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Abstract

Evidence supporting the use of glucagon-like peptide-1 (GLP-1) analogues to pharmacologically
treat disorders beyond type 2 diabetes and obesity is increasing. However, little is known about
how activation of the GLP-1 receptor (GLP-1R) during pregnancy affects maternal and offspring
outcomes. We treated female C57BI/6J mice prior to conception and throughout gestation with a
long-lasting GLP-1R agonist, Exendin-4. While GLP-1R activation has significant effects on food
and drug reward, depression, locomotor activity, and cognition in adults, we found few changes

in these domains in exendin-4-exposed offspring. Repeated injections of Exendin-4 had minimal
effects on the dams and may have enhanced maternal care. Offspring exposed to the drug weighed
significantly more than their control counterparts during the preweaning period and demonstrated
alterations in anxiety-like outcomes, which indicate a developmental role for GLP-1R modulation
in the stress response that may be sex-specific.
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Introduction

As is often the case, a healthy pregnancy results in a healthy baby. Disruptions—both
physical and chemical—to the uterine milieu can have adverse effects on the offspring.
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While women are encouraged to abstain from drugs and medication during pregnancy,
this is not always feasible. Women that are taking medications for chronic illnesses,
such as epilepsy, addiction, diabetes, major depressive disorder, and a number of other
neuropsychiatric disorders, are encouraged to continue taking medication during this
period (Alexopoulos et al., 2019; Bulletins--Obstetrics, 2008; Committee on Obstetric,
2017; Viale et al., 2015). Agonists for the glucagon-like peptide-1 receptor (GLP-1R)
are FDA-approved pharmacotherapies to treat type 2 diabetes mellitus as well as obesity.
Gestational diabetes and obesity are strongly associated with negative health outcomes
in their offspring including metabolic dysfunction, learning disabilities and elevated
neuropsychiatric symptoms (Farahvar et al., 2019; Kong et al., 2020); thus finding
effective medications that are safe for the offspring’s development is an important area
of investigation.

GLP-1 is an incretin hormone and neuropeptide that plays a role in energy homeostasis

and feeding behavior through its cognate receptor. GLP-1 is released from the L-cells

of the intestine as well as the nucleus of the solitary tract of the brain following food

intake (Drucker, 2006; Hayes et al., 2010), activating receptors throughout the body prior
to enzymatic degradation. Modifications of the GLP-1 peptide have produced long-lasting
GLP-1R agonists, many of which are FDA-approved for the treatment of type 2 diabetes
mellitus as well as obesity (Brown et al., 2018). Currently, few data exist that demonstrate
GLP-1R agonists’ safety during pregnancy, either to treat type 2 or gestational diabetes
(Comninos et al., 2014); insulin is the preferred method (The Medical Letter On Drugs

and Therapeutics, 2019). So even though GLP-1 is secreted during pregnancy (Lencioni et
al., 2011; Sukumar et al., 2018), the long-term effects of fetal GLP-1R activation on brain
development are not known. A recent study administered a GLP-1R agonist for six days
postnatally in mice (roughly equivalent to 3"dtrimester in human) and observed long-lasting
reductions in weight gain, fat mass, and protection against diet-induced obesity (Rozo et al.,
2017)

The purpose of these experiments was to determine the long-term effects of prenatal
GLP-1R activation on behavior. We administered a GLP-1R agonist, exendin-4 (Ex-4), to
female mice prior to conception and then throughout the prenatal period. Behavioral testing
of offspring commenced in the juvenile period and into young adulthood. We hypothesized
that Ex-4 exposure /n utero would alter behavioral outputs related to affect and mood,
reward, cognition, and motor activity.

Materials and Methods

Animals:

Following habituation to the vivarium for at least 7 days, female C57BI/6J mice (6—8 weeks;
Jackson Laboratories; Bar Harbor, MD) were housed 2 per cage and administered either
saline or Ex-4 (10 pg/kg) once daily. Drugs were administered (sc) for approximately one
week, at which time females were bred with C57BI/6J males (6-8 weeks). Females were
dosed daily until the day of birth (postnatal day (P)0). We and others have previously used
this and higher doses of Ex-4 for behavioral and metabolic studies and have not noted any
adverse effects (Graham et al., 2013; Mack et al., 2006; Sedman et al., 2016; Sgrensen et
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al., 2015; Tatarkiewicz et al., 2014; Trammell et al., 2020). Females were weighed daily and
observed for any adverse health concerns. Dams were single-housed prior to giving birth
and were provided with rodent chow and tap water ad /ibitum throughout the experiment.
Pups were weighed daily, and to minimize time away from the dam as well as removing
individual pups over an extended period of time, litters were weighed as a whole and

the average weight was calculated per litter. Offspring were weaned ~P21 and housed
2-5/cage until behavioral testing. A schematic of the paradigm is found in Fig. 1. For in
situhybridization assays, timed-pregnant C57BI/6J mice (Jackson) were used; these mice
received no treatments whatsoever.

All mice were housed in a temperature- and humidity-controlled AAALAC-approved
facility that is maintained on a 12:12 h light:dark cycle. All experiments were performed
during the light cycle, generally starting around 10 AM. All protocols were approved by the
local Animal Care and Use Committee, and all studies were performed in accordance with
the recommendations in the National Institute of Health’s Guide for the Care and Use of
Laboratory Animals.

Behavioral assays:

To assess Ex-4’s effect on reproductive outcomes and maternal care, we recorded nest
building competency and performed a pup retrieval assay in the early postnatal period

to assess maternal care. Starting on ~P30, offspring of both sexes and treatments were
divided into two behavioral cohorts for testing. One cohort underwent the following tests:
elevated zero maze (EZM), light/dark test (L/D), sucrose preference test (SPT), novelty-
induced hypophagia (NIH), locomotor activity (LMA) plus cocaine challenge (20 mg/kg,
ip), overnight food intake, cocaine conditioned place preference (CPP), and LMA plus Ex-4
challenge (30 pg/kg, ip). The other cohort underwent the following battery: y-maze, spatial
and novel object recognition (SNOR) test, tail suspension test (TST), overnight food intake,
cocaine CPP, and LMA plus Ex-4 challenge (30 pg/kg, ip). Only one test was given per
day with a minimum of 24 hrs between each assay. In the case of behavioral pharmacology
studies (involving cocaine or acute Ex-4 in adulthood), at least one week was given after
testing to ensure complete washout. As with previous behavioral batteries performed in our
lab, tests were run in the order of least to most stressful to minimize carry-over effects of
previous testing (Crawley, 2000; Graham et al., 2018; Graham et al., 2011; Moser, 2011).

