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Abstract

Sex differencesare a prominent feature dhe pathophysiology of psychiatric
disorders,such as major depressive disordehich affects women at a higher
incidence~than merResearch suggesthat the most potent endogenous estrogen,
17p-estradioly; may have therapeutic potential treating depressionHowever,
preclinical studies have produced mixed reslikely due to variousnethodological
factors such as treatment duration. This study aimed to investigate the effect
ovariectomy and chronic 17p-estradioltreatmentvia a subcutaneous silastic implant
on behaviours relevant to depression in adult female Spiagwéey rats Rats were
assesseth the forced swim testsaccharin preference tesibvel object recognition
memory ted and for possible confoundingehavious, including locomotion and
anxiety ppen field tegtand motivation and anxietjnovelty supressed feeding fest
Treatment _effects were verified using body and uterus weight, as wekram
concentrations of 17B-estradiol, progesterone and testostero@ammpared to
ovariectomigd rats, ¢ronic 17p-estradiol treatmenénhaned saccharin preference
andnovel object recognitioperformanceThere were no group differences in passive
or active copingpehaviourwhen assged using the forced swim test. Taken together,
these resultsupport an antidepressdile action of estrogenbut highlight thatthe
beneficial effects ofchronic 17p-estradiol treatment may be related dpecific

depression-related symptoms, particularly anhedonia and memory.

This article is protected by copyright. All rights reserved



Keywords

Femalewrats;ovariectomy; forced swim test; novel object recognition; sucrose

preference; locomotor; novelty supressed feedistrogen

1. Introduction

Major depressive disordéMDD) is classified as an affective disorder typifibg
persistent sadnesa loss of interest irpreviously enjogble activitiesand cognitive
deficits including impairments irattention, learningand memory®. It is widely
accepted=thaMDD is more prevalent in women thaim men > 3 Whilst this
differencesmay be related tgsychosocial anctultural factors it is likely that
neurobiological sex differences play an important.risievomen risk of developing

a depressie“illness appears to increasduring key periods of the reproductive
lifecycle when levels of estrogerand progesteronare changingduring puberty,
postnatal period, perimenopause and postpatturBtrong links between fluctuations
in mood=and sex hormones have beeported® ’. Additionally, the effects that
estrogefifiaveon cognition, particularly learning and mempayewell-established.
Populartheoryposits thatl 7p-estradio) the most potent of the endogenous estrogens
may be, neuroprotectivand thatthe absence of this protecticss a result ofow
estradiollevels may increaseulnerability to psychiatric disturbance®. The notion
that estradiol is protective against depressiensupported bystudies wherein
perimenopausal womewith a depressive disorder had significantly more remissions

aftertréamentwith transdermal 1F-estradiol™°.

Preclinical investigations targeting the potential antidepressant role of estrogens in
depression _have produced mixed results, likely due to various methodological factors
The forced"swim testKST) is the mostwidely usedrodent assapf depressie-like
behavieuremployed predominantly as a screening toolaiatidepressants” *2 The
literature generally supports the notion of a protective role of estrogens in the FST
For example, some studies, but not ‘&l show thatintact female rats display a
reduction in depresse-ike behaviour,i.e. reduced immobilityduring the proestrus
(high estradiol) phaseompared to other phases of the estrous aydie male rats*
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18 By contrast,in ovariectomise (OVX) rats, wheragemoval of ovariesesuls in
depletion of endogenous ovarian hormone production, studigsrt increased
immobility *”*°% howeverthis is dependent on thduration pst-OVX *’. The OVX-
induced effects in FSWereable to be reversed both by acu#-estradiolinjection

17 andby-dailyl 7p-estradiolinjectionsfor 7 days'® or 26 days®.

The sicrose(or saccharin)preferencetest (SPT)is a well-establishedbehavioual
measureof_anhedoniathe loss ofability to experiencepleasure*™ 2. Few studies
have investigated the role of estrogens in the; 3®Wever, onegeportedthat aute
treatment with stradiol valerate incread sucrose preference in midetiged, stressed
OVX rats?*"However, he effect of OVX and subsequent chromistradiol treatment

in rodents has, to the best of our knowledge, yet to be investigatesl SPT

Cognitivedeficitsin subjectswvith MDD may persist even after remission of affective
symptoms?3 In preclinical studiesjncreasedendogenoudevels of estradiolor
exogenously administered estradiol have been shown to enhance performance on
memorytasks that rely on the hippocaoss” **?’. In the presenstudy,we used e
novel object recognitionest (NORT) which measuregecognition memoryand is
dependent_onhippocampl circuitry and the frontal cortex?®. The NORT is
advantageouselative to other rodent memory tests becaiisdoes not require
external_motivation, reward or punishment and little training is reqditeNORT
performance can vary across the estrous dyclets; significanty more timewas
spentexploring a novel objeauring theproestrus phaseompared tonetestrus(low
estradioly®*®**2. OVX rats were found to haveeduced recognition memory ihe
NORT when' compared to intact contrdfs although the period of time pestirgery
influen€es this®. The beneficial effects of acutgp-estradioltreatment in OVX rats
in the NORT has been demonstrated consisteftl§” > 3° however little is known
aboutthe effects ofthronic17p-estradioltreatment on adult OVX ratS. One study
examined chronic 17p-estradiol treatment iadult OVX ratsand found thathere was
no improvenent in NORT performancecompared to chance performare while
another,found that chronic 17f-estradiol treatmeneversed a drughduced reduction
in NORT performance in OVX raf€.

