HELLENIC REPUBLIC Athens International

Master’s Programme
National and Kapodistrian p—— | ) ) &
University of Athens @ i in Neurosciences

Department of Biology

National and Kapodistrian University of Athens- Medical School-Department of
Pharmacology, Neuropsychopharmacology Group

RESEARCH THESIS PROJECT

INVESTIGATION OF THE IMPACT OF GPER1 ACTIVATION ON BEHAVIORAL
ASPECTS IN MALE AND FEMALE RATS AFTER CHRONIC MILD STRESS

Athina Kamitsou (Student’s ID: 7113112100013)

2022-2024




Title: Investigation of GPER1’s anxiolytic effect in male and female rats after chronic mild stress
Student Name: Athina Kamitsou

Contents

Investigation of the Impact of GPER1 Activation on Behavioral Aspects in Male and

Female Rats After Chronic Mild Stress.......cccccviiiiiiiiiiiiiiiiiniiiininnnessssseseeenn 2
SCIENtific SUMMATIY oo, 2
L= a1 1T =4 o PP PPPPPPPPPIN 2
NG AT Yo T o PP PPPPPPPIN 2
ETUOTNHOVIKA TTEPIANWIN cevvvveieieieieeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeseressesessessssesssssssssssssssssssenens 3
NEEEIGKAELOLA. ...ceeeieieiiiiieeee e 3
I 1Y U0 01 010 = | N 3
18 o o [ 14 o o HE PP PPPPPPPIN 4
V=3 o Yo £ PPPPPPIN 6

AN 2 Y 14 F= | PPNt 6
[ U= £ OIS 7
EXPerimental deSiZN......coovviiiiiiiii i e 7
SUCIOSE PrefErENCE tEST. .. iiiiiiieeiiiieee ettt e e e e e e eeebtre e e e eeeeesesaaaes 8
Chronic Mild Stress....ccceeeeiiie e, 8
OPEN FIBIA TEST v uueiiiiiiiieeeee et e e e e e e eeeab e e e eeeeeees 9
(7= oY o -1 [ U =F] U RPURRR 9
) - 113 oL PP UPPPRNN 10
RESUILS ..eeeeteeeeeeeeeeeee ettt ettt e eeeeeeeeeeeeseesassessasasssassseseseseneasessnsnsssnnnsnnnnnnns 10
Chronic mild stress was not sufficient to induce anhedonia, but impacted body
LV LT =4 o U URRPN 10
The effect of CMS and semi-chronic G1 and ketamine treatment in OF test..... 11
The effect of CMS and semi-chronic G1 and ketamine treatment in LD test ..... 15
D10l U 1Y o o OO 18
ACKNOWIEAGMENTS ... e e e e e e et e e e e e e e e eeeaaaeeeaaaenns 21
No plagiarism statemeNnt.......coooiiiiiiii e e 21
02 (=T =] ol TP 21

RESEARCH PROPOSAL.....cciiiiiiiiiiiiiiiiisissessssissssssssssssssssssssssssssssssssssssssssssssssssssssssanans 30
Lo =T ] U100 0 - V7PNt 30
oY1=t e [T ol 1o Yo o IR 30

SPECIHIC @IMS oottt ettt ettt et st ae st te b be st 30
Introduction and SigNIfiCanCe ........c.ccooveieieiicee 31
RESEAICN STIAat@BY ...ooeevieieeeeeeeee ettt 32

BIblIOZIaPNY ...ttt 34



Title: Investigation of GPER1’s anxiolytic effect in male and female rats after chronic mild stress
Student Name: Athina Kamitsou

Investigation of the Impact of GPER1 Activation on Behavioral Aspects
in Male and Female Rats After Chronic Mild Stress

Kamitsou Athina?
INeuropsychopharmcology group, Department of Pharmacology, Medical School National and
Kapodistrian University of Athens, Athens, 11527, Greece

Supervisor: Dalla Christina®
INeuropsychopharmcology group, Department of Pharmacology, Medical School National and
Kapodistrian University of Athens, Athens, 11527, Greece, cdalla@med.uoa.gr

Scientific Summary

Estrogens have been shown to be involved in the pathophysiology of depression and
anxiety, supporting the observed higher prevalence of these disorders in women
than men. Neuro-estrogens are considered to act rapidly in the brain through G
protein-coupled estrogen receptor 1, GPER1. Recent studies have shown its
implication to anxiety and depression, but its action is yet to be clarified. The aim of
this study is to investigate the potential antidepressant and/or anxiolytic effect of
GPER1 activation in experimental animals subjected to chronic mild stress (CMS). In
the present thesis, female and male Wistar rats were subjected to CMS and
subsequently were treated intraperitoneally daily for one week with vehicle,
ketamine or G1, a GPER1 agonist. All animals were subjected to open field and light-
dark tests. Interestingly, in our study, CMS resulted into a possibly stress-induced
animals’ hyperlocomotion, especially in females. G1-treated stressed female rats
displayed reduced anxiety in both tests. In opposition, GPER1 activation in stressed
male rats affected only zone entries, revealing a sex difference. Overall, this study
supports that G1 potentially has an anxiolytic effect in a sex- and stress-related
manner, prompting further investigation into leveraging GPER1’s function to develop
novel treatments for depression and anxiety.

Highlights

e Rats subjected to chronic mild stress exhibited hyperlocomotion, possibly
induced by stress.

e G1treatment showed a potential anxiolytic effect in stressed female rats
compared to control female rats.

e GPER1 activation exhibited sex differences in open field and light dark tests.

Keywords

GPER1, Estrogen, Chronic Mild Stress, Hyperlocomotion, Anxiety, Depression, Open
Field test, Light Dark test
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Eriotnpovikn Nepidnyn

Exel anodelyBel mw¢ Ta olotpoyodva eumAEKovTal otnv maboduatloAoyia Tng
KataBAupng kat Tou ayxouc, umtootnpilovtag tov napatnpolpevo upnAdtepo
ETUMOAQCUO AUTWV TWV SLATAPOAXWV OTLC YUVOLIKEG CUYKPLTIKA PE TouG avdpec. Ta
veUpo-oloTpoyova Bewpeltal OTL Spouv TAXEWG OTOV EYKEPOAAO HECW TOU UTTOSOXEQ
oLoTpoyovwv culeuyuévou pe G-mpwteivn, GPER1. MNpoodateg peAéteg £xouv Seifel
TIWG EMLSPA 0TO AYXOG KaL TNV KATtaBALPn, aAAd n Spdon tou Sev EXEL aKOUN
Sleukpviotel MANPWC. Xtn peAétn autr Ba StepeuvnBel n mBavr) avTlkataOAUTTIKN
Ka/f ayxoAutikn enidpaon tng evepyomoinong tou GPER1 og melpapatolwao mov
€xouv untoBAnBel og xpovio, Amio otpeg (CMS). Ztnv napovoa Statplpn, BnAukol kat
apoevikol apoupaiot Wistar urtofAnOnkav oe CMS Kkat EmeLta €yLve xopnynon
evlomnepltovaikwe, kKabnuepva kat yia pia eBdopada, €kdoxo, ketauivn n G1,
aywvLotAg Tou GPER1. OAa ta {wa uttoBAnOnkav os Sokipaocieg avolxtol mediou Kot
dwrtelvoL-okotelvoU KAwPou. Eival eviiadépov otL otn pHeAETn pag, to CMS
06nynoe o€ pLa TBavwe MPOKAAOU LLEVN OO OTPEG UTIEPKLVNTLKOTNTA TwV {WwV,
eldka ota OnAuka. Ol BnAukot apoupaiot tou umtoPAnOnkav o Bepameia pe G1
EUPAVIOOV HELWHEVO AyXOC Kal oTLG SUo doklpaoiec. AvtiBeta, n evepyomnoinon Tou
GPER1 og aposVvIKoUC apoupaiouC E OTPEC ETNPENCE LOVO TOV aplOuo el06dwv ot
KEVTPO TNG AT OpHag, arnokaAvmrtovrag Stadulikr dtapopd. UUMEPACUATLKA,
ouTn N KeAETN utootnpilel 0tL 0 G1 aywvloTng €XEL SuVNTIKA ayXOAUTIKA Spaaon He
TPOTO oV OXEeTI{eTAL HE TO PUAO Kal To oTPeG. Kplvetal amapaitntn mepaltépw
£€peuva yLa T Asttoupyla kat Spacn tou GPER1 otnv naboduciodoyia Twv
Statapayxwv tne dtabeonc Kat yla TV avamtuén véwv Beparmetlwy yla tnv KatadbAupn
KOlL TO AyXOG.