Nest building assessment: On P2, we graded the state of the nest for each mouse using a
previously published method (Braden et al., 2017). Scores were awarded in 0.5 increments
and were as follows: 0, undisturbed; 1, disturbed, no nest; 2, flat nest; 3, cup-shaped nest; 4,
incomplete dome shape; and 5, complete dome.

Pup retrieval assay: On P4, dams and pups were moved to a dimly lit testing room (9-13
lux) and habituated for at least 30 min. The dam was then removed briefly from the home
cage and placed in a holding cage (~10 min). The pups were gently removed from the
nesting material, and 3 pups per litter were placed throughout the cage. The remaining pups
were kept in a warmed cage (~37°C) with bedding during the testing period. The dam was
then placed back in the cage, and the latency to return the pups to the nesting material was
recorded for up to 30 min.
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EZM (Frederick et al., 2012; Graham et al., 2015a), L/D (Carpenter et al., 2012), LMA
with pharmacological challenges (Frederick et al., 2012; Frederick et al., 2015; Graham et
al., 2015a), y-maze (Carpenter et al., 2012; Frederick et al., 2012; Graham et al., 2015a),
and TST (Graham et al., 2015b) were performed as previously described. Cocaine CPP was
also performed as previously described (Graham et al., 2013) except that two conditioning
sessions per day (one with 20 mg/kg cocaine, one with saline, all ip) were performed over
the course of 4 days (8 conditioning sessions total), at least 4 hrs apart.

The SNOR test was modified from previously published protocols (Escamilla et al., 2017;
Jaramillo et al., 2016) in order to test both spatial memory and novel object recognition.
Following ~30 min habituation to the testing room, mice were habituated to the testing
chamber, a round plastic tub (~35 cm diameter) with high enough walls to prevent escape
and a large —+lI sign on side, which was fixed throughout the experiment. This session and
all subsequent ones were 5 min in length; chambers and objects were cleaned with 1.6%
quatricide between each mouse. The following two days, mice were placed in the chambers
again which contained 3 identical objects (50 mL centrifuge tubes filled with white rocks)
that were fixed in different areas. On day 4, mice were assessed for spatial memory. Here,
one of the objects was moved to a different location within the chamber. On the 5 day,
novel object recognition was measured, such that a novel object (a purple plastic toy rocket
with a similar surface area as the tubes) replaced one of the stationary tubes; the location

of the novel object did not change. Outcomes included time spent exploring each object,
defined as the nose being within ~1 cm of the object.

For the SPT, mice were food- and water-deprived overnight. The following morning, mice
were moved to a darkened testing room in a new cage. Following a habituation (~60 min),
two pre-weighed bottles, one with water and one with 4% sucrose, were placed in the cages.
To minimize any side bias, the position of the bottles was alternated between cages. After
60 min, bottles were removed and weighed, and mice were returned to their home cage with
free access to chow and water.

Mice were housed singly for at least two days prior to NIH (Dulawa and Hen, 2005).

For three consecutive days, water bottles were removed from cages and replaced with a
serological pipet containing a premeasured amount of vanilla Ensure™. Latency to drink the
milkshake and amount consumed over the 30 min test were measured each day. Mice that
did not consume any milkshake during this phase were removed from the test. On the 4t and
5t day, mice tested in their home cage (Familiar) or a new cage and environment (Novel) for
these outcomes, with the type of test alternated between groups. The Familiar probe test was
identical to the training sessions. For the Novel test, mice were moved to a different testing
room, placed in a bare cage without bedding with bright lights over each cage. Latency and
consumption between Novel vs. Familiar environments were assessed.

For food intake, mice were weighed and injected with efther saline or Ex-4 (30 pg/kg, ip)
prior to the dark phase and given a pre-weighed amount of standard rodent chow; water was
provided ad libitum. The following morning at the start of the light cycle, the weights of
both the mice and the remaining food were measured.
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In situ hybridization was performed using WT C57BI6/J euthanized by administering a
lethal dose of sodium pentobarbital to pregnant dams and removing the fetuses. Fetuses
were rapidly removed, decapitated, and frozen in 2-methylbutane cooled over dry ice.
Fresh frozen tissue was stored at —80°C until sectioning, upon which they were sliced

on a cryostat at 20 um at —18-20°C and mounted on slides. Slides were again stored at
—80°C until experimentation. RNAScope was performed following the guidelines provided
by Advanced Cell Diagnostics (Multiplex Fluorescent v2; ACDBIo, Newark, CA) and as
previously described (Graham et al., 2020). RNAse-free reagents were used in all steps.
The probes used for these assays were Mm-Drdla (dopamine D1 receptor), Mm-Glplr-C2
(GLP-1R) and Mm-Gad1-C3 (glutamic acid decarboxylase 1) probes. GadZ and Drdlamark
distinct but somewhat overlapping populations of forebrain neurons at this age. Sections
from multiple embryos (N=3-4/age group) were imaged using a Keyence Fluorescence
Microscope (BZ-X700; Itasca, IL).