Overall, there igvidence estrogens can improve depwesbke symptoms in rodents.
Mixed results are likely due to various factors such as dose and type of estrogen

administered, timing of estrogen administration, interaction with other hormones and
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the specific task beg tested ** *®, Treatment duration is of gaular importance as

it not only alters experimental outcomes, but also likely reflects estradiol’s action via
genomic versus negenomic mechanisms and the associated different estrogen
receptors involved *°. Further, a chronic treatment regimers will be used in the
present studymore closely mirrors the clinical setting of estradiol being used as a
therapeutic agentFew studes have investigated the effect of chronic treatment with
17p-estradiolon depressiedike symptoms and me have investigated chronic 17f-
estradigl treatmenib OVX ratsin SPT. Further, we attempt to address some of the
methodological limitations oprevious studies by confirming serum hormone levels
and by.using asubcutaneousestradioffilled implant rather than stressful daily
injections /We aimed to investigate depressike behavioursby measuringfive
behavioursn rats,by the same experimaentsin the same laboratonpeaningthere

were consistentconditions This is important because various environmental
conditions, such as housing, are known to affect behatfouthus, in the present

41-43 and

study, we use ourestablisheahronic 17p-estradiol treatment modet rats
measurd.three widelyused validatedbehaviourgelevant to depressiolsPT, FST,
NORT. We.also measudeactivity in the open field test andthe novelty suppressed
feedifig"tést® in order to galuatewhether locomabn, anxiety and motivation are
implicated=in the effects othronic 17p-estradiol treatmenbn depressivdike

behaviour.

2. Methods

2.1. Animals

Two cohorts of adult (11 12 weeks of agejemale Spragu®awley rats(Animal
Resources Centre, WA, Australiaeighing 2®-295¢g at the time of surgery were
used in thissstudyn(= 27 andn = 30 respectively Rats were housed inpentop
cages,2-3 per cagein a temperatureontrolled room (222°C) on a 1zhour light
cycle (lights on 0600) Food and water were availabbgl libitum. Rats were

acclimatsed and handledegularlyfor one week prior tdbeginningexperimenation
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All procedures werapproved by thé&lorey Institute’sanimal ethics committee and
carried out in accordance with tiestralian Code of Practice for the Care and Use

of Animals for Scientific Purposes (1990) set out by the National Health and Medical
Research Council of Australiaas well as the institutional guidelines for ethical

animal care:

2.2. Ovartectomy and chroenic 17p-estradiol treatment

Ratsingboth cohortsvererandomly assigned to becorsbameperated/intac({INT),
ovariectonsed and vehicletreated(OVX), or OVX and17p-estiadiottreated (EST,;

n = 9/10.per/group). Surgical procedsmeereperformedasreported previously'. In
brief, ratsfwere anaesthetised wah isoflurane/oxygen gas mixture and injected
subcutaneouslywith the analgesi¢c antiinflammatory agent, carprofen (5 mg/kg;
Rimadyl®; Heriot AgVet, VIC, Australix A small midline incision was made
through the skin abovide lower back, followed by an incision through the abdominal
wall. The ovaries were bilaterally located and removed and the incisions cldset. In
rats were.sharoperated; theyeceived all procedures except ttia ovaries were not
removed. "Duringsurgery rats receiveda subcutaneous silastic implant thaasv
prepared as describedeviously*® *’. Briefly, implants were either empty (INT and
OVX groupg or filled with 100% crystallinel7p-estradiol (EST groug 5 mm
implants containing ~25 mg per implar@jgmaAldrich; MO, USA). Thesel7p-
estradiolimplants wereébased on our previous defieding studies and wergmed at
producing pharmacologically active doses akin to levels reached during the proestrus

phase't*’.

2.3. Experimental protocol

Cohortd:=During thesurgical procedure, rats had blood samplesOo8ml collected
from therlateral tail veinljaseliné measurement Two weeks following surgery, rats
were lightlyanaesthetedand up to 0.8nl blood was again collected from the lateral
tail vein.One week latemat behaviour wa measured ithe open field test (OFTgnd
two weeks laterthe NORI. One week later~6 weeks possurgery) rats were
euthanied and dring this procedure, up tor8l of cardiac blood was collected.