NEEELG-KAELBLA

Yrnodoxéag olotpoyovwy culeuypévog pe G-mpwrteivn, Xpovio Hro Ztpeg, Ayxog,
KatdaBAuwpn, ®UAo

Lay Summary

Mood disorders, such as depression and anxiety, have higher prevalence in women
than men. Estrogens have been linked to the pathophysiology of these disorders. In
the brain, estrogens can act rapidly through G protein-coupled estrogen receptor 1,
GPERL1. This study aims to investigate whether this receptor activation results in an
antidepressant and/or anxiolytic effect in stressed animals. Female and male rats,
after being subjected to chronic mild stress, they were treated daily for one week
with a GPER1 activator, ketamine or vehicle and then their anxiety-related behavior
was estimated. Interestingly, our results showed that stressed animals were
hyperactive, in comparison to control animals. In behavioral tests, stressed female
rats that received treatment with GPER1 activator exhibited behaviors of reduced
anxiety, revealing a sex difference. Overall, this study supports that GPER1 activation
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could have an anxiolytic effect in stressed animals. Future studies should further
investigate this possibility, as well as its potential antidepressant action.

Introduction

Mental diseases have emerged as a prominent cause of disability within western
societies and are currently among the top ten leading causes of disease burden
worldwide (Wittchen et al., 2011; Patel et al., 2018). Mood, stress and eating disorders
affect disproportionally women than men (Kornstein, 1997; Marcus et al., 2008;
Kokras and Dalla, 2017; Dovey and Vasudevan, 2020). Specifically, regarding
depression, its prevalence is twice more frequent in females than in males (Salk, Hyde
and Abramson, 2017). Women also encounter gender-specific disorders, including
peri-menopausal and postpartum depression, as well as premenstrual dysphoric
syndrome (Halbreich and Karkun, 2006). Many studies suggest that an underlying
reason for this difference is estrogen fluctuation or plunge that could trigger disorders,
such as depression or anxiety (Bloch, 2000; Cohen et al., 2006; Freeman, 2010; Wang
et al.,, 2021). Supporting this, human studies have shown that estrogens’
administration during peri-menopausal period improve depressive symptoms
(Gregoire et al., 1996; Bloch, 2000; Ahokas et al., 2001; Moses-Kolko et al., 2009).

Also, in preclinical studies, treatment of female rats with estrogen receptor 3 (ERB)
agonist/estradiol prevented depressive-like behavior, after a hormone-simulated
pregnancy (HSP) (Green, Barr and Galea, 2009). In a similar manner, it has been shown
that estradiol reverses the anxiety-like behavior caused by ovariectomy in rats, in the
elevated plus maze and the open field test (OF) (Zheng et al., 2020). Apart from sex
differences in the prevalence of depression and anxiety, sex differences in treatment
have been observed; antidepressants present sex differences in pharmacokinetic
parameters (Kornstein et al., 2000; Kokras, Dalla and Papadopoulou-Daifoti, 2011;
Franceschelli et al., 2015). Currently, the pharmacotherapy of depression and anxiety
relies heavily on drugs that modulate monoaminergic neurotransmission. However,
the commonly used drugs require several weeks of treatment to take effect, and are
ineffective in 35% of patients (Berton and Nestler, 2006). One third of patients are
considered to suffer from treatment-resistant depression (TRD), meaning that they do
not respond to two or more antidepressant medications. Esketamine is used as fast-
acting treatment for TRD (Matveychuk et al., 2020). However, es-ketamine has many
potential side effects and an abuse potential (Melo et al., 2015; Yang et al., 2022).
Therefore, there is urgent need to discover novel pharmacological targets and new
antidepressants and anxiolytics, although research up to date has not yet clarified the
exact etiology of these disorders (O’Leary, Dinan and Cryan, 2015; Kuehner, 2017).
Given the incidence of mood disorders and anxiety in women, it is considered
appropriate to study the role of estrogen in pathophysiology and pharmacotherapy of
depression and anxiety.

Both the female and male brain produce local neuro-estrogens, from cholesterol via
the enzyme aromatase, and have rapid non-genomic actions that affect neuronal
function through synaptic plasticity (Rune and Frotscher, 2005; Arevalo, Azcoitia and
Garcia-Segura, 2015). These actions are important for cognitive function and
neuroprotection and differ significantly from the classical hormonal actions of
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estrogens, which are of little utility for psychiatry (Gillies and McArthur, 2010). Neuro-
estrogens preserve their effect by binding to estrogen receptors (ER), which are widely
distributed in the brain and present at both neurons and glia. There are two categories
of ER: nuclear and membrane embedded/membrane associated (mERs). Classical
estrogen signaling occurs through the action of the nuclear receptors, ERa and ERP
(Rettberg, Yao and Brinton, 2014). ERB’s anxiolytic and antidepressant action has
already been shown by numerous studies (Lund et al., 2005; Green, Barr and Galea,
2009; Yang et al., 2014). The rapid non-genomic actions of estrogens in the brain are
currently believed to be exerted through a novel receptor, that belongs in mERs
category and was discovered in 2005, the G protein-coupled estrogen receptor
(GPER1; also known as GPR30) (Tang et al., 2014; Alexander, Irving and Harvey, 2017).
This receptor is suggested to act through the activation of second messenger
pathways (ERK, mTOR, etc.) (Wang et al., 2017). It appears to be necessary for the
"micro-regulation" of neuronal circuits, involved in depression and anxiety (Tang et
al., 2014; Sellers, Raval and Srivastava, 2015; Alexander, Irving and Harvey, 2017).
Also, GPER1 activity is linked to serotonin (Xu et al., 2009) and BDNF (Srivastava,
Woolfrey and Evans, 2013), as well as to the regulation of neuroplasticity in
hippocampal synapses (Srivastava, Woolfrey and Evans, 2013), which are involved in
the action of antidepressants (Pittenger and Duman, 2008). It has been shown that
neuro-estrogens increase the density of neural spines in the frontal cortex, via the
MTOR- and ERK-pathways (Tuscher et al., 2016), and in the hippocampus in a sex-
specific manner (Li et al., 2021). This finding is interesting as our group discovered that
the hippocampus-cortical circuit is important for stress response and depression
(Kafetzopoulos et al., 2018).

The involvement of GPER1 in stress and anxiety is evident by the fact that GPER-
deficient rats and mice of both sexes exhibit altered anxiety-like behavior, in
comparison to wild type animals (Kastenberger and Schwarzer, 2014; Zheng et al.,
2020). It has been shown that GPER1 may contribute to anxiogenic-like effects that
estrogens exert in male and ovariectomized female mice (Kastenberger, Lutsch and
Schwarzer, 2012; Kastenberger and Schwarzer, 2014). Supporting this, in human
studies serum GPER1 levels were positively correlated with anxiety levels in women,
excluding those in postmenopausal period (Findikh et al., 2016). However, there are
contradictory findings. Studies support that GPER1 activation has an anxiolytic effect
in male and in, ovariectomized or not, female rats, which imitate the condition of
menopause (Zheng et al., 2020; Wang et al., 2021; Tongta, Daendee and
Kalandakanond-Thongsong, 2022). It is worth mentioning that a study showed that
the genetic ablation of GPER1 in female and male rats resulted in increased anxiety-
like behaviors reported that the effects were more pronounced in females than males.
On the other hand, a study presented reduced anxiety-like behavior of GPER1 knock
out mice, predominantly in males (Kastenberger and Schwarzer, 2014). This indicates
that sex could highly contribute in the anxiogenic or anxiolytic action of GPER1.
However, it is also indicated that species, hormonal status and age are important
factors for GPER1 function (Zheng et al., 2020).