Statistical analyses:

Results

All statistical analyses were performed in either GraphPad Prism 8 (GraphPad Software, San
Diego, CA) or, for the offspring behavioral testing, in SAS v9.4 (SAS Institute, Cary NC),
and, unless otherwise noted, all values are presented as means + standard error of the means
(SEM). Statistical significance was set at p<0.05. Fisher’s exact test was used to determine
pregnancy success rate. For those dam-associated or physiological measures analyzed in
Graphpad, Student’s t-tests were utilized where applicable and subjected to Sidak’s post
hoc analyses, while analysis of variance tests (ANOVAS) were used where applicable in
conjunction with Tukey’s post hoc analysis. Main effect variables included Sex, Treatment,
and Time, where applicable. Nest building was analyzed via the non-parametric Mann-
Whitney U test. For behavioral testing in individual juveniles and adults, we utilized the
Proc Mixed feature in SAS. To account for intralitter likeness (—litter effectsll), litter was
considered a random, nested effect. We use this approach as a best solution to implementing
a litter-based design in which one can still assess valuable interindividual differences among
offspring and yet use all the data and pups available (Golub and Sobin, 2020). For each test,
if a sex difference was found, males and females were analyzed separately; otherwise, males
and females were combined for further analyses. Outliers were removed from analyses if
values met a specific criterion (mean + 2 SD). Samples sizes for the dams were N=4-7/
Treatment group; samples sizes for behavioral assays in the offspring are listed in the figure
legends.

Glp1r transcript levels within the embryonic brain:

We used fluorescent /n situ hybridization (RNAScope) to determine if G/jpZrwas expressed
embryonically. GlpIrexpression was broadly throughout the brain, similar to what we

and others have previously shown in the adult brain (Alvarez et al., 2005; Graham et al.,
2020; Merchenthaler et al., 1999). Transcript was detectable in several regions associated
with reward (lateral septum, striatum), energy homeostasis (hypothalamus), and cognition
(hippocampus, frontal cortex/forebrain) during the developmental stage used (E18.5). A
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representative image of G/pZrin the lateral septum and striatum (Fig. 2A), hypothalamus
(Fig. 2B), amygdala (Fig. 2C), and hippocampus (Fig. 2D) at E18.5 is shown along with
probes against DrdZ (Fig. 2E-H) and GadZ (Fig. 21-L). Note the prominent (but not
complete) co-expression of Glp1r, Gadl, and Drd1 in the subcortical ventricular zone
and ganglionic eminence, but not in the developing cerebral cortex (Fig. 2M). High
colocalization of all three markers is also observed in the E18.5 hypothalamus (Fig.

2N), amygdala (Fig. 20), perirhinal cortex (Fig. 20), and hippocampus (Fig. 2P). DAPI-
counterstaining is shown in panels 2Q-2T for gross neuroanatomical reference.

Physiological measures and behavior of the dams:

Nulliparous females were administered either saline or Ex-4 (8/treatment) prior to breeding.
Only 4 Ex-4-treated dams conceived and gave birth, while 7 of the saline-treated females
did so, although this rate was not significant (p=0.2821, Fig. 3A). The size of the litter did
not differ between saline (7.143+0.5948) and Ex-4 (6.750+1.109) treatments (t(9)=0.3456,
p=0.7376, Fig. 3B). Dams were weighed both prior to mating as well as prior to giving
birth. The percent weight gain during pregnancy did not differ between the treatment groups
(p=0.5930, Fig. 3C), nor did the post-partum weight change differ (p=0.6633, Fig. 3D).

There were no significant differences in measured aspects of maternal care, as assessed
by the nest building (t(9)=1.144, p=0.2821, Fig. 3E). However, Ex-4-treated dams took
significantly less time to return all 3 pups to the nest during the pup retrieval assay
((9)=2.478, p<0.05, Fig. 3F).

Offspring outcomes:

Pups were weighed daily prior to weaning and then weekly thereafter. There was

a significant difference between exposed groups prior to weaning, with Ex-4-treated
offspring modestly but significantly outweighing their control counterparts (Treatment: F(1,
145)=26.10, p<0.0001, Fig. 4). As expected, weights differed across time (Time: F(19,
145)=70.69, p<0.0001), although there was not a significant Treatment x Time interaction
(p=0.9966). After weaning, however, there was no difference in body weight due to prenatal
Ex-4 treatment (P28 shown in Fig. 4 inset; F(1, 58)=0.12, p=0.7323; weights were obtained
weekly thereafter and no significant differences were observed at any post-weaning age —
data not shown).

In the EZM, males did not perform differently from females in any of the outcomes
examined. Ex-4-exposed mice spent significantly less time in the closed quadrants relative
to controls (F(1, 18)=4.69, p=0.044, Fig. 5A). There were trends to increases in the Ex-4-
exposed mice in regards to the latency to first enter the closed quadrants (F(1, 19)=3.29,
p=0.0855, Fig. 5B) and in total distance traveled (F(1, 18)=3.38, p=0.0827, Fig. 5C),

but these did not reach statistical significance. In another test of anxiety-like behavior,
L/D, there was a significant effect of Sex, with males spending more time in the dark
chamber (F(1, 17)=18.08, p=0.005), but prenatal treatment did not alter this outcome (F(1,
17)=0.89, p=0.3583). Regardless, there were no Treatment x Sex interactions in time
spent in the dark chamber (F(1, 17)=0.01, p=0.9293, Fig. 5D). There were no effects of
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Sex (F(1, 17)=2.51, p=0.1312), Treatment (F(1, 17)=1.13, p=0.3029), or Sex x Treatment
(F(1,17)=0.66, p=0.4275) in regards to latency to enter the dark chamber (Fig. 5E).

