supporting the notion that GIP
is an effective antiaversive hormone, in response to gastro-
intestinal-derived satiation signals. Consistent with this
notion, the GIPR is expressed by a population of inhibitory
(GABAergic) neurons in the AP (12), an area of the brain
that plays a key role in the response to emetic stimuli (7).
Peripherally administered GIP stimulates neuronal activity
and augments the anorectic efficacy of GLP-1R agonism
(15). Further, the administration of a GIPRA blocks gluca-
gon-like peptide 1-mediated emesis in the musk shrew
(18,39). Thus, since a major challenge to the therapeutic
utility of weight loss medications is dose-limiting nausea/
vomiting (2,3), our findings have therapeutic relevance
in indicating that GIPR agonism could be leveraged to off-
set tolerability issues that occur with many diabetes
medications.

In support of GIP action in the brainstem, the GIPR is
expressed by neurons in the AP (12,13). Further, we found
that peripheral administration of a GIPRA induced neuronal
activity (cFos) in the AP and central administration of the
GIPRA suppressed the aversive action of an LAPYY agonist.
Moreover, consistent with the differential effect of the
GIPRA on PYY- and GDF15-induced CTA, we found that
the GIPR and NPY2R are expressed by an overlapping
population of neurons in the AP, while it has been reported
that the GIPR and GFRAL are expressed by separate popu-
lations of neurons in the AP (13). Therefore, to determine
whether the GIPRA reduced PYY-induced CTA, but not
that of GDF15, due to the engagement of distinct neuronal
circuits downstream of receptor activation, we conducted
whole-brain cFos analyses. From this approach, we found
that both the GIPRA and GDF15 induced neuronal activity
in several brain regions linked with the control of appetite
and defense against the consumption of toxic stimuli.
Importantly, the GIPRA reduced the dorsal PBN activity
stimulated by PYY, while the GIPRA had no effect on
GDF15-induced neuronal activity in any brain regions.

The PBN is a known relay center for sensory information
(visceral malaise, taste, temperature, and pain) and is
reported to be critical in the delivery of such information to
other brain areas including the hypothalamus, CeA, and BST
(34). Importantly, CGRP-expressing neurons located in the
PBN have been shown to play an essential role in the acqui-
sition and expression of CTA following exposure to several
known aversive agents (8). Interestingly, our whole-brain
analysis identified the PBNp as a novel brain region acti-
vated on the administration of an LAPYY analog. The PBNp,
is spatially distinct from the CGRP-expressing PBNy acti-
vated by GDF15. Importantly, we found that GIPRA treat-
ment suppressed PYY-stimulated cFos expression in the
PBNp, but not GDF15-induced cFos expression in the PBNy;.
This finding is consistent with GDF15 and the GIPRA acting

Samms and Associates 1421

on separate neuronal populations in the AP and indicates
a potential neuronal mechanism by which the GIPRA
suppresses PYY-produced CTA but has no effect on the
aversive behavior caused by GDF15. Although GDF15
responsive and CGRP-expressing PBNy neurons are well
characterized (9,34), the roles of PYY-responsive PBNp
neurons we identified here are less well understood. Many
distinct subpopulations of neurons exist within dorsal PBN
subnudlei and play different biological roles. For example,
FoxP2™ neurons in the PBNp, were shown to respond to pal-
atable food, hypotension, sodium depletion, and changes in
temperature (40-42). Prodynorphin (Pdyn)-expressing
neurons of the PBN, which partially overlap with FoxP2*
cells, have been shown to be activated by digestive tract
distension, heat, and noxious pain stimuli (42-44). In addi-
tion, Oxtr-expressing PBN neurons play a key role in the
regulation of thirst (45). Thus, the PYY-responsive cells we
identified in the PBNp, likely represent a novel population
of neurons, whose identity and function deserve future
study. Nonetheless, our findings that GIPR agonism sup-
presses PYY-induced neuronal activation in the PBNp, but
not in the CGRP-expressing PBNy, suggest that GIP may
mediate its antiaversive efficacy via a novel neuronal path-
way. In summary, here, we describe a novel neural mecha-
nism in the AP and the PBN that appears to underlie the
antiaversive action of GIPR agonism. Future studies are
necessary to fully determine the neural mechanisms for
the anorectic and antiaversive action of GIPR agonism.

Summary

A major barrier to the effectiveness of many current and
investigative appetite-suppressing agents is the co-occur-
rence of nausea and emesis. Here, we used PYY-induced
appetite suppression and CTA as a model system to inves-
tigate the antiaversive action of GIPR agonism. We demon-
strated that treatment with both GIPRA and LAGIPRA
attenuates visceral malaise induced by an LAPYY analog,
without impacting appetite suppression. Further, we show
that peripheral administration of a short-acting GIP indu-
ces neuronal activity in the AP and that central administra-
tion of GIP blocks PYY-induced aversive behavior in mice.
Mechanistically, our study suggests that the ability of GIP
to suppress aversive behavior produced by PYY may be
underlined by reduced neuronal activity in a subdivision of
the PBN, an area of the brain linked with the regulation of
aversive behavior. Future studies will determine whether
this region of the brain is required for both the appetite-
suppressing and antiaversive efficacy of GIPR agonism.
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