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ABSTRACT

Membraneassociate@strogen receptors and cognition in female rats.

Anne Almey, Ph.D.
Concordia University, 2015

There are sex differences in dopamdependent diseases and behavicamd, accumulating
evidence suggestlat estrogens agpartially responsibleThis thesisexamineghe dfects of
estrogens on dopamutependentognitive processeSome of these cognitive processes are
affected in schizophrenia, so feexperimentalsoexaminedhe combined effects of estrogen
and the antipsychotic drdgaloperidol on these cognitive processes

Thefirst studyin this thesis examineithe effects oestrogensnd haloperidobn
selective attention, measured ifatent inhibitionparadigm The result of these experiments
demonstratéthat estrogens havetlimental effects on latent inhibition, but facilitate acute
dose ofhaloperidol to restore latent inhibition in female rdiise next two studiesxtendedhese
findingsto two other cognitive processes negatively affecteddividuals with schizophrenia:
perseveration and reversal learniggtrogens alone had no effect on perseveration or reversal
learning in amphetamine sensitiZethalerats but did fascilitatdhaloperidol to reduce
perseveration and improve reversal ifeag.

Previous research has observed very low levels of estrogen receptors in the striatum,
nucleus accumbens and prefrontal cortegjons that mediate the majority of dopamine
dependent cognitive processes. Immelaotron microscopy was used to examasrogen
receptorsn these regionto provide a mechanismforestog s 6 ef fects on dopam
behaviour Immunohistochemistrwas usedo examindhedistribution ofestrogen receptors,
ERU, ERDb, demahstr&iRgEHtese receptommre observegrimarily atpresynaptic
extranuclear sites and glia in the striatum, nucleus accumbens and prefrontal cdrigke
striatum asmall proportion oE RU a n d ar&lBcEliRet to cholinergic interneurons and a
larger proportion of theseceptors are observed in GABAergic neuronghe striatumin the
accumbenshow proporti on werélocEliRed to aatbdlan@Brgidniurons,
and a greater proportion of these receptors were observed in GABAergic ndlnefisal

experimentn this thesisexamined whethdrinding atmembraneassociate@strogernreceptors



could rapidly affect dopamiréependent cognitiorincreasing estrogems the prefrontal cortex
rapidly biagsfemale rats towards usé glace memoryindicating that bindig at membrane

associated estrogen receptors can rapidly affect dopatapendent cognitive processes.



ACKNOWLEDG MENTS

My first thank you is to my supervisor, Dr. Wayne Brake, for all of the direction and
guidance he has given me over the past 6 years that we have worked together. Wayne has
provided me with invaluable advice on all aspects of academic life, from contgptuahd
executing experimenty mentoring other studenteaching courseand navigating the politics
of academia. His patience and confidence in my judgemertlaigigave me confidence in
myself, in the experiments we conducted, and my abilisufzervise others. | cannot say thank
you enough for the direction and kindness you have shown me throughout this degree, thank
you, thank you, thank you.

If I have learned anything in the past six years, outside of estrogen dopamine interactions,
it is ddinitely that camaraderie is a big part of what gets you through graduate school. My
labmates have been a huge source of guidance and support, a big thank you to Dema Hussain,
Wagqgas Shams, Dan Madularu, Niki Gervais, and Czarina Evangelista. From elgéssiy
days in the lab to excessively long lab meetings, you have weathered this storm with me, thanks
for your friendshipAlso thank you to the membersair impromptuwriting club, Bruno
Richard Marie PierreCosetteandhonourary membegabrielleRoddy, you guys managed to
provide the perfect suppoguilt ratioto help meget this thesis writterAll of the other CSBNers
also deserve a thank you tdlis is a remarkable research group with so much collaboration and
fellowship between professorsudents and staff, | am proud to have been a part of it.