We also performed NIH, which again assesses components of anxiety-like behavior as

mice must approach and consume a rewarding substance in a novel, stressful environment.
When comparing outcomes from the Novel environment relative to the Familiar one,

males consumed more milkshake, albeit not significantly more, than females (Sex: F(1,
13)=4.49, p=0.054; Males: 0.8244+0.08398, Females: 0.5879+0.08108), although there was
no significant prenatal treatment (F(1, 13)=0.14, p=0.7125) nor interaction (F(1,13, 0.7,
p=0.4172; Saline: 0.729+0.07992; Ex-4: 0.6832+0.09164) effects (Fig. 6A). When assessing
the latency to consume the milkshake in the novel vs. the familiar environment, there

was a significant effect of Sex (F(1, 12)=6.46, p=0.0259; Males: 4.5746+1.8217, Females:
11.0761+1.7962), such that females took significantly more time in the Novel environment
to consume the milkshake than males (Fig. 6B). There was no overall effect of Treatment
(F(1,12)=2.08, p=0.1753; Saline: 5.9826+1.7308; Ex-4: 9.6681+1.8838), nor was there a
significant Treatment x Sex interaction (F(1, 12)=4.07, p=0.0667),. Outcomes for milkshake
consumption and latency in both environments are also shown (Fig. 6C-D, respectively). For
the TST, which is an assessment of depressive-like behavior, we analyzed both the full 6
min test as well as the final 4 min phase. Here, we present data from the latter analysis, as
the first 2 min of the test are referred to as a habituation period (Sanna et al., 2017). The
time spent immobile did not differ between treatment groups (F(1, 18)=0.23, p=0.6387; Fig.
7). We note, however, that the analysis of the full 6 min session also showed no difference
between the groups (data not shown)

We administered a number of tests of reward-related outcomes and psychostimulant drug
responses. Mice exposed to Ex-4 /n utero consumed more sucrose compared to controls,

but this value did not reach the level of significance (F(1, 18)=2.84, p=0.109, Fig. 8). We
have previously demonstrated that in adult mice, Ex-4 administration decreases cocaine
reward with little effect on cocaine-induced locomotor activity (Graham et al., 2013). Here,
prenatal Ex-4 exposure did not alter place preference in mice (F(1, 20)=0.22, p= 0.6466, Fig.
9A). Interestingly, there was a non-significant effect of Treatment (F(1,18)=4.16, p=0.0562),
yet a significant effect of Sex (F(1,18)=8.73, p=0.0085) and a corresponding interaction
(F(1,18)=5.32, p=0.0332), in regards to locomotor activity, such that Ex-4-treated females
were significantly more hyperactive relative to all other groups during the probe session
(Fig. 9B).

Just as GLP-1R activation decreases drug reward, others have shown that it also decreases
food reward and intake (Dickson et al., 2012; Dossat et al., 2011). It is not known if an

early developmental exposure to a GLP-1R agonist will alter consumption. We administered
a challenge injection of either saline or 30 ug/kg Ex-4 prior to the start of the —lights

out.ll Body weights and the amount of chow in each cage were measured at the time of

the injection and then in the morning (start of —lights onll phase). There were significant
alterations in change in body weight based on Sex (F(1,41)=15.26, p=0.0003) and Challenge
Treatment (F(1, 41)=16.79, p=0.0002), a non-significant trend related to Prenatal Treatment
(F(1, 41)=3.17, p=0.0823), and a corresponding significant interaction of Prenatal Treatment
x Sex x Challenge Treatment (F(1, 41)=5.83, p=0.0203; Fig. 10A-B). In females, prenatal
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Ex-4 treatment and/or the Ex-4 challenge altered body weights relative to saline controls,
while males treated with Ex-4 in both situations altered body weights relative to all other
groups (See Table 1 for statistically significant comparisons). On the contrary, there were

no significant alterations in regards to changes in chow consumed related to Sex (F(1,40)=0,
p=0.9621) or Prenatal Treatment (F(1, 40)=0.45, p=0.5082) yet a non-significant trend
related to Challenge Treatment (F(1, 40)=2.87, p=0.098; Fig. 10C-D). Values for each group
can be found in Table 2.

Mice underwent a number of cognitive tests as well. Mice of both treatments performed
equally well during the y-maze, such that there was no significant difference in the percent
spontaneous alternations (F(1, 18)=0.07, p=0.7993; Fig. 11A). Similar results were found
in the SNOR. On Day 4, when one object was moved to a different location (spatial
phase), all mice spent more time with the new Location compared to the time spent with
that object in the previous location the day before (Object: F(2, 38.5)=15.56, p<0.001;

Fig. 11B). Neither a main effect of prenatal Treatment (F(1, 5.68)=1.63, p=0.252) nor a
corresponding Treatment x Object interaction (F(2, 38.5)=0.38, p=0.6848) were observed.
A similar trend was seen on Day 5 (Object: F(2, 39.2)=4.07, p=0.0247; Treatment: F(1,
6.49)=0.18, p=0.683; Treatment x Object: F(2, 39.2)=1.22, p=0.3072; Fig. 11C; novel object
phase).

Finally, we tested locomotor activity in response to a pharmacological challenge. We found
no differences in cocaine-induced locomotor activity due to the prenatal treatments (F(1,
52.5)=1.26, p=0.2668, Fig. 12A). This finding held true even when taking into account total
distance traveled after cocaine administration (F(1, 16)=1.77, p=0.2024; Fig. 12A inset).
Similarly, when a different cohort of mice were injected with either saline or Ex-4 (30
ug/kg, ip) in lieu of cocaine, there were no significant effects of either prenatal treatment
(F(1, 55.3)=0, p=0.9935), challenge treatment (F(1, 55.3)=1.08, p=0.3026), or an interaction
of the two treatments (F(1, 55.3)=0.01, p=0.9399) on overall activity levels (Fig. 12B).
However, when examining activity following the challenges, the Ex-4 challenge did appear
to induce some hypoactivity (F(1, 45)=4.6, p=0.0373; Fig. 12B inset), with no significant
changes resulting from the in utero exposures (F(1, 45)=0.13, p=0.7192) or the Prenatal x
Challenge Treatment interaction (F(1, 45)=0.21, p=0.6474).