Cohort 2: Nine daysfollowing surgery, ratdegan thes-day protocol for theSPT.
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Three days following completion of the SPT, the novelty supressed feeding test
(NSFT) was conductedfter anovernight food deprivationlhree days later, the rats
began the 2-dalyST protocol. Upon completion of experiments, rats were euthanized.
Testing was conducted by cade.cohort 2, there were 10 cages of rats; each cage
contained-3rats, 1 from each group (1 INT, 1 OVX, 1 EST).

All behavioural testing was conducted between 0930 and FeB8@FT, NORT and
NSFT, a.cuboid grey plexiglass open field arena (dimensions: 80lenyth x width

x height) was used, with indirect lighting producing approximately 40 lux inside the
arena. A" video camera above the arena recorded all movemd&tds were
acclimatisedo theroom for 1520 min prior to arena exposure for each of théstes
Before' each trial the arena was wiped out with 1@Pk&rel and any objects used
were sprayed with 10% ethanol solution, submergedaterand dried with towels to
remove_any latent odours/olfactory cud®ecordeddata were deidentified and
analysaiindependently by two experimenters usingabh®matedehaviouranalysis
packagestopScan (CleverSys Inc., VA USA) for measures of locomon,

exploratory hehaviogrand object interest.

2.4. Open.field test (OFT)

Ratswere placed in the central zone of the arena and allowed to move freely for 6 min
while all movements wereecorded.The centre of the rat's body was used for data
analysis. Behaviosrof interest included distant@avelled(m) andmean ambulatory
velocity (mfnin) in the total arena or the centre zqnaddle 50%)and duration(s)

spent in.the centreone.

2.5. Novel"object recognition test (NORT)

The NORT relies on the rats’ innate predisposition for investigating novéignw
commred to a familiar stimulu® “8. Habituation: ratswere first placed in thempty
arenatogether withtheir cagematesand allowed to explore the arena freely for 3
min, before being returned to their home cdggemiliarisation: ratswereindividually
returned to the arena, now containing two identical objects in adjacentdimere
weretwo sets of objects which werandomly presentedi largeplasticcell culture

flask (500 ml) filled with sand or a plastic sports drink bottl800ml) containing
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coloued liquid. Objects were oriented with their cenpeint 12 cm from the two
nearest walls. Object sets were coudmdanced for treatment, novel object and
orientation. Rats were placed iine arena facing the wall directly opposite to both
objects andallowedto move freely for 3 minRats were then returned to their cage.
Test: following a4-hourdelayrats wereindividually returned to the arena, which now
contained one familiar and one novel object and allowed to move freely for 3 min.
The pimary behaviour measure was novel object preference (novel object
interestT OTAL object interestwhere interest was measured in both b@atsnber

of times.of,nose to object) and durati(®), when the rat'snose was within 2 cm of

the object Latency (s) to first explore the novel object, total distaimaeelled (m)

and mean‘ambulatory velocity (mih) were also measured.

2.6. Saccharin preferencetest (SPT)

Given that OVX and estrogen treatments have shown effects on metabolism and
weight'gain*!, the artificial sweetenerascharin was usedather thansucrose, as
sacchariissnoncaloiic *°. On day 1of the SPTrats were habituated to two bottles of
normal drinkingwater, to adapt to the twottle apparatu®. On days2-4, rats were
familiarised to oe bottle ofnormal water and one bottle of 0.1% saccharm (
Benoic sulfimide; SigmaAldrich) in water, the left and right placement of the bottles
were randomise@nd then reversed on ddy On day5, all watefsaccharinwas
withdrawn overnight étarting at 630 or 830) On day6, rats wereremoved from
their group housing conditions amutlividually placedin clean cagesand given 15
min tol habituate. Theyhenreceived two drinking bottles: normal water and 0.1%
saccharin_water for Zours étating at 0930 or 11@ with left/right positions
randomly assignednd reversa 1 hr into testing) At the end of the testing period, all
rats were.returned to home cageth regular food and water conditiorBBottles were
weighed-atithe start and end of each day. Prefemnday 6was calculated asratio

of total=eonsumption: gaccharin solutionconsumptioiTOTAL consumption

saccharin + watgrtherefore a score above 0.5 indicates a preference for sacchar

2.7. Novelty suppressed feeding test (NSFT)
Food pellets were withdrawn from cages 30 (overnight);water remained
availablead libitum *°. The following morningrats were exposed to hyponeophagic

challenge to assess aewtlike behaviourand motivation to feed in a novel
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environment.At the beginning ofthe test rats were placed in a corner of the open
field arena with eight food pellets neatly stacked at its ceR@iescould move freely
for up to 8 min.The starting corner was rotatedd counterbalanced for treatment.
The primarybehaviourof interest was theat's latency(s) to feed- the timetaken for
the rat torbegireating from the pile of food pelletBouts (number of times rat’s nose
is within 2 cm of food) and latency to first bout were also measured.