| owe a huge thank you to all of the undergraduate students that | have supervised
throughout my degre@atrticularly Nada Hafez, Cynthia Mancinelli, Kyla Bertram, Lauren
Arena and Josh OlieTheirdedicated work made the data collection for the behavioural
experiments in this thesis possible (and sometimes even fun), | could not have done it without
them.| also wanto thank my internal committee members Uri Shalev and Jim Pftueyhave
provided me with valuable theoretical and practical advice thoughgpuabctorate, and my
thesis is definitely better for iTthe CSBN support stafDaveMunro, HeshmaRajabi Isabelle
Bouvier, Kim Breux, andAileen Murray, definitely deserve recognitidmeretoo. | would never
have gotterthrough my courseworkad rats or drugs for my experiments, or been able to
troubleshoot equipment issues without them, they are the unsung heroes of research at th
CSBN.



Vi

In the tradition of saving the best for lasty final thank you is to my familyFirst, thank
youto my paents, Jan athCy, ard my siser Jare, whohave been totally supportive through
what sometimes seemed to be a never endiggedeheir pride in my accomplishments kept
me going through the dageriods thaareinherent to all PhDsyoudve almost goa Dr. Almey
in the family!Lastly, ahuge thank you tmmy husband Dave. He has been in the trenches with
methroughout the battlthat wasny doctorate armed with encouragement and consolation in
the form of ice cream, silly cartoons, and the occasional game of pinball. | could not have chosen
a better comrade in arpthanks for your patience, understandisgd friendship



Vii

CONTRIBUTION OF AUTHORS

Chapter 2: These experiments were concebyednne Almey in conjunction with
Wayne Brake based on previous research in this lab by Mathew Quinlan and Wayne Brake.
Anne Almey conducted these experiments under the supervision of Wayne Brake with some

assistance from Nada Hafez and Arne Hantson.

Chagper 3: These experiments were conceived by Anne Almey in conjunction with
Wayne Brake. Anne Almey conducted these experiments under the supervision of Wayne Brake
in collaboration with undergraduate thesis students: Nada Hafez, Cynthia Mancinelli, Lauren

Arena, Joshua Oliel, Lukas Henning, and Aleks Tsanev.

Chapter 4 A and B: These experiments were conceived by Anne Almey and Wayne
Brake with methodological expertise provided by Teresa Milner. Anne Almey conducted these
experiments under the -upervisiorof Teresa Milner and Wayne Brake, while Edward Filardo
provided the GPERL1 antibody used in these experiments.

Chapter 5: This study was conceived by Anne Almey in conjunction with Wayne Brake
with methodological expertise provided by Teresa Milner. Alineey conducted these
experiments under the -@upervision of Teresa Milner and Wayne Brake, while Edward Filardo

provided the GPERL1 antibody used in these experiments.

Chapter 6: This study was conceived by Anne Almey in conjunction with Wayne Brake.
Anne Almey conducted the behavioural experiment under the supervision of Wayne Brake in
collaboration with undergraduate thesis students Kyla Bertram and Elizabeth Cannell. Anne
Almey conducted the electron microscopy experiments under theparvision ofTeresa
Milner and Wayne Brake, while Edward Filardo provided the GPER1 antibody used in these

experiments.



viii

TABLE OF CONTENTS

Contents

s 7 7z £ £z £ £ £ £ 7z £ £ £ £ £ £ 7z £ £ £ £ 7z Z

Listof Figurese e ¢ é e ¢ éeeééecéeééeeééeeééeééeeéée. il

s 7z £ 7 oz

Listof Tablest é é € € 6 € éééééééééééééééééeéeéeéeéeéeé. ....x

List of Abbreviationsé é é é 6 6 é e éééééééééeéeeéeéeéeeeéeéeéeéeeée. .i. . x

Chapterlé é 6 6 ¢ éééeééééééeeéée. ééeéeééeeeéeeéeéeee. e. . 1
General Introduction

Chapter2é¢ é e e é ééeéééeéééeééeecééeeééeeéee. . eéézs

Deficits in latent inhibition induced by estradiol replacement are ameliorated by
haloperidd treatment

Chapter3¢ é e éeééeééeéeéeéeéeéeéeéeéeéeéeéeeecée . q0
Estradiol facilitates the effects of haloperidol to reduce perseveration and facilitate
reversal learning in apmetamine sensitized female rats