Simultaneously, GPER1 is also involved in depression, but the studies are still limited
and its relation to depressive behavior is to be clarified. In general, it suggested that
GPER1 exerts antidepressant action, as it has been shown in aged female rats,
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ovariectomized rats and male mice (Dennis et al., 2009; Wang et al., 2019, 2021).
Supporting this, GPER1 agonist, G1, is sufficient to desensitize 5-HT1aR signaling in the
hypothalamic paraventricular nucleus of the hypothalamus (PVN), as selective
serotonin reuptake inhibitors (SSRIs) do (McAllister et al., 2014). This is of importance
because 5-HT1aR signaling is involved in hyperactivity of the hypothalamic-pituitary-
adrenal axis (HPA), which is a characteristic of depression. Additionally, depressive-
like behavior in adolescent mice of both sexes, caused by prenatal exposure to the
pesticide dichlorodiphenyltrichloroethane (DTT), was accompanied by reduced levels
of GPER1 (Kajta et al., 2017). Contrary to that, a study has shown higher serum GPER1
levels in drug-naive major depressive disorder (MDD) patients than in the controls and
has proposed GPER1 serum levels as a valuable tool in predicting the presence of
depression (Findikli et al., 2017).

While it is strongly indicated that GPER1 is involved in the pathophysiology of
depression, stress, and anxiety, its mechanism and way of action, depending on
sex/gender and other factors, are yet to be clarified. Additionally, it is important to
investigate the exploitation of GPER1 modifiers in the treatment of mood and anxiety
disorders, by expanding the knowledge about this possible, novel pharmacological
target that may relieve depression rapidly and improve the quality of life of patients.
This is of importance in males as well as females, as neuro-estrogens play an important
role in males, with their levels being six times higher in the hippocampus than in the
blood (Hojo et al., 2004). In this context, this thesis project aims to investigate the
possible antidepressant and/or anxiolytic effects of GPER1 in male and female rats,
which were subjected to a chronic mild stress (CMS) protocol (Willner, 1997,
Kafetzopoulos et al., 2018). CMS is a widely accepted model for establishing
depressive-like behavior in rodents, as it shows good predictive, face and construct
validity. It produces anhedonia, a core symptom of depression, and other symptoms
of MDD (Willner, 1997). It consists of a variety of mild stressors, applied sequentially
to rats for a prolonged period to imitate daily life stressors that can contribute to
manifestation of depression in humans. Research has shown that it causes a number
of behavioral, endocrinological, neurochemical and neurobiological changes and
affect the two sexes differently (Dalla et al., 2005). Based on current bibliography, we
hypothesized that G1 would have an antidepressive-like and anxiolytic effect in rats.
To that cause, we examined GPER1 possible effects in animals that were subjected to
CMS and then were treated repeatedly with the agonist of GPER1 (G1) or ketamine or
vehicle, and then subjected to the behavioral tests of open field (OF) and light-dark
(LD).

Methods
Animals

Adult female and male Wistar rats were obtained from Hellenic Pasteur Institute and
were used throughout this study. At the start of CMS protocol, female and male rats
were approximately 4-5 months of age and weighed 200-250g and 350-450 g,
respectively. All male and female rats were singly housed in plastic, transparent
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cages (40*25*15 cm). They were housed in two separate rooms, depending on their
group (control or CMS). In both rooms, they were housed under controlled
conditions 12-h light/dark cycle (lights on at 08:00 h), temperature (20 £ 2 °C) and
humidity 40-60%, and free access to food and tap water, unless it was differently
indicated by the CMS protocol. During CMS, housing conditions and access to water
and food was defined by the protocol. Monitoring of health and welfare conditions
took place daily. The body weight of each animal was measured once per week. All
animal experiments were reviewed and approved by the local committee (License
number: 1348406/16-12-2022) and all studies have been carried out in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. G*power analysis was performed prior to the start of this study aiming to
minimize the numbers of animals used and to reduce their suffering. For the
analysis, three-way factorial analysis of variance (ANOVA) was used, based on effects
sizes previously observed in previous similar experiments, at 80% power and type |
error equal to 5%.

Drugs

The drugs used were a GPER1 agonist G1 (0.01 mg/kg, CAS# 881639-98-1, (Dennis et
al., 2009; Wang et al., 2019)), ketamine (10mg/kg, (Melo et al., 2015)) or vehicle
(0.9% saline with 5% DMSO, CAS# 67-68-5). G1 and ketamine were dissolved in 5%
DMSO in 0.9% saline. All drugs were administered intraperitoneally (i.p.), with
volume of injection 1ml/kg (Kokras et al., 2015; Kafetzopoulos et al., 2018). Drugs
were administered repeatedly for 7 days, daily.

Experimental design

All animals spent four weeks of adaptation to consumption of 1% sucrose solution in
water to establish baseline preference levels by performing sucrose preference test
(SPT). The adaptation period took place before the beginning of any stressful
procedures and consisted of three sessions per week. The mean measurements of
the three last tests were used as the baseline sucrose consumption and based of
that, rats were assigned to the control and CMS groups alternating from highest to
lowest preference, so as the difference of means between the two groups would be
minimal. Rats not showing sucrose preference were excluded from the following
experiments. Therefore, rats were matched and divided into four groups: Control
Females (n=19), Control Males (n=20), CMS Females (n=27) and CMS Males (n=26).
The CMS protocol started three days after the last sucrose test of the adaptation
period and lasted for ten weekly cycles that consisted of continuous stressors
alternating during the day. After the end of CMS, the rats were assigned to
treatment groups and were treated with i.p. injections of vehicle, G1 or ketamine
daily for one week (Figure 2). The assighment to groups was based on the mean
measurements of the three last SPT tests, alternating from highest to lowest
preference, so as the difference of means between the groups would be minimal. On
the 5% day of treatment, they were subjected to open field test (OF) and on the 6%
day on light dark test (LD), 30 minutes after the injection accordingly. Finally, the
following day after LD test, all rats were killed by rapid decapitation and their brains
were collected and stored to -80 °C.
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Figure 1. Experimental procedure. Animals spent 4 weeks of adaptation to sucrose consumption and
then they were subjected to 10 weeks cycles of CMS protocol. After CMS, they were administered
drugs for 7 days. Behavioral tests and euthanasia were performed from day 5™ to 7*" of treatment.

Day 1: Day 2: Day 3: Day 4: Day 5: Day 6: Day 5:
D.A. D.A. D.A. D.A. D.A. + OF D.A.+ LD D.A. + Euthanasia

Figure 2. Drug administration (D.A.) schedule. Animals were treated daily. On the 5% day, after
treatment, they were subjected to OF test. On the 6 day, after treatment, they were subjected to LD
test. On the 5™ day, after treatment, they were euthanized and their brains were collected.

Sucrose preference test

SPT was used to assess anhedonia, a core symptom of depression (Willner, Muscat
and Papp, 1992; Kafetzopoulos et al., 2018). SPT was performed three times per
week (Monday, Wednesday, Friday) during the adaptation period and once a week
(every Thursday based on CMS schedule) after the initiation of CMS protocol. To
measure the sucrose preference, animals that were food- and water-deprived for 18
h were presented with two pre-weighed bottles containing 1% sucrose solution or
tap water for a period of 1 hour (between 13:00 and 14:00). In each subsequent
session, the position of the two bottles was alternated to avoid habituation. Sucrose
preference was calculated according to the formula: sucrose preference = (sucrose
intake / (sucrose intake + water intake) )*100 (Bessa et al., 2009; Kafetzopoulos et
al., 2018).