2.8. Forced swim test (FST)

The FST was conducted as previouslgscribed®™ ®2 Briefly, clear plexiglass
cylindrical tanks(45 cm heighix 20 cm diameterverefilled to a depth of 30 crfto
ensurecthe rat’'s tail does not touch the bottom of the cylindéh tap water
(23 £ 1°C).On day 1each ratwasplaced in the wateand allowed to swim freelfor
15min (learning tria). The next dayrats were again placed in the tanks for%hain
test session Recorded datavere deidentified andanalysé independently by two
experimenters usinghe automatedDepressionScan (Forced swim version 2.0,
CleverSys.lnc.) analysis softwai®oftware settings were optimised for our location,
scored'in ‘reatime and experimenter watched to verify the softwaregatiResults
were expressed dmth duration(s) and number of bouts performing edwsthaviour:
either climbing or swimming (activeoping behaviows) or immobility (passive

coping behaviour).

2.9. Blood and tissue collection

While under anaesthesia, blood samples were colldobed all ratsin cohort 1
~0.8ml from the lateral tail vein (twice) and up tondl from the heart. Following
blood collection, whole blood was allowed to clot at room temperature, for serum
isolation...Clotted blood samples were centrifuged (4°C, 2000 rpm, 10 min), sera
aliquots*were stored a80°C until analysisSerum wasanalysé for sexsteroid levels
(17p-estradiol(E2), progesteron€P4) and testosteron@)) at the ANZAC Research
Centres(University of Sydney, NSW, Australiay liquid chromatographstandem
mass spectrometry’. Limit of quantification for each steroid was 17p-estradiol

5 pg/ml, progesterone Orig/ml, testosterone 2%gy/ml. A total of 24 rats had samples
analysedat various time pointdNT n=9, OVXn =6, ESTn = 9), n = 5/groupwere
sampled at baselin@ne OVX rat from cohort 1 was excluded from data analysis due

to detectable levels of 17p-estradiol(11 pg/ml at 2 weekpostsurgery; 12 pg/ml at 6
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weeks possurgery).At least three days after completion of experimeaitsats were
euthanied using a lethal dose of pentobarbitone and then decapitated. The uteri and
the hormone/ehicleimplants weraemoved andveighed. Uterus weight was used as

an index of ovariectomy and hormone treatment effects.

2.10. Statistical analysis

Data wereanalyse using SYSTAT 13 and differences were significang<@x05. All

data are expressed as mean + S.E.M. Physiological measures (body and uterus weight,
steroid levels) andehavioual data (OFT, NSFT) weranalyse using oneway
analysis, of variance (ANOVA) between groups (INT, OVX, EST), with Bonferroni
post-h@" correction applied where appropriate. For serum steroid data analysis,
samples with a reading below the limit of quantification were deemed ‘not detectable’
and treated as missing dataFor NORT data analysis, repeaim@asures ANOVA

was usedgroup (INT, OVX, EST) xphase (familiagation, test). For NSFT, there

were 10 rats that did not feed during the maximum time @iNT2, OVX n=4, EST

n = 4); data.for these rats was set at the maximum time (480 s) for latency to feed. For
SPT, repeatetheasures ANOVA was usefgroup (INT, OVX, EST) xtime
(0-60min, 60120 min)]. For FSTdata(test sessiomay 2), onevay ANOVA was

used to_cempare groupthe three behavios were separately anabd: climbing,

swimming, immobility

3. Results

3.1. Body and uterus weight

A repeatedmeasures ANOVA comparing surgery and final body weights across the
three groups revealed a significant main effect of group (cohort k3.3,
p=0.004; cohort 2: [ 27=4.4,p=0.02), time (cohort 1: 23=285.2,p<0.001; cohort

2: Fu277212.6,p<0.001) and a group x time interaction (cohort 1i»£=45.5,
p<0.001; cohort 2: F27=25.7, p<0.001). The presurgery body weight between
groups ineithercohort 1or 2 showed no significant differences (Tatk)e However,
oneway ANOVA revealedsignificant differencesn final body weight (cohort 1:
F2)=16.7, p<0.001; cohort 2: [,7=8.6, p=0.001). Posthoc analysis using

Bonferroni correctionevealed that in both cohotttse final body weight oOVX rats
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was significantly greatethan INT (cohortl: p=0.002 cohort 2:p=0.007) and EST
(cohort 1:p<0.001; cohort 2p=0.002) rats. Similarly, significant differences were
foundin uterus weight between groups when expressed as an absolute (aeigint