Chapterdé é é e éééeeééeééeecé.éeeééeééecéeecéeée. . &
4A. Estrogen Receptors Are Found in Glia and at Extranuclear Neuronal Sites in the
Dorsal Striatum of Female Rats: Evidence for Cholinergic But Not Dopaminergic
Coocalizatore e e é e éééeeééeeéeeééeeéeeééeéeéen
4B. Estrogen receptors are located at extranucliées on GABA neurons in the dorsal
striatumeé&&&eé . éeécéeéeéeéeéeéeéeéeée. . . 88

Chapterbée é e é e ééeééeéeéeéeéeéeéeéeéeeéeéeéeéelo
Estrogen receptors are observed at extranuclear neuronal sites and in glia in the nucleus
accumbens core and shell: evidefardocalization to GABAergic and
catecholaminergic neurons

Chapter6e é e é e éeééeéééeéeéeééeéeéeéeéeéeéeéeéeldo
Medial Prefrontal Cortical Estradiol Rapidly Alters Memory System Bias in Female Rats:
Ultrastructural Analysis Reveals MembrafAssociated Estrogendgeptors as Poteati
Mediators

Chapter7é é e é e ééééeéééeéeéeéeéeéeéecéeécecécée ... 155
General Discussion

s 7

Referenceg¢ ¢ e éééeéeéeéeééeééeééeecééeecéecéee

(0N
(0N
(ON
©
H
o



LIST OF FIGURES

N

Chapter 1
Figuréeeéelk eéeéeéeéeéeéeeeeeeéeéeéetd
Figure 2ée&a&aeé&&eéecéceéeceé. eéeéeée
Chapter 2:
Figure l1é&&&&eé& céécécéecéecéeeéeéeéeéeécetéd
Figure 2ée&a&aeé&&eéecéeéeceé. eéeéeée
Chapter 3:
Figure 1éééécéééeéeéeéecécécéceéce&aes
Figure éxXé&eééeécécécécécéeeéeéeeéeéeeéceté
Figure éx&aeéeéeéeéeéeéeeceeéeéeéeéetéd
Chapter 4:
4A  Fi gur eeélkéec éeéecécécécéecéeéeeéeéeéecéce

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

Figure 2 € é é

D
® o
B
N
N
[N
D~
[N
[N
D~
[N
[N
D~
[N
[N
D~
[N
[N
D~
[N
[N
D~
[N
[N
D~
D~
[N
D~

Figur

D
B
B
N
N
[N
D~
[N
[N
D~
[N
[N
D~
[N
[N
D~
[N
[N
D~
[N
[N
D~
[N
[N
D~
D~
[N
(¢}

e
Figure
Figure5 é é é
Figure
4B Figure 1l1lééeéeéecéeéeéeéeéeéeéeéeécecece

Chapter 5:

Figur e éele&&é

D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D

D
D
D
D
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N

Figure 2 ¢ ¢ € € é é é

D~
D~
D~
D~
D~
D~
D~
D~
D~
D~

Figure 3ééeééeéceéeéeéceé&aeé&aéd

D
D
D
D

Figure eke&ééeeéeéeéeceeéeceéeeéee

CD\
@D

Figure ebXe&k&ééeceéeecéeecéeeceéeecéeecéecéce

[N

D
D
D
D

D~
D~
D~

Figure 6ééééééééccéeecéeéeéééééeeceececececéénrs



Chapter 6:
Figureékée éeééeéecéecéeceeéeéeéeéeéeéeéeél1ss
FigurecX&& ééeéeéeééeééeééecééecééeecééeeceéeldsn
Figure3 é éé e ééééecééecéécéécéécééecééecééeeceélas
Figureékéee éeéecécécécéeéeéeéeéeéeéeélaen
Figureéxéaéceécécéeeeéeéeéeéeéeéeéeeéelar
Figureékaeééeeééeéeéeeééeeéeeceéeéeeéeelao
Chapter 7:
Figureékéae ééeécécéeceéeeeeéeéeéeéeée. .63.1
FigureZ2 é ¢ éeéécéécécécééeéeeeéeéeéeéeéeceée. .65. 1
Figure 3&&&&& ééecéééeeééeéeéeeéeecéeée 166