Chronic mild stress

A CMS protocol, that has been previously described for male rats (Willner, 1997)

and modified by (Dalla et al., 2005) and (Kafetzopoulos et al., 2018), was employed
to male and female rats. Specifically, male (N=26) and female (N=27) rats were
subjected to chronic exposure of a series of mild stressors, according to a specific
hourly schedule (Table 1). The stressors were: stroboscopic illumination in dark (120
flashes/ min), confinement, tilted cage (at 35 degrees), exposure to white noise,
soiled cage (250 ml of tap water into the sawdust bedding) followed by cage
cleaning, overcrowding (each rat was housed in a group of 3-5 depending on their
sex, different combinations of rats each time), water deprivation followed by
presentation of empty bottle, overnight illumination combined with food deprivation
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followed by exposure to inaccessible food, combination of food and water
deprivation and reversed light cycle. The CMS protocol lasted for ten weeks.

Table 1. CMS hourly schedule
Day SATURDAY
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY
Hour 0 UES S URS SUNDAY
E I | ibl .
9-10 mpty bo’Ft e naccessible Cage cleaning
presentation food
10-11 S.trobf)scgplc Overcrowding | Confinement
illumination .
Overcrowdin Stroboscopic
11-12 J illumination
12-13 Tilted cage Reversed light
13-14 Confinement SPT cycle
14-15 Tilted Noi Confinement Noi
15-18 ilted cage oise oise
Food
. Water & food .
. Water deprivation & @ er. .OO . Reversed light
overnight o . deprivation Soiled cage
deprivation overnight (18 h) cycle
illumination

Open field test

On the 5" day of treatment, the rats were subjected to OF, to assess anxiety- and
stress-like behaviors. All rats were injected and acclimated to the test room for 30
minutes before the test accordingly. The latency to escape from the center of the
open field and the time spent in the center served as indices of anxiety (Kokras et al.,
2012). An open field apparatus, a square arena of dimensions 43.2 x 43.2 cm? and
surrounded by tall Perspex walls (Med Associates, St Albans City, VT, USA), was used.
The apparatus includes infrared beams and the manufacturer’s software were used
to automatically register movements and exploration (Kafetzopoulos et al., 2018;
Kokras et al., 2018). All rats were acclimated to the test room for 30 minutes before
the test, and then they were placed in the center and allowed to explore the area for
10 min.

Light dark test

On the 6" day of treatment, the rats were subjected to LD (Kokras et al., 2012), to
assess anxiety-like behavior. All rats were injected and acclimated to the test room
for 30 minutes before the test accordingly. The OF apparatus was used. An
appropriate, Plexiglass chamber was inserted to equally divide the apparatus into
two compartments, one transparent, brightly illuminated and a second opaque and
dark formed by the inserted chamber, as provided by the manufacturer. The two
compartments were communicating through an opening measuring approximately
105 mm height and 85 mm width. All rats were acclimated to the test room for 30
minutes before the test, and then they were placed in one corner of the illuminated
compartment facing away from the opening towards the dark compartment and
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allowed to explore the area for 10 min. LUX of the room was measured in order the
transition of light between the two compartments to be smooth.

Statistics

Behavioral results (OF, LD) were analyzed using a three-way ANOVA with sex
(male:female), treatment (vehicle:G1:ketamine) and stress status (control:CMS) as
independent factors. Differences between groups were then determined by
Bonferroni’s post hoc analysis. Statistical significance was set at p < 0.05. Results are
reported as means + standard error of mean (SEM). Percentage of body weight
change (%) was calculated using this formula: Weight change (%) = (Weight end of cms-
We'ght beginning of CMS)/ We'ght beginning of CMS *100, where WEIght beginning of CMS and
Weight end of cms are the mean of two body weight measurements before the start of
the protocol and the last two weeks of CMS, respectively. Differences between CMS
and controls groups were determined by unpaired t test with Welch's correction.

Results

Chronic mild stress was not sufficient to induce anhedonia, but impacted body
weight

Female and male rats were subjected to CMS protocol for 10 weeks. CMS is a widely
accepted model for establishing depressive-like behavior in rodents and has been
shown to induce anhedonia assessed by SPT. However, it is difficult to establish the
desired phenotype, for reasons which remain unclear. In our study, SPT did not
reveal statistically significant difference between CMS and control group. The time-
wise extension of the protocol to 10 weeks did not affect the sucrose preference of
the subjects. CMS animals, though, displayed reduced body weight compared to
control animals (t3s.s2=4.074, p=0.0002 for females and t(37.35=5.828, p<0.0001 for
males), depicted by the % weight change (Figure 3). Reduced body weight after CMS
has been described and can be considered as a possible marker of stress load
(Strekalova et al., 2022), and it is proven to be independent of CMS-induced
decreases in sucrose intake (Pothion et al., 2004). Nevertheless, CMS has been
shown to evoke neurobiological changes or if the procedures are insufficient enough
it may provoke other behavioral alterations, such as hyperactivity (Strekalova et al.,
2022). To examine this, we decided to continue accordingly to the experimental
design and subject the animals to treatment and behavioral testing.
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Figure 3: Percentage of body weight change of female and male rats during CMS period. Body weight
change (%) was calculated for each group for the 10 week-period of CMS. The sample sizes of each
group as shown in the diagram are: n=19, n=27, n= 20, n=26. Data are represented as mean + SEM. The
sign # denote the level of significance of stress status. Female and male rats that were subjected to CMS
presented negative percentage of weight change, meaning weight loss. These changes were statistically
significant, in comparison to control rats gained weight, shown by the positive percentage of weight
change (##, p<0.001 for females and #####, p<0.0001 for males).

The effect of CMS and semi-chronic G1 and ketamine treatment in OF test

Female and male rats were subjected to 10 min open field test, after exposure to
chronic mild stress or control conditions and daily treatment for one week with
vehicle, G1 or ketamine. Total horizontal distance and counts, horizontal distance,
percentage of distance and time in center, total vertical counts and zone entries were
examined.