1: F2,2)=39.0,p<0.001; cohort 2, f27=71.3, p<0.001)or as a percentage of body
weight ohort 1 F 2)=44.4,p<0.001; cohort 2, 27=77.3,p<0.001) As expected,
posthoc analysis revealed significantly greater uterus weight in INT andr&ST
compared to OVX rat&ll p<0.001 for absolute weight and as a percentage of body
weightyTable 1). Body and uterus weights were not significantly different between
INT and. EST rats, highlighting that these physiologefécts of ovariectomy were
reversed byreatment with 17p-estradiolto levels similar to tbseof intactrats

3.2. Circulating sex steroid levels

Circulating serumlevels of 17p-estradiol, progesterorgg testosteronén ratsprior to
surgical proceduré.e. baselingTable 3, werenot significanly differert between the
groups.When combining the three groups of rats from cohort 1, the avienagjs of
each steroid'at baselimeere 17p-estradiol= 33.3 £ 8.7 pg/ml, progesterone 8.5+
1.6 ng/mlland testosterone 89.5 + 24.9 pg/ml. At 2 and 6 weeks posurgery,
circulating Tevels of 17p-estradiol weraindetectable in OVX rats (Table 2), reflecting
successful=removal of the ovariehe EST group had the highest levels of
17p-estradiol, indicating effective chronic treatment with 17pB-estradiolfilled
implants Significantly, EST rats had higher levels thBNT rats (2 weeks: fr11)=7.2,
p=0.022 6 weeks: k,1)=14.6, p=0.003. Progesterone leveldid not significantly
differ between group§=0.096) however levels were highest in INT rats compared
to OVX_ and EST rats (Table 2). Testosterone levels wedetectable in OVX or
EST rats at 2 and 6 weeks pestgery (Table 2).

3.3. Open-field test

There was=no significant difference betwebe groups for each of the locomotor
parameters measured (Table 3). Thus, spontaneous locomotor gtbitatyarena)
and anxietylike behaviour(centre zone) were not different betwddi, OVX and
EST rats

3.4. Novel object recognition test

This article is protected by copyright. All rights reserved



During the familiarisation phase, both objects were identical and the side orientation
for the subsequent novel object were coubsdanced. There was an unexpected
significant group difference in preference for the side where the novel object will be
introduced during the test phase (main effect of group for duratjos+4.3,p=0.03

and trend=for bouts: #»3=2.9, p=0.08; data not shown). Bonferrecorrected post

hoc comparisons revealed that OVX rats had an increased preference compared to
EST rats (durationp=0.02; bout$=0.09), thus repeatadeasures ANOVA was used

for NORT data analysis.

When analysing novel object preference (duration; bouts) durinfathidéiarisation

and test phases (Figure 1), repeatexhsures ANOVA revealed no main effect of
group, /but there was a significant group x phase interaction (durat©n=5b.2,
p=0.014; boutsF, 23=4.2,p=0.03. Further analysis comparing OVX rats with INT

or EST rats revealed that the OVX rats had significantly reduced duration nove
object preference than INT rats (group x phase interactigns®7.1, p=0.02 and

EST rats (group x phasateraction: ki 15~8.6, p=0.01; Figure 1). For bouts, a
similar jpattern emerged; there was significantly reduced novel object preference
(bouts)uintOVX rats compared with INT rats (group x phase interacti@ns#7.0,
p=0.02) and EST rats (group x @eainteraction: fr15~=6.0,p=0.03; Figure 1).

When. analysing total object interest (duration; bouts) duringaiméiarisation and

test phases, repeatattasures ANOVA revealed there were no significant group
differencesnor group x phase interactiosuggesting that all rats showed a similar
interest_in.oveall exploration of the objec{glata not shown)There was the expected
significant effect of phase (durationy bz=4.5, p=0.05; bouts: f,23=7.5, p=0.01),
where overallexploration of objects was reduced during the test phase camoare
the familiarisation phase. In terms of latey to explore the novel objedhere was a
significant'main effect of phase (k3=17.5,p<0.001) reflecting the overall increased
latency to approach objects ihet test phase. There was also a significant group x
phase interaction (k23=3.4,p=0.05), which was further explored by comparing INT
and EST rats to OVX rats. OVX rats showed increased late)@opmpared to INT
rats (group Xiphase interaction; kz=6.2,p=0.03; INT: 10.5 + 5.1familiarisationvs.