Chapter 4:

4A Tabl e
Tabl e

4B Tabl e

Chapter 5:
Tabl e
Tabl e
Table 2 é é

Table 4.6 é é é é

Chapter 6:

Tabl

e

N B
(O D~

ooy

1
2

éee

([N

téeeé

(O D~

ooy

(¢}

([N

D~

7z

D~

(O

ooy

ooy

([N

D~

[ON

ooy

D~

D

(08

(08

(¢}

([ON

([N

D~

M D

([N

([N

(¢}

([ON

([N

D~

LIST OF TABLES

D~

([N

> O D

([N

([N

D~

D~

D

([N

D O

[ON

D~

o D

([N

([N

([N

[ON

([N

D~

(O

D~

([N

[ON ([N ([N

([N

([N

D~

(O

D~

([N

([N ([N

[ON

D~

o D

([N

([N

([N

[ON

([N

D~

(O

D~

([N

[ON ([N ([N

([N

([N

D~

(O

D~

([N

([N ([N

[ON

D~

o D

([N

([N

([N

[ON

([N

D~

(O

(O

D~

([N

([N

([N

[ON D~

([N

([N

[ON

([N

(O

([N

([N

[ON

([N

(O

([N

([N

[ON

([N

D~

([N

[ON

([N

D~

([N

([N

[ON

([N

D~

([N

([N

[ON

([N

(O N
(O N
(O N
(O N
D D
D D
D
o o
D
D
[}

(0]

o

D
D
D
D
D
D
(o)
(o))

éeéeéee. W2
eeééeece eel
éeeeeé. 120
eeeeééeeeceeél2?