Regarding total horizontal distance travelled (Figure 4A), three-way ANOVA tests
revealed main effects of sex and stress (F(1,30=21.904, p<0.0001 and F(1,80=18.523,
p<0.0001 ). Also, ANOVA revealed main effects for sex and stress for total horizontal
counts (Figure 4B) (F(1,80=30.320, p<0.0001 and F(1,30=18.566, p<0.0001) and main
effect of stress for horizontal distance travelled in the center (Figure 4C)
(F(1,80=13.174, p<0.0001). Post-hoc Bonferroni tests revealed that there are sex
differences in stressed animals. In more detail, in ketamine-treated animals, sex had
an effect in horizontal activity by increasing both the distance travelled (Figure 4A)
and the number of movements (Figure 4B) of stressed female rats in comparison to
stressed males (p<0.0001 for both parameters). In accordance to that, ketamine-
treated, stressed, female rats travelled more distance in the center of the open field
platform in comparison to male, stressed rats (p=0.012) (Figure 4C). Vehicle-treated
and G1-treated, stressed female rats exhibited an increased number of horizontal
counts in comparison to vehicle-treated and G1-treated stressed males, respectively
(p=0.050, p=0.024, respectively) (Figure 4B). This, overall, shows that female rats had
increased activity, and especially horizontal counts, versus male rats. Simultaneously,
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in stressed females, ketamine treatment resulted in increased horizontal distance
travelled in relation to vehicle treatment (p=0.003) (Figure 4A) and in increased
horizontal counts in relation to vehicle and G1 treatment (p=0.019 and p=0.002,
respectively) (Figure 4B). These results could be explained by a contingent ketamine-
induced increase of locomotion, presented in existing bibliography (Crawford et al.,
2020). However, ketamine-treated, female animals travelled more distance after CMS
versus control conditions (p=0.001) (Figure 4A). Finally, in G1-treated rats of both
sexes, CMS increased the total horizontal distance travelled (p=0.021 for males,
p=0.007 for females) compared to control conditions (Figure 4A). Regarding total
horizontal counts (Figure 4B) and distance travelled in the center (Figure 4C), exposure
to CMS increased both compared to control conditions in female, G1-treated rats
(p=0.009 and p=0.011, respectively for each parameter), and in female ketamine-
treated rats as well (p<0.0001 and p=0.019, respectively for each parameter). While
increased horizontal activity in the center of the OF arena is a sign of reduced anxiety,
total increased horizontal activity could also be associated with reduced anxiety, as
the animals that explore the arena more are likely less anxious. Nevertheless, the
observed increase of horizontal activity could be explained by other factors, such as a
contingent CMS-induced agitation (Strekalova et al.,, 2005) or sex differences in
ambulation (Ramos et al.,, 1997a). Additionally, CMS affected more parameters
examined in OF test in G1-treated females than males, reinforcing sex differences.
Overall, based on these results, we could speculate that G1-treatment in interaction
with stress background potentially has an anxiolytic effect, especially in females, as
CMS-subjected animals present a less anxious profile than control animals. However,
there are no statistical differences compared to vehicle treatment to strengthen this
hypothesis.
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Figure 4. Horizontal activity by female and male rats during a 10 min open field test. To study
horizontal activity, total horizontal distance travelled (A), total horizontal counts (B), horizontal distance
travelled in the center (C), percentage of distance travelled in the center (D) and time in time center (E)
were examined. Animals were subjected to 8-weeks-long CMS or control conditions. Then, they were
treated with i.p. injections of vehicle, G1 or ketamine daily for one week and subjected to behavioral
testing. Each group includes n=5-8 for control animals, n= 8-11 for stressed animals. Data are
represented as mean * SEM. The signs (*, # and +) denote the level of significance of treatment, stress
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status and sex respectively in the interaction sex*treatment*stress status, as resulted by multiple
comparisons with Bonferroni corrections. (A) Within stressed animals, ketamine-treated females
travelled more horizontal distance than ketamine-treated males (++++, p<0.0001). Ketamine increased
the travelled distance in comparison to vehicle in stressed female rats (**, p<0.01). Exposure to CMS of
female and male, G1-treated rats increased the total horizontal distance travelled (##, p<0.01 for
females and #, p<0.05 for males) compared to exposure to control conditions. Stressed, female rats
travelled more horizontal distance when they were treated with ketamine compared to when they were
treated with vehicle (##, p<0.01). (B) Vehicle, G1 and ketamine increased horizontal counts of stressed
female rats in comparison to stressed males (+, p=0.05, +, p<0.05 and ++++, p<0.0001, respectively.
Female, stressed rats treated with ketamine display higher number of ambulatory counts than those
treated with G1 (*, p<0.05) or vehicle (**, p<0.001). Additionally, G1- and ketamine-treated, female
animals had higher numbers of horizontal counts when they were subjected to CMS compared to
control conditions (##, p<0.01 and ####, p<0.0001 respectively). (C) Female, ketamine-treated, stressed
rats displayed lower distance travelled in the center of the open field compared to the male ones (+,
p<0.05). Females treated with G1 and ketamine travelled more ambulatory distance in the center when
they were previously subjected to CMS in comparison to control conditions (#, p<0.05 for both G1 and
ketamine treatments). (D, E) The percentage of distance travelled in the center and the time spent in
the center did not differ between the examined groups.

Regarding vertical activity (Figure 5A), a three-way ANOVA revealed main effects of
sex, treatment, stress status and sex*treatment interaction for total vertical counts in
the OF (F(1,80=14.239 p<0.0001, F(2,80=15.752 p<0.0001, F(1,80=8.165 p=0.005 and
F(1,80=3.492 p=0.035,respectively). Post-hoc Bonferroni tests indicated that there is a
sex difference in vehicle- and G1-treated, stressed animals. In more detail, females
had higher number of vertical counts than males in both treatment groups (p=0.002
and p=0.001, respectively). In general, a higher number of vertical counts indicates
increased rearing behavior and is associated with increased exploratory behavior.
Therefore, we can speculate that stressed females are more exploratory than stressed
males. Additionally, ketamine-treated female rats, after being subjected to either CMS
or control conditions, displayed lower number of vertical counts than vehicle-treated
females (p=0.047 and p<0.0001, respectively). Regarding G1 administration, there is
no statistical difference with vehicle, but it is worth mentioning that female, stressed
animals treated with G1 had higher number of vertical counts than corresponding
control group (p=0.004). This result could be due to increased variability within the
vehicle-treated, control, female group. Also, G1 treatment resulted in higher number
of vertical counts in stressed, female rats than ketamine-treated stressed females
(p<0.0001).

With regards to zone entries (Figure 5B), a three-way ANOVA revealed main effect of
stress for zone entries in the OF (F(1,30=14.690, p<0.0001). Multiple comparisons with
post-hoc Bonferroni corrections showed that G1-treated, female and male rats display
higher number of entries in the center when they were previously subjected to CMS
compared to control conditions (p=0.009 and p=0.01, respectively). Given that the
latency to escape from the center of the open field and the time spent in the center
serve as indices of anxiety, it would be expected that stressed animals perform less
zone entries. However, the increased center entries maybe could be explained by the
prementioned agitation caused by CMS.
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Figure 5. Vertical counts (A) and zone entries (B) by female and male rats during a 10 min open field
test. Animals were subjected to 8-weeks-long CMS or control conditions. Then, they were treated with
i.p. injections of vehicle, G1 or ketamine daily for one week and subjected to behavioral testing. Each
group includes n=5-8 for control animals, n= 8-11 for stressed animals. Data are represented as mean
+ SEM. The signs (*, # and +) denote the level of significance of treatment, stress status and sex
respectively in the interaction sex*treatment*stress status, as resulted by multiple comparisons with
Bonferroni corrections. (A) Female, stressed animals display more activity when treated with vehicle
(++, p<0.01) or G1 (+++, p<0.001) than stressed males. Moreover, stressed female animals treated with
G1 had higher number of vertical counts than corresponding control G1-treated group (##, p<0.01).
Female animals of both stress statuses perform fewer vertical counts, when treated with ketamine in
comparison to vehicle (*, p<0.05 for control and ****, p<0.0001 for stressed animals). Also, stressed
female animals treated with ketamine are less active than the corresponding group treated with G1
(****, p<0.0001). (B) Females and males treated with G1 display higher number of center entries when
they were previously subjected to CMS in comparison to control conditions (#, p<0.05 for females and
##, p<0.01 for males).

The effect of CMS and semi-chronic G1 and ketamine treatment in LD test

Female and male rats were subjected to 10 min light dark test, after exposure to
chronic mild stress or control conditions and daily treatment for one week with
vehicle, G1 or ketamine. Percentage of distance travelled in the light compartment of
the platform, zone entries and total, horizontal and resting time in the light
compartment were examined.

Regarding the percentage of distance travelled in the light compartment (Figure 6A),
a three-way ANOVA revealed main effect of treatment for percentage of distance
travelled in the light compartment during the LD (F(2,76)=3.172 p=0.048). Multiple
comparisons with Bonferroni corrections indicated a sex difference in G1l-treated,
stressed animals, where females had higher percentage of distance travelled in the
light compartment than males (p=0.027). Simultaneously, the G1-treated, stressed
female group travelled a higher percentage of distance in light than corresponding
control group (p=0.025). These results combined suggest that G1 in a chronic stress
background probably resulted in an anxiolytic-like effect in females, as distance
travelled in the light is positively associated with reduced anxiety. Additionally, in