17.5 + 5.8 test; OVX: 8.7 = 3fhmiliarisationvs 67.5 + 22.6 test), further supporting

a novel object recognition deficit in OVX rats. There were no group differences when

comparing OVX rats with EST rats. Finally, there were no significant differences
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between groups during either phase for distance travelled in the arena nor average
velocity, consistent with behavims observed in the open field tgsata not shown)

3.5. Saccharin preference test

The day~#&er all fluids were withdrawn rats were tested over a 1@0n period
(Figure 3. When assessingaccharirpreference across the two time point5@min
and 60120 min), repeateemeasure;ANOVA revealed a significant main effect of
group(F2,2)=4.9,p=0.02),but no main effect or interaction with tinseggesting the
group difference was similar over the tlour period Further analysisomparing
OVX rats to INT and EST rateevealed that EST rats had a significantly greater
preferencdor saccharin compared to OVX ra(E,17=7.9,p=0.01, Figure 3. There
was no difference between OVX and INT raf® account for the increased body
weight of OVX rats, these ANOVAs weraso conducted with body weight as a
covariate. There wasno significant group difference intotal fluid consumption
(Figure2) or total fluid consumption/body weight (data not shown), demonstrating
that thegroup differencan saccharin preference wast associated with increased

drinkings

3.6. Noveltysuppressed feeding test

There was no significant difference between the groups for the primary measure,
latency(s) to feed(INT = 306+ 41, OVX =337+ 44, EST =369 37). Further, the
averagenumber of bouts (INT & + 0.8,0VX =7+ 0.6,EST =7 £ 0.9)and latency

(s) to first bout (INT =35 % 6, OVX = 53 =+ 17, EST =67 + 14) were also not
significantly different between groups. Thus, there wasgnoup difference in

anxiety-like behaviour and motivation to feed in a novel environment.

3.7. Forced'swim test
Duringrthetest session (day) 2oneway ANOVA revealedhere were no significant
groupdifferences foreitherimmobility, climbing orswimmingin terms ofduration

(Figure 3)and bouts (data not shown).
4. Discussion

Using our established rat model of estrogen treatment, we investifated

behaviours relevant to symptoms of depressidr present studfpundthat chronic
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17B-estradioltreatment iMOVX rats reduceénhedonidike behaviourin the SPT and
improvedmemory in the NORTChronic 173-estradiol treatmenthad no significant
effect on passive oractive copingbehavioursin the FST.It has previously been
reportedthat group differences in locomotion, anxiety and motivatimay confound

the results of tests of depreaslike behaviour* andof cognition®®. As a result, the
OFT */and NSFT* were employedto assess the potential impact of these factors.
These resultsshowed nosignificant differencesn measures of locomot activity,
mativation and anxietylike behaviour;thereforeit is unlikely that these factors
confounded, the results obtained from the SPT, FST and NORT.

As the ovaries are the primary source of sex hormdhedpw circulating levels of
17p-estradio] progesterone and testosterone in OVX rats confirmed successful
ovariectomy,. in addition to the low uteragightand increased bodyeightgainthat

are typically reportedfter ovariectomy* > *’. In OVX rats, levels of 17p-estradiol

and testosterone were reduced to -detectable levels; progesterone levels were
reducedyhewever this did not reach significance,likiele to the small sample size
The harmonal status of the EST rats was confirtmgthe high serum 7p-estradiol
levels produced by the implantat 2 and 6 weeks pestirgery Furthermore, the
comparable body and uterugeight between EST and INT rats implies thigip-
estradioltreatment successfully reversed the physiological effects of OVX. This use
of chronic treatment is advantageous over acute administration as it mimics clinical
circumstancesvhere treatments are admimistd longterm; however,the relevance

to endogenous functioning of estradiol may be limited becausedhisual release
differs fromthe cyclical levelsnormally producedit should be noted that INT rats
were naturally cycling and their steroid levélkely varied from test to tesThus,
ESTwratsymwhich are ovariectomised rats treated with 17p-estradiol, should be
compared with OVX rats, which have ndetectable levels of 17p-estradiol, rather
than INT rats,

The SPT is.an animal behaural assay ofanhedoniavhichis sensitive to the actions

of antidepressantdn this task, the absence of a preference for more palatable
sweetened water over normal drinking water in rodents is suggested to reflect a
defective reward system and thus an anhedikscstate?" >, Our results shoed

that chronicl 7B-estradioltreatmentimproved anhedoniike behaviourin OVX rats

Notably, 17p-estradioltreatment increased saccharin preferencevalibe level of
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intact rats However, OVX rats did not show a deficit compared to intact rats,
suggesting that otherohmones may also regulate saccharin preference, such as
testosteroneand progesterongvhich were also significantly reduceiven that
estradiol modulates glucose homeostasis that regulates caloric Thtakbefit of

this study=is the use of the noaloric artificial sweetener, saccharifihe present
findings align with previous work showing thelironic estrogertreatmentin OVX

rats increasedsucrosepreference aftechronic mild stressvhen administered in
combination with fluoxeting®. Similar findings were seen in studies of male rodents

5" and ofacute estdiol treatmentin OVX rats?2

Given tresantidepressanlike action ofchronic 17p-estradiol treatmergvident in the