Discussion

GLP-1R activation has long been associated with a number of consequences in clinical and
preclinical settings, including insulin secretion, enhanced satiety, the lessening of food and
drug reward, enhancing ovarian function in polycystic ovary syndrome (PCOS) (Nylander
et al., 2017), protection against traumatic brain injury (Eakin et al., 2013; Rachmany et al.,
2013; Tweedie et al., 2013; Tweedie et al., 2016), and potential treating both Alzheimer’s
and Parkinson’s diseases (Athauda and Foltynie, 2016; Glotfelty et al., 2020; Holscher,
2018; Kim et al., 2017). However, its role in brain development is not as well delineated.
We sought to determine what these long-term functional consequences were following
repeated prenatal exposure to a GLP-1R agonist, Ex-4. We selected a dose (10 pg/kg) that
has been used by multiple previous groups that produces mild-to-moderate function effects
on metabolic functions and CNS modulation of incretin-related phenotypes, including our
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own group (Graham et al., 2013; Mack et al., 2006; Sedman et al., 2016; Sgrensen et al.,
2015; Tatarkiewicz et al., 2014). The 30 pg/kg acute dose for adult behavioral pharmacology
studies has been used in previous behavioral pharmacology studies by our lab and others for
both CPP and locomotor studies, among others (Erreger et al., 2012; Graham et al., 2013;
Mack et al., 2006; Sedman et al., 2016; Trammell et al., 2020).

We show here that G/jpZrmRNA is expressed embryonically (Fig. 2) in both GABAergic
(Gad1+) and dopaminoceptive (Drd1+) populations of developing neurons. Expression
Glp1rin the adult brain also often co-localizes with these markers (Graham et al., 2020),
however the degree of overlap appears even greater at E18.5. There are also some Glp1r+
cells that do not express these markers, suggesting that the receptor is expressed by diverse
subpopulations of developing brain cells. While it is not clear if the GLP-1 peptide is
released by the fetus, we do know that adequate maternal GLP-1 secretion is necessary for
a healthy pregnancy (Lencioni et al., 2011; Sukumar et al., 2018), so GLP-1 from maternal
sources may cross the placenta and play a role in proper fetal development. According to

a recent Medical Letter, insulin is usually prescribed to treat type 2 diabetes in pregnant
women as it does not cross the placenta (The Medical Letter On Drugs and Therapeutics,
2019). It is unlikely that the endogenous peptide would cross the placenta, as it contains
the dipeptidyl peptidase-4 (DPP-4) catalytic enzyme (Kandzija et al., 2019), but there is
evidence that other GLP-1R agonists do cross the placenta and can be beneficial (Younes et
al., 2020). Embryonic GLP-1R is likely to be functional given that several protein interactors
that alter GLP-1R-induced signaling properties have been identified from a fetal brain
library (Huang et al., 2013).

Overall, repeated exposure to Ex-4 had minimal effects on pregnancy outcomes. While
fewer Ex-4-treated dams successfully conceived, these data were not significant (Fig. 3A).
Clinical studies demonstrate that GLP-1R agonists increase the likelihood of pregnancy

in women suffering from PCOS or obesity (Liu et al., 2017; Salamun et al., 2018), a
mechanism mediated in part by the forkhead box protein O1 (FoxO1) protein (Sun et

al., 2020). However, under conditions in which there is no underlying comorbidity, any
benefits of treatment may be lost. It is unclear at this time whether GLP-1 analogues

have a notable effect on reproductive outcomes (Comninos et al., 2014). Preclinical data
suggest that chronic GLP-1, but not Ex-4, synchronizes pubertal onset in female rodents
(Outeirino-lglesias et al., 2015), while male and female GLP-1R knockout mice show delays
in pubertal and gonadal development (MacLusky et al., 2000). Our results suggest that Ex-4
administration during pregnancy does not have a significant effect on reproductive success,
but given the low number of total litters produced in this initial study, these data are not
conclusive. We note, however, that we observed a trend to decreased reproductive success
in mice receiving repeated exendin-4 prior to possible conception; we recommend further
investigation of this issue in the future.

Body weights of dams did not differ during or after pregnancy, while the offspring prenatally
exposed to Ex-4 weighed significantly more than their control counterparts, prior to weaning
(Fig. 3C-D, Fig. 4). These findings were somewhat surprising given that GLP-1R activation
induces weight loss and is used as an FDA-approved treatment for obesity (Brown et al.,
2018). The inability to gain weight or not gain enough weight during pregnancy can be
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detrimental to maternal health and fetal development (Institute of Medicine and National
Research Council Committee to Reexamine I. O. M. Pregnancy Weight Guidelines, 2009),
so these data suggest that Ex-4 may be safe to use during this time. However, increased
weight gain in offspring—albeit mild—is not ideal given the elevated incidence of obesity
in children in the developed world (Kumar and Kelly, 2017). However, this weight gain
may not necessarily indicate elevated brown adipose tissue, as GLP-1R activation has

been shown to decrease adiposity and increase brown adipose tissue thermogenesis (Lee

et al., 2018). Further assessment of muscle and adipose composition in the offspring is
necessary to determine the root of the elevated weight. From a behavioral standpoint, dams
treated with Ex-4 during pregnancy more rapidly returned the pups to the nest during the
pup retrieval test (Fig. 3F). It is not clear why this occurred, perhaps due to enhanced
perseverance or increased attention in treated dams. This may also contribute to the higher
weights pre-weaning in the Ex-4-exposed offspring, if they were given a greater opportunity
to nurse. Regardless, improvement of maternal mental health in the —fourth trimesterll

has been shown to be enhance outcomes for both the mother and child and may mitigate
post-partum depression (Werner et al., 2016).

In the offspring, alterations in neither cognitive function, ingestive behavior, nor reward
behavior were found following prenatal GLP-1R activation (Figs. 7-11). We and others
have demonstrated that GLP-1R agonists lessen the rewarding effects of drugs of abuse
(Egecioglu et al., 2013a, b; Egecioglu et al., 2013c; Graham et al., 2013; Sgrensen et al.,
2015) and food reward and intake (Dickson et al., 2012; Dossat et al., 2011) in adult
animals. Similarly, GLP-1R activation or overexpression significantly improves cognitive
function (During et al., 2003; Isacson et al., 2011; Iwai et al., 2014; Iwai et al., 2009;
Trammell et al., 2020). Again, this lack of any significant effects demonstrates the safety
profile of GLP-1R agonist use during pregnancy. However, the tests used in this study
(CPP, sucrose preference, SNOR, y-maze) are general screens to detect blunt changes in
reward processing and/or memory; specialized tasks, such as operant conditioning (e.g.,
self-administration for reward outcomes) or more challenging, cognitively intensive tasks
(e.g., 5-choice serial reaction time task/5-choice continuous performance task or pairwise
discrimination) may tease out more subtle changes in reward behavior or cognitive function.