15



Title: Investigation of GPER1’s anxiolytic effect in male and female rats after chronic mild stress
Student Name: Athina Kamitsou

female, stressed animals, ketamine treatment resulted in lower percentage of
travelled distance in light compared to G1 treatment (p=0.008). As for the zone entries
(Figure 6B), a three-way ANOVA revealed no main effects for transitions between the
two compartments during the LD test, where either CMS or treatment affected
significantly anxiety-like behavior. Finally, regarding total and resting time spent in the
light compartment (Figures 6C,6E), three-way ANOVA test revealed a main effect of
treatment for total time spent in light compartment during the LD test (F(2,76)=3.372,
p=0.040) and for resting time in the same compartment F(;,76=4.622, p=0.013),
respectively. Also, three-way ANOVA resulted in main effects of sex and stress status
for horizontal time spent in light compartment during the LD test (F(1,76)=10.630
p=0.002, F(1,76)=5.645 p=0.020, respectively) (Figure 6D). Animals previously subjected
to CMS spent more ambulatory time in the light compartment compared to animals
living in control conditions. This is in accordance to the CMS-induced, increased
activity observed in the OF test and could be explained by a contingent CMS-induced
agitation that has been observed in some studies (Strekalova et al., 2005). However,
total or resting time in this compartment did not differ between these two groups. In
addition, female rats spent in general more horizontal time in the light compartment
than males (F(1,76)=10.630 p=0.002). This is also in line to our OF’s results where
females presented increased activity compared to males, which could be an intrinsic
sex difference in ambulation (Ramos et al., 1997a). Post-hoc Bonferroni tests indicated
that stressed females treated with G1 spent more ambulatory time in light than
stressed males treated with G1 (p=0.037). This is in accordance with the observed sex
difference regarding the percentage of distance travelled in the light compartment by
Gl-treated, stressed animals. Additionally, ketamine-treated, control, female rats
spent less resting time in light compared vehicle-treated control, female rats
(p=0.031). Neither G1 or ketamine treatment were sufficient to reveal a potential
anxiolytic action.
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Figure 6. Percentage of distance travelled in light (A), transitions between the two compartments
(B), total time spent in light (C), horizontal time spent in light (D) and resting time spent in light (E)
by female and male rats during a 10 min light dark test. Animals were subjected to 8-weeks-long
CMS or control conditions. Then, they were treated with i.p. injections of vehicle, G1 or ketamine
daily for one week and subjected to behavioral testing. Each group includes n=5-8 for control animals,
n= 7-11 for stressed animals. Data are represented as mean + SEM. The signs (*, # and +) denote the

17



Title: Investigation of GPER1’s anxiolytic effect in male and female rats after chronic mild stress
Student Name: Athina Kamitsou

level of significance of treatment, stress status and sex respectively in the interaction
sex*treatment®*stress status, as resulted by multiple comparisons with Bonferroni corrections. (A)
Female, G1-treated, stressed rats spent more time in the light compartment of the LD field compared
to males of the corresponding group (+, p<0.05). Female, G1-treated, stressed rats, also, travelled
more distance compared to the corresponding control group (#, p<0.05). Ketamine treatment
resulted in less distance travelled in light by female, stressed rats travel less distance in light than G1
treatment (**, p<0.01). (B) There is no difference regarding the zone entries during LD test between
the examined groups. (C) There is no difference regarding the time spent in light during LD test
between the examined groups. (D) Female, G1-treated, stressed rats spent more time in the light
compartment of the light dark field compared to G1-treated, stressed males (+, p<0.05). (E) Ketamine
treatment resulted in less resting time spent in light by female animals previously subjected to control
conditions than vehicle-treated controls (*, p<0.05).

Discussion

The aim of the present study was to investigate GPER1’s role in the stress response in
female and male rats subjected to CMS. The CMS protocol, that we followed , has been
previously used by our team, and it was sufficient to decrease sucrose preference in
Wistar male rats (Kafetzopoulos et al., 2018). However, in this study, it was not
sufficient to induce anhedonia. While CMS is a valid model for the establishment of
depressive-like behavior and most of the published studies achieved anhedonia, the
procedure involves labor-intensive experiments and most importantly, it is difficult to
establish the desired phenotype (Willner, 1997). There are studies that have failed to
observe a significant alteration in sucrose intake or preference and others showing
anomalous findings. Additionally, there is a pervasive issue of under-reporting
negative results and of unpublished literature (Willner, 2005). Simultaneously, a study
has confirmed a depressive-like phenotype in forced swim test (FST), but not in SPT
(Marco et al., 2017), while most of studies use SPT to confirm this phenotype. It is
important to note that factors such as the stressors used during the protocol, sex,
strain, (Antoniuk et al., 2019) and time of SPT (D’Aquila, Newton and Willner, 1997)
can impact sucrose consumption. In our study, these factors were chosen to be the
same as in (Kafetzopoulos et al., 2018) with the exception of sex. Of note, most
existing studies use only male rats, but we chose to incorporate both sexes to also
examine sex differences. Nevertheless, inter-strain and inter-individual differences,
because of factors such as genomic makeup or endocrine status, can also affect the
sucrose consumption and the manifestation of depressive-like behavior after CMS. In
fact, male and female Wistar rats display individual patterns of liquid consumption
throughout the day (Kurre Nielsen, Arnt and Sanchez, 2000; Strekalova et al., 2022).
These differences could explain why in our study the same protocol was not sufficient.
In addition, it has been proven that some rats show resiliency to developing exhibit
depression- or anxiety-like behaviors despite their exposure to CMS. In those cases,
SPT did not reveal significant difference between the control groups and the rats that
were classified as resilient (Raya et al., 2018; Tang et al., 2019; Zurawek et al., 2019).
Individual vulnerability to stress-induced anhedonic states in rats has been shown to
be reflected by altered expression of numerous receptors such as 5-HT1A, D2 and
glucocorticoid receptors and by elevated secretion of CRH. Also, distinct features
between resilient and susceptible rats involve general proteomic changes in the
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hippocampal region, response to dopamine agonists, turnover and binding ability of
beta-adrenergic receptor as well as neuroanatomical features and interactions
between the hippocampus and prefrontal cortex (Strekalova et al., 2022).
Differentiating between resilient and susceptible animals would enable the
exploration of epigenetic and post-translational mechanisms of resilience. Future
studies should focus on elucidating these underlying mechanisms, as they could be
exploited for therapeutic purposes. In the context of our research, exploring whether
the absence of induced anhedonia is attributable to resilience factors would be a
compelling future investigation. However, chronic stress protocols of insufficient
intensity or/ and duration may evoke other behavioral alterations, such as increased
signs of anxiety and hyperactivity (Strekalova and Steinbusch, 2010; Spasojevic et al.,
2016). Of note, we observed reduced body weight in CMS animals, which can be
considered as a possible marker of stress load (Strekalova et al., 2022), and it has been
shown to be independent of CMS-induced decreases in sucrose intake (Pothion et al.,
2004). Apart from behavior, CMS has been shown to evoke neurobiological changes
(Dalla et al., 2005; Hill et al., 2012). Therefore, we decided to continue accordingly to
the experimental design and subject the animals to treatment and behavioral testing.

To examine the effect of GPER1, CMS and control animals were administered
repeatedly for 1 week with G1, as well as vehicle and ketamine, acting as control and
fast-acting antidepressant treatment, respectively. Then, the animals were subjected
to OF and LD tests. In OF, animals presented higher horizontal activity regarding the
total distance traveled and the counts, when they were previously subjected to CMS
compared to control conditions, regardless of sex or treatment. This could be
explained in the context of hyperlocomotion induced by chronic stress, in rats that has
been previously reported in male rats and mice (Strekalova et al., 2005; Spasojevic et
al., 2016). This, however, contradicts the well-established behavior of locomotor
inhibition as symptom of depression and stress. In fact, a study showed that mice
subjected to CMS, regardless if anhedonia was induced, displayed increased open field
activity (Strekalova and Steinbusch, 2010). In our case, this is mostly observed in
females, which is in accordance to the in general higher ambulation of female rats of
different strains compared to males (Ramos et al., 1997b). Also, stress in G1-treated
animals had impact on more parameters examined in the two behavioral tests in
females than in males, reinforcing sex differences. Therefore, while CMS was
insufficient to induce anhedonia, it caused hyperactivity. Additionally, CMS animals,
regardless of sex or treatment, traveled more distance in the center of the platform
and showed higher number of zone entries and vertical counts, which are considered
signs of reduced anxiety. Other studies have also displayed anxiolytic-like features in
rodents subjected to CMS, using tests such as elevated plus/O-maze and LD (D’Aquila,
Brain and Willner, 1994, Strekalova et al., 2005; Strekalova and Steinbusch, 2010).
However, this is not confirmed in OF (Spasojevic et al., 2016) and anxiolytic-like effect
of CMS was not confirmed by time spent in the center, therefore the increased
distanced traveled in the center could be an artifact of the hyperlocomotion/agitation
observed in stressed animals. In our study, besides the main effect of stress, zone
entries were further increased in G1-treated, stressed animals compared to the G1-
treated, control groups. Also, G1-treated, stressed, females traveled more distance in
the center and performed higher number of vertical counts. This reveals a potential
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anxiolytic-like effect of G1 in a stress background, but not an overall anxiolytic effect,
as there is no statistical difference compared to vehicle treatment. In agreement with
this, studies have showed that the genetic ablation of GPER1 resulted in increased
anxiety-like behaviors, more pronounced in female rats (Zheng et al., 2020). With
regards to ketamine treatment, in our study it was not sufficient to exert the
antidepressant effect, shown in SPT (Tornese et al., 2019; Matveychuk et al., 2020).
This could potentially be attributed to the abovementioned hyperactivity. Moreover,
ketamine treatment might have contributed to female rats’ hyperactivity, which is
supported by existing literature presenting ketamine-induced locomotion and female
sensitivity (Franceschelli et al., 2015; Crawford et al., 2020).