éééééélas



Xii

LIST OF ABBREVIATIONS

s 7z 7z z I L L L 2L L L L L LT

17dbstradi ol éééééeééééeééeééécébecébecéeceeceececé E2

Acetylcholineéééeée
AMP Respon

s

Dor sal Striatuméé

(7] [N

eeeeeé
e e

Cyclic

D
(9]
(9]
(9]
(9]
D
D
8
8

D
D
D
(9]
(9]
N
N
N

Estrogen receptor

[N
[N

Estrogen receptor

Estrogen receptor

> O D
([N
([N

Estrogen Response EI eme

G proteincoupled estrogere c e pt or 1 éé e é é é

s 7z sz £ 7z £ 7z 7

GammaAminobutyricacidé € ¢ é € é é 6 € é é e é é é

-
-
-
-
-
-
-
-
-
-
-

Hal operi dol éééé
é

D~
D~

| mmunoreacti ve
Latent l nhi bi ti
Medi al

Membranea s soci at ed

®Q O
>
D D
D D
D D
o> O
o> O
D O

X O O

D D

D O

Prefront

D
D

Not Preexposedééeeéeeéeéeécéeé
ns

D
D
D
D
D
D
D
D
D

Nucl eus Accumbe

-
-
-
-
-
-
-
-
-
-

Ovariectomi zedéé

Preexposedéééééé
e

x M
D
D
D
D
D
D
D
D
D

D
D
D
D
D
D
D
D
D

Prefront al Cort

Salineéééécéeééeéeéeé

wn D
0] D D
[N ¢
M D
o O
M D
M D
o O

Tyrosine Hydroxyl a

_1
D
D
(O
D
D

VesicularAcetylcholinet r ansport

D~ D~

D

D~ D~ ([N

[N

D~ ([N

[N

D~ D~ ([N

(O

D~ D~

D

D~ D~ ([N

[N

D~ ([N

[N

D~ D~ ([N

D

D~ D~

D

D~ D~ ([N

[N

o D

([N

D~ D~ ([N

[N

IO

D~

D

D~ D~ ([N

[N

D~ D~ ([N

[N

D M

D

D~ D~ ([N

[N

D~ ([N

[N

D~ ([N ([N

[N

D~ ([N ([N

[N

,,,,,,,,

é

é

é

é

é

é

é

é

é

é

D M

D

é

é

D~ S'D\

D

é.
é

eHe

7

e

7

e

o D

D

(O ('D\

D

[N

([N D~

D

o> ¥y D

([N D~

[N

[N

[N

D~

o D

D

D~ D~ ([N

[N

([N

D~

D~

D~

([N D~

D

D~ D~

[N

D

([N D~

D

[N

[N

D~ ([N

[N

[N

[N

[N

D

([N D~

D

D~ D~



CHAPTER 1:
GENERAL INTRODUCTION

ESTROGEN RECEPTORS IN THE CENTRAL NERVOUS SYSTEM AND THEIR
IMPLICATION FOR DOPAMINE -DEPENDENT COGNITION IN FEMALES

Anne Almey, Teresa A Milner, and Wayne G Brake
Citation Hormones and Behavig2015; 74: 125138



The effects of estrogens on cognition, and the mechanisms through which these effects

are achieved in the brain, are more varied and complex than was initially believed. Estrogens are

a class ofteroid hormones that include estrone, elstand estradiol (E2), the last of which is

the most potent estrogen in female mammals during their reproductive years. There is substantial

research examining the role of estrogens in cognition (see Luinef@0®4iew). Interestingly,
although estrogens have also been implicated in dopaheipendent cognition, the brain
regions important for this (viz. thorsalstriatum (STR), nucleus accumbens (NAc), prefibnt
cortex (PFC) and hippocampusggve relatively sparse nucldabellingfor estrogen receptors

(ERs; Milner et al 2001, Mitra et al 2003, Shughrue et al 1998, Weiland et al 1997). Some effects

of estrogens on dopamine transmission in these regions occur over a relatively long ts®e cour

(> 10h) and are mediated by nuclear ERs (Luine et al 1998, Korol and Kolo 2002, Quinlan et al

2010) but other estrogen effects are too rapid to occur through binding at the nuclear ERs

(Almey et al 2014, Becker and Rudick 1999, Thompson and Moss 18Bi)review examines

the evidence for membraf@ssociated estrogen receptors (MERS), the role of both nuclear ERs

and mERs in dopamirgependent cognition, and recent immunoelectron microscopy research

localizing mERs to the STR, NAc, PFC, and hippocampus.
Following the discovery of estrogens in 19Bitenandt 1929)esearch on this class of
steroid hormones focused on their role in reproduction and the menstrual/estrous cycle in

females(Doisy 1972) In 1966, an ER was characterized in breast and utgsswee(Toft and

Gorski 1966) and this ER was also localized to brain regions typically associated with endocrine

or reproductive functions, such as the hypothalamus (for revieMaE®en and Alves 1999)
This receptor, now known @&strogen receptormlh a  ( vViEaRdb3erved primarily in cell
nuclei, typical for steroid horane receptors. In the mitb90s a second ER, estrogen receptor
beta ERM, was discovered, which also was localized to cell nKleiper et al 1996)Both
ERU and ERC are expressed in the uterus,
and to a lesser extent in the bone and the |(lRgerova and Urbancikova 2000lore

relevant to this review, these ERs are expressed in theapytand many brain regions,
including the hypothalamus, the hippocampus, the amygdala, and the PFC, amongKatpers
et al 1998, Montague et al 2008, Shughrue et al 1998, Shughrue and Merchenthaler 2001,

Spencer et al 2008[Estrogen activation of ERsther directly or indirectly contribute to certain

br ea

diseases and disorders (Brann et al., 2007) and have numerous behavioural effects including:



increasing agonistic behaviours, improvpgyformance irspatial learning and memory tasks,
and initiating cpulatory behaviourf_uine et al 1998, ClipperteAllen et al 2011, Clipperton
Allen et al 2010, Gervais et al 2013, Almey et al 2014, Brann et al 2007, Cornil and Charlier
2010)