We and others have previously shown that GLP-1R activation produces significant
modulation of cognitive and reward activities after adult administration (During et al.,
2003; Egecioglu et al., 2013a, b; Egecioglu et al., 2013c; Graham et al., 2013; Isacson et
al., 2011; Iwai et al., 2014; Iwai et al., 2009; Reddy et al., 2016; Sgrensen et al., 2015;
Trammell et al., 2020), but few changes were found in these areas during prenatal exposure.
However, we did uncover alterations in tests related to mood following exposure during
early development. Administration of GLP-1 and its analogues to adult animals is often
anxiogenic (Gil-Lozano et al., 2010; Gulec et al., 2010; Kinzig et al., 2003; Moller et

al., 2002), a mechanism mediated in part at the central nucleus of the amygdala (Kinzig

et al., 2003; Moller et al., 2002). No significant effects were found in the light/dark test
(Fig. 5D-E), yet prenatal Ex-4 treatment resulted in differential anxiety-like phenotypes in
the EZM, with mice spending less time in the closed areas and an increased latency to
enter them (Fig. 5A-C, anxiolytic effect), and NIH, such that Ex-4-treated females took
significantly more time to initially consume the milkshake in the novel environment (Fig. 6,
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anxiogenic effect). The decreased anxiety-like outcome in the EZM is contradictory to what
we see in adult animals, but this indicates a GLP-1R-induced change in circuits related to
these behaviors. The exaggerated anxiety-like effect in Ex-4-exposed females suggests that
GLP-1R activation and downstream signaling are not uniform processes between males and
females. It is known that processes related to anxiety differ between the sexes, including
within the CeA (Engman et al., 2016; Logrip et al., 2017; Salvatore et al., 2018), where
GLP-1R is expressed (Cork et al., 2015; Graham et al., 2020) and serves an epicenter for

its anxiogenic effects (Kinzig et al., 2003; Moller et al., 2002). GLP-1 and its receptor

also play a role in modulating the stress response via the HPA axis (Ghosal et al., 2013;
Ghosal et al., 2017; Kinzig et al., 2003; Zhang et al., 2010). Furthermore, while we noted
that Ex-4 treatment had no significant overall effect on food intake (10C-D), Ex-4 treatment
at some point during the study (prenatally and/or postnatally) significantly decreased body
weights in females (Fig. 10A) in our food intake study. Similarly, males treated both pre-
and postnatally with Ex-4 demonstrated a significant decrease in body weight relative to all
other male treatment groups (Fig. 10B). Nevertheless, based on previous data from our lab
and others, it was surprising that male mice did not show a significant reduction in food
intake following acute 30 pg/kg Ex-4 in adulthood. This suggests reduced responsiveness to
GLP-1R activation even in the saline-exposed male mice, although this could also reflect a
type 1l error in the current dataset. All mice underwent a mild stressor (i.e., the ip injection)
prior to the experiment, suggesting that Ex-4 treatment may produce a stress-induced change
in body weight, although we also noted an increase in overall basal body weights following
prenatal exposure (Fig. 4). These data as a whole suggest that prenatal GLP-1R activation
alters anxiety-like outcomes and may work in a sex-specific manner. There were also
significant effects of sex observed in the NIH-assay, with male mice (regardless of prenatal
treatment) showing blunted responses as compared to females.

While our paradigm altered anxiety-like behaviors in the offspring, we did not observe any
changes in depression-like or anhedonic behaviors as measured by the TST (Fig. 7) and
SPT (Fig. 8), respectively. This was contradictory to that seen following adult administration
given the role of GLP-1R activation in producing anti-depressant-like phenotypes. In adult
naive (Anderberg et al., 2016; Isacson et al., 2011), diabetic (Komsuoglu Celikyurt et al.,
2014), and antipsychotic-treated (Sharma et al., 2015) rodents, GLP-1 analogs decreased
immobility time in the forced swim test. GLP-1R activation also induces neurogenesis,
specifically in the dentate gyrus of the hippocampus, which is another hallmark of an
antidepressant-like phenotype (Belsham et al., 2009; Bertilsson et al., 2008; Hamilton et
al., 2011; Hunter and Holscher, 2012; Tweedie et al., 2013). As neural development is

a significant period for both neurogenesis and apoptosis (Stiles and Jernigan, 2010), the
neurogenic effects of GLP-1R activation may be severely diluted. Further investigation into
this concept is needed.

Finally, we noted that prenatal Ex-4 treatment did not alter cocaine-induced locomotion
(Fig. 12A), nor did it alter Ex-4-induced locomotor activity (Fig. 12B). A challenge
treatment of Ex-4 in adulthood did, however, induce hypoactivity regardless of prenatal
exposure, as we and others have shown (Dickson et al., 2012; Erreger et al., 2012; Trammell
et al., 2020; Turton et al., 1996) while the inverse is seen following administration of a
GLP-1R antagonist (Knauf et al., 2008). We did, however, note a hyperactive response in
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females prenatally treated with Ex-4 during the final CPP test session (Fig. 9B). Despite its
use as a test of drug reward, CPP is in actuality a test of Pavlovian conditioning that depends
on the animal’s ability to learn and associate the presentation of a conditioned stimulus

(CS, distinct chamber) with an unconditioned (and in this case, pleasurable) stimulus (US,
cocaine) (Cunningham et al., 2006). One could hypothesize that when placed into the
chamber (CS) in which they had previously associated with cocaine (US), Ex-4-treated
females may have learned this association better than the other groups and increased

their locomotor activity in response to the anticipatory exposure to the US. As previously
mentioned, more complex motivational and learning and memory tests are necessary to
understand these Ex-4-induced changes.