In general, LD findings were in agreement with the OF results. Animals previously
subjected to CMS spent more ambulatory time in the light compartment compared to
the control group. This is probably an artifact due to the stress-induced
hyperlocomotion, and not a sign of less anxiety, as the total of resting time in this
compartment did not significantly differ between these groups. Regarding G1
treatment, stressed, female rats presented increased percentage of distance traveled
in the light compartment compared to control group, hinting a stress effect in G1-
treated rats. However, the transitions between compartments during the test didn't
reveal any main effects, indicating that none of the factors affected significantly
anxiety-related behaviors. Additionally, G1-treated, stressed females exhibited more
horizontal time in the light compartment compared to males, reinforcing the sex
difference in anxiety-related behavior with G1 treatment observed in OF.
Interestingly, a study has shown that GPER1-deficient, male mice display an anxiolytic-
like phenotype in LD (Kastenberger and Schwarzer, 2014). Therefore, sex and gender
could be factors explaining the anxiogenic/anxiolytic action of GPER1 observed in
literature. It is worth mentioning that studies showing an anxiogenic effect has been
performed in mice, while studies displaying an anxiolytic effect, including ours, have
been performed in rats. So, the species may explain the difference in action as well.
As for ketamine, in control female animals resulted in less resting time spent in the
light compared to vehicle, supporting the abovementioned ketamine-induced
locomotion. However, it was not sufficient to reveal the expected anxiolytic effects,
therefore longer periods of treatment should be considered in future studies.

In conclusion, this study suggested a stress-induced hyperlocomotion contrary to the
expected anhedonic behavior. Additionally, they indicate differential effects of G1 and
ketamine treatments on anxiety-related behaviors, specifically in stressed female rats,
revealing sex differences. G1 treatment interaction with stress resulted in reduction
of anxiety-like behaviors, while ketamine showed contrasting outcomes. Although our
study indicates at a potential anxiolytic effect of G1 treatment in stress background,
we acknowledge the significant limitations. Taking into account literature regarding
its implication in anxiety and depression, it could be of importance to repeat this
experiment to examine its effect in a framework of achieved anhedonia, as the
observed stress-induced agitation affects the results. Notably, though, sex differences
were evident in behavioral responses, highlighting the importance of considering sex
and gender in evaluating treatment outcomes for anxiety-related behaviors in rats.
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RESEARCH PROPOSAL

Effect of GPER1 activation on chronic stress resilient and non-resilient male and
female rats

Project summary

Chronic mild stress (CMS) evokes behavioral, endocrinological and neurobiological
changes in rats. In our study, CMS induced a rather unexpected phenotype
characterized by lack of anhedonia, hyperactivity, and some anxiolytic-like features.
In the literature, other studies have also failed to observe a significant alteration in
sucrose preference or display anomalous findings, while the underlying reasons are
not clarified. Additionally, our study indicates a potential anxiolytic effect of G1
treatment in stress background, but this worths further exploration. Taking into
account GPER1 implication in anxiety and depression, it is of importance to repeat
this experiment with some changes to examine its effect in a framework of achieved
anhedonia. Apart from behavioral alterations, we also aim to deepen our knowledge
about neurochemical and neurobiological changes caused by CMS by examining
molecular markers of stress response in the brain. Additionally, given the importance
of CMS model in depression research, we also aim to understand the neurobiological
and neurochemical effect of chronic stress that could contribute to explaining
anomalous findings of CMS and possibly features of resiliency to stress. To examine
the neurochemical and neurobiological effects, monoamines and amino acid
neurotransmitters concentrations as well as brain-derived neurotrophic factor
(BDNF) and postsynaptic density protein 95 (PSD-95), total and phosphorylated
mammalian target of rapamycin (mTOR) levels will be determined in stress-related
brain regions of chronically stressed rats exhibiting and not exhibiting anhedonia.
This project will shed light in GPER1 potential anxiolytic and/or antidepressant
effect, as well as in the neurobiology of resilience to chronic stress.

Project description

Specific aims

1. To investigate the behavioral, neurobiological and neurochemical effect of G1
treatment impact in chronically stressed animals exhibiting anhedonia. This will
shed light in the potential antidepressant and/or anxiolytic effect of GPER1
activation. To this cause, we will:

e Examine the neurochemical effect of G1 treatment on the levels of the
neurotransmitters NA, DA, DOPAC 3-MT, 5-HT, 5-HIAA, glutamate and GABA.

e Study the neurobiological impact on the proteins of BDNF, PSD-95, mTOR
and phosphorylated p-mTOR.
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2. To investigate the neurobiological and neurochemical alterations between
animals displaying depressive-like symptomatology and those displaying lack of
anhedonia. To this cause, we will stratify CMS animals to resilient and susceptible
cohorts based on SPT results. Simultaneously, stratification will be performed in
CMS animals of the previous project by re-analyzing the already collected data
of SPT. Results will be compared within the experiments and between
experiments, in order to determine resilience features as well as clarify CMS
discrepancies and whether CMS affects the endophenotype (neurobiologically
and neurochemically) regardless of the phenotype.

3. Toexamine whether sex differences observed in behavioral tests are reflected in
the neurobiological and neurochemical level.

Introduction and significance

Mental disorders are a prominent cause of disability within western societies, with
depressive disorders to be the third most prevalent between them (Wittchen et al.,
2011). As depressive and anxiety disorders are more prominent in women than men,
it is of importance to study the role of estrogen in pathophysiology and
pharmacotherapy of depression and anxiety. GPER1 is considered a potential
pharmacological target, as it is necessary for the "micro-regulation" of neuronal
circuits and it is involved in the pathophysiology of depression, stress, and anxiety
(Srivastava, Woolfrey and Evans, 2013; Alexander, Irving and Harvey, 2017; Tang et
al., 2019). Studying GPER1’s action is of importance in males as well as females, as
neuro-estrogens play an important role in males, with their levels indicatively being
six times higher in the hippocampus than in the blood (Hojo et al., 2004). GPER1
leads to sex-dependent changes (Kastenberger and Schwarzer, 2014; Li et al., 2021).
Also, among other factors, GPER1 activity is linked to serotonin (Xu et al., 2009),
BDNF (Srivastava, Woolfrey and Evans, 2013). It is, also, linked to the regulation of
neuroplasticity in hippocampal synapses (Srivastava, Woolfrey and Evans, 2013), and
to PSD-95, a postsynaptic component of synaptic plasticity (Akama et al., 2013).
Furthermore, it has been shown that neuro-estrogens increase the density of neural
spines in the frontal cortex, via the mTOR- and ERK-pathways (Tuscher et al., 2016).
However, its mechanism of action and potential antidepressant or anxiolytic effect,
depending on sex/gender and other factors, are yet to be clarified. Our results
showed that G1 treatment interaction with stress showed a potential anxiolytic
effect in stressed female rats not displaying anhedonia compared to control female
rats. Despite the limitations, implication of GPER1 in stress-related behaviors, such
as depression and anxiety, as well as prominent sex differences, are clear in the
study. Therefore, we aim to investigate the behavioral, neurochemical and
neurobiological effect of GPER1 activation in resilient and non-resilient to chronic
stress, female and male rats.