SPT, the/lack of effect observed in the F83 somewhasurprising.Our results
contrast_with previous literaturé¢hat describeda reduction in depress-like
behavioursin'the FSTin animalstreated with estradiol?® °%. The reason for this
remains=unclearhowever methodological differencesud as estradiol treatment
regimensy=fat strain or time afte@variectomy (1 week vs 3 weeks), may have
contributed to thaliscrepancylt is important to note that most previous studies have
not measured the circulating levels of estradiol associated with their treatment, thus
the comparisons that can be made between studies is lifatade studies should
measure“hormone levels andaalsnalyse whether there is a relationship between
hormone levels and behavio@ur use of a chronic treatment regimen meant that
during the learning trial of the FST, the presence of these hormone treatments (OVX
EST) may.have had an impact. Howevariag thel5 minutelearning trialwe did

not find, anysignificantgroup differencegdata not shown)in addition, the present
study design used multiple testing in the same rat. While this is a strength of the
studygsitsshould be noted that the FST wasl#dst behavioural tesheasuredand it

may have“been impacted by previous teBtssummarise, the FST measures active
and passive,coping behaurs, with the latter resembling symptoms of despair or
helplessness seen in people with MEDthe present results suggest that chronic 17p-
estradiol treatment will not affect these symptoms of depression.

The effect of 17p-estradiol on memory was of interesiyen the previous evidenad

estrogen’s cognitivenhancing abilitie$" >°

and the cognitie deficits associated with
MDD 2. Using the NORT the results showed that when comparing the

familiarisation and test phases, OVX rats had a reduced preference for the novel

This article is protected by copyright. All rights reserved



object compared tantact rats which chronic 17p-estradioltreatment correctedrhis

was evident in both the duration spent and bouts of investigation of the novel object,
aswell as the latecy to approach the novel objektowever, these results should be
considered with caution given the unusual finding of a preference during the
familiarisation phase. Neverthelesshese results align with previous data
demonstrating acut& 2" 3% 32 34 3% gnd chronicl 7B-estradiol treatmenénhances
NORT ‘pefforfiance i®VX rodents®” ®°. Although the memorenhancing effects of
chronieil 7B-estradiol treatment in OVX animals has been demonstratied other
memorytasks, such athe Morris water maze or radial arm maZe®, these tasks
involve stress or rewaing/punishing stimuli that may influence motivatiorahther

than mnemoim - aspects of task performandenis advantage of NORis particularly
pertinent for assessing the effects of ovarian hormones specifically, as estrogen
interact with ‘the corticosteroids released in response to stress, which may act to
confound the result® 3%, Thus, the present NORindings demonstrate laarning

and memoryenhancingeffect of chronicl 7p-estradiol treatment in OVX rats that is

unlikely-te-be a product of confounding influensegh as stress

Despite the'clinical data suggestive of an antidepressant action of esttdgefesv
preclinical_studies have assessed the impact of chronic estrogen treatment on
depressiedike behaviarrs. The presentesults indicate that chronic 17p-estradiol
treatment has some antidepressant effects. The efficacy of our chronic treatment, as
opposed to an acute regimen, suggests some involvement of genomic mechanisms
initiated .by. nuclear estrogen receptors®. The differential effects of chronic
17p-estradiol treatment observed in the three behaviours measured may provide
neurobiolegical insight into the underlying mechanisrastrayen’s effects on
neurotransmitter systems is weltablished and has been linked to a number of CNS
disorders®®® The effect of estragns in the FSThas beerinked to the serotonergic

and noradrenergisystens °, while estrogets effects in the SPT may refyoreon

the dopaminergic systeft ®®. In contrastestrogeis effects orNORT appear to be

via direct activation of estrogen receptors in the hippocampus whiclproamote
hippocampabynaptic plasticity’®. Further, the FSTEan be considered a measure of
affective components of depression wheld@RT measure cognitive components.
However, the precise mechanisms of depresassociated deficitand how estrogens

impact on these remains unclear and requires fumhestigation.Finally, while we
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have focussed on 17p-estradiol, other hormones, in particular testosterone and
progesterone, have been implicated in deprestieebehaviours in rodenf§’* and

warrant further investigation.

In conclusion, thisstudy showedthat chronic 17p-estradiol treatmentmproved
anhedonia and recognitiomemory. Ovariectomy and 17f-estradiol treatment had

little impact 'on helplessness and stregping behaviouras assessed in tHeST.

These data add to the literature supporting aidegmtessant effect of estrogemst
highlight that the effects of chronic 17p-estradiolare on wlective depressivike
symptoms under specific methodological conditickile this studyfocussed on the
relevance=of these behaviours to depression, they are also relevant to other CNS
disordérs; negative and cognitive symptoms of schizophPentamemory deficits in
Alzheimer's diseaseThese results magisobear relevance to sex differenéesand

links to ovarian hormone function® ’

associated withpsychiatric disordersand
supportstheruse of hormone treatment for both the affective and cognitive symptoms

of depression
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Figure legends

Figure 1: Novel object preference iduration (top panel) and bouts (bottom panel).
OVX rats had significantly reduced novel object preference (duration and Haass) t
INT or EST rats.Novel object preferences theratio of novel object interest/total
interest.INT: intact, sharroperated rs; OVX: vehicletreated ovariectomised rats;
EST: 17B-estradioltreated OVX ratgn = 8-9/group;meant S.E.M.).