While these data demonstrate that developmental GLP-1R activation alters some long-

term phenotypes, there are caveats. Our paradigm utilized prenatal exposure only, which
corresponds to approximately first and part of the second trimester of human brain
development (Clancy et al., 2001; Clancy et al., 2007a; Clancy et al., 2007b; Rice and
Barone, 2000; Ross et al., 2015); therefore, exposure covered only very early brain
development and the entirety of human gestation was not examined. However, inclusion

of the early postnatal period in rodents for drug exposure omits the transplacental transfer
that is inherent in human fetal drug exposure. It is not yet clear if there is a critical

period(s) of exposure in regards to developmental GLP-1R activation — there likely are

one of more sensitive periods for GLP-1R modulation of developing neural circuits and
resultant behaviors and future studies should examine this important issue. For example, a
recent paper showed that Ex-4 administration in the early postnatal period (P0O-6, equivalent
to late 2"9-early 3" trimester brain development) alters long-term metabolic outcomes,
including resistance to obesity in adulthood and altering the fiber density of orexigenic
(decreased) and anorexigenic (increased) peptides within the hypothalamus (Rozo et al.,
2017). Interestingly, it is suggested that there is a biphasic increase in G/jprexpression in
the mouse brain, with increases in the late embryonic period and again around P14, per

the Allen Brain Atlas. While our model encompasses the first of these expression periods,

it is not known if the outcomes we tested are appropriate for this period or if a later
exposure (P14-21, for instance) may show more latent alterations in behavior. Next, once
daily injections of Ex-4 produce peaks and valleys in exposure, as compared to the more
consistent steady-state blood concentrations induced by human clinical treatment protocols.
Additional studies using longer-lasting analogues or mini-pump style exposures would be
helpful in establishing the physiological relevance of our observed changes. An additional
caveat results from our use of a behavioral test battery approach, in that test order and
previous behavioral experience can affect behavioral outcomes. We progressed through tasks
in an order used by our laboratory previously that is designed to move from least to most
invasive or stressful paradigms to minimize the likelihood of interference, but we cannot
eliminate a contribution of order effects in our current data set. Future studies defining dose-
response relationships and testing additional GLP-1R agonists with different metabolism and
pharmacokinetic profiles would also be very helpful.

Clinical studies on reproductive outcomes following GLP-1R agonist exposure have focused
almost exclusively on women that suffer from PCOS and obesity, only sometimes in
conjunction with diabetes [see review (Jensterle et al., 2019)]. Oftentimes, any positive
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effects on reproductive success was correlated with weight loss; effects of GLP-1 directly

on reproductive organs or other physiological systems are unknown. It is unclear how
activation of GLP-1R would alter reproductive outcomes in women without one of these
underlying conditions. This is especially prudent, as clinical trials utilizing GLP-1R agonists
to treat other unrelated disorders (e.g., addiction, Parkinson’s and Alzheimer’s diseases,
cardiovascular disease, COPD, arthritis, depression/cognition, etc.) are currently underway.
Regardless, these data indicate that prenatal GLP-1R activation via Ex-4 has minimal effects
on —normalll female mice and their offspring, indicating that use of GLP-1R agonists
during pregnancy may be expanded to other populations.
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Highlights
. GLP-1R activation during pregnancy had no negative effects on maternal
outcomes
. Prenatal GLP-1 agonist exposure did not affect cognition or locomotor
activity
. Anxiety-like behaviors were altered differentially after /n utero GLP-1R
activation

. These data highlight the potential safety of GLP-1R agonist use during
pregnancy
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Schematic of the experimental design
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Fig 2.

Rgpresentative images using /n situ hybridization for G/p1r(magenta; A-D), Drdla(green;
E-H), Gadl (blue; 1-L), merged images (M-P), and DAPI (white; Q-T) in the forebrain (A,
E, I M, Q), hypothalamus (B, F, J, N, R), amygdala (C, G, K, O, S), and hippocampus (D,
H, L, P, T) at E18.5. Scale bars at 10X = 200 um (A-C, E-G, I-K, M-0, Q-S) and at 20X =
100 ym (D, H, L, P, T). STR = striatum; LS = lateral septum; LV = lateral ventricle; Hypo =
hypothalamus; Amyg = amygdala; Prh = perirhinal cortex; Hipp = hippocampus
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Fig 3.

Dams treated with Ex-4 (10 ug/kg) throughout gestation did not differ from saline-treated
dams in regards to pregnancy success (A) or size of the litter (B). There were also no
differences between percent weight gain compared to baseline during (C; Saline: 59.31%
+7.053%; Ex-4: 65.52%+8.087%) or after (D; Saline: 112.4%+4.585%; Ex-4: 115.9%
+6.390%) pregnancy. While nest building scores did not differ between dams of the two
treatment groups (E; Saline: 4.214+0.3934; Ex-4: 4.500+0.2041), Ex-4-treated dams took
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significantly less time to retrieve all three pups (F; Saline: 1744 sec+55.97 sec; Ex-4: 890.1
sec+464.4 sec). Values are expressed as mean + SEM. * p<0.05
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Ofg';fspring treated /n uterowith Ex-4 (10 pg/kg administered to dam) weighed

significantly more than their control counterparts (Treatment and Time main effects, ****
p<0.0001).Ex-4 treatment did not alter weights post-weaning (inset showing mean+SEM on
P28; Saline: 14.4927 g+0.5891 g; Ex-4: 14.1714 g+0.7257).
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Fig 5.

Ex-4-exposed offspring spent significantly less time in the closed area (A) of the EZM

than saline-treated mice (76.2308%2.2053% vs. 82.7556%+2.053%, respectively). There
were no statistically significant differences in latency to enter the closed areas (B; Saline:
17.8188 sec+4.8501 sec; Ex-4: 30.9615 sec+5.3807 sec) or distance traveled (C; Saline:
10.7958 m+0.5681 m; Ex-4: 9.2638 m+0.6103 m). In the light/dark test, there were

no differences between treatment groups in either time spent in the dark (D; Saline:
75.1234%+1.9033%; Ex-4: 72.4347%+2.1178%) or latency to enter the dark side of the
chamber (E; Saline: 5.0063 sec+0.8012 sec; Ex-4: 6.2798 sec+0.8915 sec). However, males
(79.8328%+1.9701%) did spend more time in the dark area compared to females (67.7253%
+2.0558%). N=13-16/Treatment group (EZM); N=6-8/Treatment x Sex group (L/D); *
p<0.05, **** p<0.0001
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Fig 6.