Additionally, our study displayed a rather unexpected CMS-induced phenotype

characterized by lack of changes in sucrose preference, hyperlocomotion, and some
anxiolytic-like features. CMS protocol is a well-established protocol for the
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establishment of depressive-like behavior in rodents, valuable in depression
research. The combination of mild stressors applied sequentially for a prolonged
period of time lead to anhedonia, a core symptom of depression (Willner, Muscat
and Papp, 1992). Apart from behavioral changes, CMS also causes endocrinological,
neurochemical and neurobiological changes, affecting differently the two sexes
(Dalla et al., 2005). As the hypothalamic—pituitary—adrenal (HPA) axis and the
monoaminergic nervous system play an important role in stress, several studies have
focuses on the effect of chronic stress upon these two compartments (Armario,
2006). Studies exhibit reduced levels of serotonin (5-HT) in the hippocampus and
frontal cortex of chronically stressed rats (Ahmad et al., 2010; He et al., 2012), while
results for dopamine (DA) and norepinephrine (NA) are inconsistent. Currently,
glutamatergic neurotransmission is also thought to be involved in the neurobiology
of anxiety (Simon and Gorman, 2006). Furthermore, CMS alters the expression of
BDNF and CREB (Grgnli et al., 2006) and affects Akt-mTOR pathway (Zhu et al., 2019;
Liao et al., 2021).

However, some studies have failed to induce anhedonia, as CMS did not significantly
alter sucrose intake/preference, while other studies have shown anomalous findings
(Willner, 2005). Underlying causes for the contradictory results and the insufficiency
of CMS protocols reported in some studies are yet to be defined. To this direction, it
has been shown that some rats show resiliency to developing exhibit depression- or
anxiety-like behaviors despite their exposure to CMS. (Strekalova et al., 2005; Tang
et al., 2019; Zurawek et al., 2019). Resiliency has been linked to several molecular,
biochemical or neuroanatomical features. Among numerous findings, resiliency has
been linked to proteomic changes, altered expression/activity of 5-HT1A, D2 and
beta-adrenergic receptors, BDNF and mTOR (Willner, 2005; Sun et al., 2017; Tang et
al., 2019; Tornese et al., 2019; Zurawek et al., 2019; Liao et al., 2021). As in our
research as well many other studies anhedonia was not achieved, it is apparent that
features linked to resiliency and reasons behind CMS insufficiency must be studied.
To better understand CMS neurochemical and neurobiological effect, we are aiming
to compare animals either classified as resilient or as susceptible. Additionally, to
investigate reasons of insufficiency, we will also examine these effects on the
animals showing lack of changes in sucrose preference, hyperactivity, and reduced
anxiety.

Overall, this project seeks to investigate the behavioral, neurochemical and
neurobiological effect of GPER1’s activation in anhedonic, female and male Wistar
rats. This will help in understanding the mechanism behind its potential
antidepressant and/or anxiolytic action. Simultaneously, features linked to resiliency
to stress and to CMS insufficiency will also be examined. Taking into account the
value of CMS in depression and stress research, increasing our understanding
regarding its mechanisms would contribute to this field’s research.

Research strategy

This project will be a continuation of the thesis project titled “Investigation of the
impact of GPER1 activation on behavioral aspects in male and female rats after
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chronic mild stress”. In this study, CMS did not induce anhedonia, and GPER1
activation was studied in the context of a possibly stress-induced hyperactivity. To
investigate the potential antidepressant and/or anxiolytic effect of GPER1, we will
repeat the experiment, aiming to induce anhedonia. In parallel, in this project, we
will try to answer questions that were developed during the thesis regarding CMS
discrepancies, that are also observed in literature.

To this cause, female and male Wistar rats, housed in transparent cages, will spend
four weeks of adaptation to consumption of 1% sucrose solution in water to
establish baseline preference levels by performing sucrose preference test (SPT).
During adaptation period, three sessions of SPT per week will be performed. Rats will
be assigned to the control and CMS groups alternating from highest to lowest
preference. Rats not showing sucrose preference were excluded from the following
experiments. A slightly changed version of the CMS protocol already used by our
team (Kafetzopoulos et al., 2018) will be followed and it will last 4 weeks. Some of
the applied stressors will be differentiated. In more detail, while overcrowding
stressor will be applied to males, females will be subjected to spatial limitation
within one third of their come cage to adjust to sex-dependent differences in
behavior. Additionally, 400 ml of tap water will be added into the sawdust bedding
instead of 250ml to soil their cage, and caged will be tilted at 45 degrees instead of
30. During CMS, animals will be subjected to SPT once a week. Anhedonia is
expected to be achieved in a proportion of animals. Every animal will be examined
separately and stratification of CMS animals to resilient and susceptible cohorts will
be performed, as proposed in literature (Strekalova et al., 2022). In parallel, we will
re-analyze the collected data of SPT during the thesis project to examine whether
animals could be classified as resilient or susceptible. This step will clarify whether
resilience to stress or insufficiency of CMS to induce anhedonia is the reason of the
observed phenotype. After the end of CMS, the rats will be assigned to treatment
groups. As previously, they will be treated with i.p. injections of vehicle, G1 or
ketamine daily for three weeks. Then, they will be subjected to OF and LD tests.
Finally, the following day after LD test, all rats will be killed by rapid decapitation and
brains will be collected and stored at -80°C.

Apart from the behavioral effects, we aim to investigate the neurobiological and
neurochemical effect of GPER1 activation. Ketamine-treated animals will be used as
positive control, as es-ketamine is a fast-acting treatment for TRD. Additionally, we
will examine CMS effect between resilient and susceptible rats. This will contribute
in clarifying molecular elements of resilience. Attempting to understand if the lack of
anhedonia is accompanied by lack of stress-related changes in a non-behavioral
level, we will also incorporate the animals that did not exhibit anhedonia, during the
thesis project. Rats not exhibiting anhedonia will be compared to susceptible and
resilient rats. This will only reveal tendencies, knowing the limitations of these
comparisons, however we are hoping this will shed light to the chronic stress
mechanisms and to the literature discrepancies. Additionally, sex differences will be
examined, as literature and our team’s results indicate that CMS and G1 treatment
affect the two sexes differently (Dalla et al., 2005; Kastenberger and Schwarzer,
2014; Liet al., 2021). In more detail, brains will be dissected and hippocampus,
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hypothalamus and PFC will be isolated. All these brains area of interest for stress-
related research (Kafetzopoulos et al., 2018). Brain tissue will be homogenized to be
analyzed either by high performance liquid chromatography (HPLC) or Western blot
(WB). To study the neurochemical effect on neurotransmission, the monoamines 5-
HT and its metabolite 5-HIAA, DA and its metabolites DOPAC and 3-MT, and NE and
some metabolites and the amino acids GABA, glutamic acid will be analyzed by HPLC
(Kokras et al., 2018). Additionally, BDNF, PSD-95, mTOR and p-mTOR levels in the
brain areas will be measured by WB to examine the neurobiological level.
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Budget
BUDGET
Category Totalin €
Direct Costs Personnel
1.Post-Doc Researcher(s) 48,000
2.PhD Candidate(s) 36,000
Total Direct costs for Personnel 84,000
Other Direct Costs Justification
6.1.2 Consumables WB and HPLC analysis |4 509
materials
Transportation
6.1.3 Travel accommodation, daily 1,500
expenses
6.1.4 Dissemination Conference registration |1,500
6.1.5 Use and/or Access to equipment
etc.
6.1.6 Equipment WB and HPLC 55,000
equipment
6.1.7 Other Costs Animal housing 10,000
6.1.8 Purchase of animals 1,800
Total “other direct costs” 80,800
Total Direct Costs 164,800
Indirect Costs (Institution overhead, 10%) 16,480
Total Budget 181,280
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