Figure 2nSaccharin preference (top panel) and total fi@idsumedbottom panelat

60 and120 min. EST rats had a significantly greater preference for saccharin
compared to OVX rats (top panelgaccharin preference = saccharin solution
consumption/total consumption; a score of 0.5 indicates no prefed@iiceintact,
shamoperated rats; OVX: vehicleeated ovariectomised rats; EST: 17p-estradiol
treated OV X ratgn = 10/groupmeant S.E.M.).

Figurey3: Duration (s) spent immobile, climbing and swimming during thaird
forced mswim test. INT: intact, shaaperated rats; OVX: vehicleeated
ovariectanised rats; EST: 17B-estradioltreated OVX ratg(n = 10/group;mean +
S.E.M.).
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Tables

Surgery
n Final BW (g) UW (g) %UW/BW
BW (9)
Cohort 17 OFT, NORT
INT 9 263 £ 6 297+ 8* 0.61 £0.07* 0.20 £ 0.02*
OovX 8 2616 344+ 10 0.11 +£0.007 0.03 +0.002
EST 9 256 £ 5 278+ 7* 0.65+0.04* 0.24 £0.02*
Cohort 2 SPT, NSFT, FST
INT 10 2637 294+ 10* 0.61 £0.04* 0.20+0.01*
OovX 10 262+6 346+ 13 0.11+0.004 0.03+0.001
EST 10 253+ 6 287+ 9* 0.62 £0.04* 0.21 £0.01*

Table 1; Mean+ S.E.M. body weight (BW; g) and uterus weight (UW; g) of female
rats of gohort 1 (used in the open field test (OFT) and novel object recognition test

(NORT))sand cohort 2 (used in the saccharin preference test (SPT), novelty slipresse

feeding test (NSFT) and forceswim test (FST)). INT: intact, shaoperated rats;
OVX: placebetreated ovariectomised rats; EST: 17B-estradioltreated OVXrats

* p<0.01compared with OVX rats from the same cohort.

17p-Estradiol

(pg/ml)

(ng/ml)

Progesterone Testosterone

(pg/ml)
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Baseline—time of surgery

INT 30.9+16.0 8.8+3.8 102.2 + 66.4
OVX 48.9 +22.8 89+23 87.9+18.2
EST 229+7.1 7.6+29 74.6 +40.9

2 weeks.postsurgery

INT 32.1+7.5 6.2+1.9 173.1 +84.5

QVX <5 (n.d.) 28+1.4 <25 (n.d.)

EST 65.3 + 8.5+ 1.5+0.3 <25 (n.d.)
6 weeks postsurgery

INT 149+3.1 7.3+1.8 141.8 + 53.6

OVX <5 (n.d.) 31+22 <25 (n.d.)

EST 42.9 + 4.7% 3.4+0.8 <25 (n.d.)

Table 2aMeant S.E.M. circulating sex steroid levels analysed from serum collected
from“female rats of cohort 1 at three time points: immediately before surgery
(Baseline);"2 weeks paestirgery and at the end of experimentation (6 weeks post
surgery). Note that at baseline, all rats were still intact when blood elasted.
Limit ef quantification for each steroid: 17p-estradiol Spg/ml, progesterone
0.1ng/ml, testosterone 25 pg/ml. INT: intact, shaperated ratsnE5-7); OVX:
placebetreated ovariectomised rate=@3-5); EST: 17B-estradioltreated OVX rats
(n=5-9);-n:d:=not detected.P<0.05compared with INT rats at the same time point.
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Total Centre
Total . Centre _ Centre
_ velocity velocity _
distance(m) ) distance (m) ) duration (s)
(m/min) (m/min)

INT 28.2+3.8 4.7+0.6 2.7+0.6 7510 20955
OovX 32.7+£5.5 5.5+£0.9 3.4+0.6 10.2+15 23.2+4.8

EST, 28.5+3.7 48 +0.6 2.3+0.6 86+18 20.7+46

Table 3: Mean + S.E.M. open field test measures from female rats of cohort 1
(n=8-9/group) including: distance travelle(m) in 6 min and average ambulatory
velocity (m/min) in the total arena and centre zone, and duration (s) spent in the centre
zone. INT:intact, sharoperated rats; OVX: placedoeated ovariectomised rats;
EST: 17B-estradioltreated OVX ratsThere was ndalifference between groups in

eithermeasure.
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Saccharin preference test
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Forced swim test
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