Fogr the NIH task, there was no significant effect of Sex or Treatment in the novel
environment compared to the familiar environment, (A; Female Saline: 0.564+0.1081,

Male Saline: 0.8941+0.1081, Female Ex-4: 0.6118+0.1208, Male Ex-4: 0.7547+0.1285).
However, females took significantly more time to consume the milkshake in the novel
versus the familiar environment compared to males (B; Female Saline: 6.6537+£2.5402, Male
Saline: 5.3115+2.3517, Female Ex-4: 15.4986+2.5402, Male Ex-4: 3.8377+2.7826). Graphs
of the raw values for milkshake consumption (C) and latency (D) in the familiar and novel
environments are also shown. N=5-8/Treatment x Sex group; * p<0.05.
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Fig 7.
Ex-4 administration /n utero (10 pg/kg administered to dam) did not alter immobility time

during the tail suspension test (Saline: 55.1968%x+4.4074%; Ex-4: 51.9382%+5.2079%).
N=13-15/Treatment group
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Fig 8.
No changes to sucrose preference resulted from prenatal GLP-1R activation (Saline:
62.9129%:+6.0131%; Ex-4 (10 pg/kg): 78.3996%+6.9434%). N=12-16/Treatment group
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No alterations in cocaine place preference were observed in Ex-4-exposed mice (10 pg/kg
administered to dam) (A; Saline: 145.88%z+7.1887%; Ex-4: 140.61%+7.6851%), although
Ex-4-treated females (8514.07 cm%1244.56 cm) were significantly more hyperactive than all
other groups (B; Ex-4 males: 2603.37 cm+1244.56 cm; Saline females: 3354.8 cm+1139.11
cm; Saline males: 2625.95 cm+1139.11 cm). N=14-16/Treatment group; ** p<0.01
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Ex-4 administration, both /n utero and acutely in adulthood, alters body weight (A-B),

but not food consumption (C-D), in both sexes. For a full list of significant effects and

for the values for individual groups, please refer to Tables 1 and 2, respectively. N=6-8/
Prenatal treatment x Acute treatment/group. Prenatal treatment consisted of 10 pg/kg Ex-4
administered to dam and acute treatment in adulthood was 30 ug/kg.
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Mice exposed to Ex-4 prenatally did not perform differently from their control counterparts
in the y-maze, as determined by the percent of spontaneous alternations (A; Saline:
69.6216%+3.1719%; Ex-4: 68.4067%+3.618%). Prenatal GLP-1R activation had no effect
in the SNOR test in either the time spent exploring the familiar object in a new location (B)
or a new object in a familiar location (C). Data are expressed as a percentage of the time
spent exploring the object/location relative to that same location/object from the prior day.
N=14-16/Treatment group
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Fig 12.

Testing for changes in cocaine-induced hyperactivity, no changes were observed between
either prenatal treatment group over time (A) or when accounting for total distance traveled
following cocaine administration (A inset; Saline: 13,766 cm+1247.95 cm; Ex-4: 16,389
cm+1528.42 cm). Repeated prenatal GLP-1R activation (10 pug/kg administered to dam)
did not alter locomotor activity following a challenge treatment with 30 pg/kg Ex-4 (B).
However, mice treated with the acute challenge of Ex-4 (30 ug/kg) were significantly
hypoactive compared to mice receiving the vehicle challenge, regardless of prenatal
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exposure (B inset). N=12-16/Treatment group (cocaine), N=13-16/Prenatal treatment x
Acute Treatment group (Ex-4); * p<0.05
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Table 1:

Significant interactions in body weight changes following overnight food intake

Group 1 (Prenatal Rx x Sex x Challenge Rx) | Group 2 (Prenatal Rx x Sex x Challenge Rx) P-value
Ex-4 x Female x 30Ex-4 Ex-4 x Male x 30Ex-4 0.0017
Ex-4 x Female x 30Ex-4 Sal x Female x Sal 00147

Sal x Female x 30Ex-4 Ex-4 x Male x 30Ex-4 0.00117
Sal x Female x 30Ex-4 Sal x Female x Sal 0.0063 ™
Ex-4 x Male x 30Ex-4 Sal x Male x 30Ex-4 0.045%
Ex-4 x Male x 30Ex-4 Ex-4 x Female x Sal 0.0005
Ex-4 x Male x 30Ex-4 Sal x Female x Sal <.0001
Ex-4 x Male x 30Ex-4 Ex-4 x Male x Sal 0.0008 "
Ex-4 x Male x 30Ex-4 Sal x Male x Sal 0.0037°
Sal x Male x 30Ex-4 Sal x Female x Sal <.0001
Ex-4 x Female x Sal Sal x Female x Sal 0.0367F
Sal x Female x Sal Ex-4 x Male x Sal 001447
Sal x Female x Sal Sal x Male x Sal 0.0035 ™%

*
p<0.05,

*:

ok
p<0.01,

Aok

*
p<0.001,

Hok kA

p<0.0001
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Table 2:
Changes in body weight and chow consumed following acute Ex-4 administration.

All values are calculated as (initial value — end value) and are expressed as mean+SEM.
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Prenatal Rx x Sex x Challenge Rx | A Body Weight (g) | A Chow Consumed (@)
Sal x Male x Sal 0.10+0.12 4.49+0.53
Sal x Female x Sal 0.59+0.11 3.36+0.53
Sal x Male x 30Ex-4 -0.08+0.11 2.75%0.53
Sal x Female x 30Ex-4 0.15+0.11 2.97+0.57
Ex-4 x Male x Sal 0.19+0.12 3.95+0.61
Ex-4 x Female x Sal 0.23+0.12 3.68+0.61
Ex-4 x Male x 30Ex-4 -0.40+0.12 2.89+0.57
Ex-4 x Female x 30Ex-4 0.17+0.12 4.13+0.61
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