The original conceptualization odcep®RU and
located in the cytoplasm of cells when not activated. When estrogens bind to these receptors, the
newly formed recepteligand complexes dimerize and translocate to the nucleus where they bind
to estrogen response elements (EREs) on DiAnar ad Chambon 1988p regulate the
transcription of proteinéNilsson et al 2001)it is difficult to predict the effects of binding at an
ERE, since EREs can have different transcriptional effects, and numeraavedors and co
repressors alter the tramgptional effects of binding at EREKuiper et al 1996, Rollerova and
Urbancikova 2000)Nonetheless, there is evidence that estrogens alter the production of multiple
proteins in the central nervous system, including growth faftaisea et al 2010, Wadley
1999) cytokinegKovacs et al 2002)and apoptotic factors in the brgiiess and Gallaher
1998, Vasconsuelo et al 2011l).addition to acting through these nuclear ERs to dting-term
effects, ERs can be found at the cell membrane, where estvoging induces rapid effects
such as altering membrane permeab{liy and Simoncini 2008, Wong and Moss 19&)
activating second messenger cascdfdsvards and Boonyaratanakornkit 2088,and
Simoncini 2008)

The earliest evidence for membrane ERs (mERs) was from Pietras and B¥&5)0
who demonstrated that application of E2 to endometrial cells causes rapid depolarization as a
result of an increase in intracellular®Canflux. Theauthors then used subcellular fractionation
techniques to isolate the cell membrane from the cytoplasm, and demonstratedtisat ER
present in membrane fractions from endothelia
membranes (Pietras andego, 1980). Shortly afterwardswas shown thahe application of
E2 to parvocellular neurons in the medial preoptic area, arcuate nucleus, and the ventromedial
hypothalamus resulted in fast hyperpolarization of these (&adlty et al 1980, Kelly eal
1976) These findings inspired further research on these rapid effects of estrogens, which
revealed that application of estrogens to neurons from the arcuate and ventromedial
hypothalamus or the amygdala resulted in hyperpolarization of these dblisgresence of
transcription blockeréelly et al 1980, Minami et al 1990, Nabekura et al 198&jditionally,



the membranémpermeable Ebovine serum albumin (BSA) conjugate binds to receptors in the
hypothalamus, cerebellum, and olfactory bilbengand Ramirez 1997) Si nce loaggt r ogen
termeffects cannot occur rapidlyn the presence of transcription blockers, or viaBSA, these

early studies concluded that estrogens must bind at somertkeown membranassociated

ER to elicit these rapiceffects.

1. Membrane associated estrogen receptors

1.1 ERU and ERbB: steroid receptors in a novel
There is now evidencethBtRU and ERC are both found at t

in nuclei and in the cytoplasm, where they were originally localized. These two receptors are

found as eitherhomg E RECRU o+ RBRDb o¢( ENREIRB) odi mer s at t he 1

and they are embraneassociated, but not actually embedded within the cell membrane

(Boonyaratanakornkit and Edwards 2007) mERU and mERbH can induce a

intracellular events typadly induced by activating G protetoupled receptorsnERs are

thought to activiee G proteircoupled receptors to regulatetype C&" channels and activate

protein kinase A (PKA), protein kinase C (PKC), and mitogen activated protein kinase (MAPK)

signalling cascadg€oleman and Smith 2001, Fu and Simoncini 2008, Yang et al Z008)

mechani sms through which ERU and ERbB become a

unclear, but two are believed to jpi@otal: the post translational lipid modification of these ERs,

and their interaction with membrane/cytoplasmic scaffolding pre{Boonyaratanakornkit

2011) Note that research on ER membrane associa
The primary form of lipid modification associated with mERSs is palmitoylation.

Palmitoylation refers to the addition of palmitic acid to specédgidues of proteins, typically

membraneassociated proteir(asu 2004)If palmitoylation is inhibited in hippocampal cell

cultures, rapid estrogenduced phosphorylation of cyclic AMP response element binding

protein (CREB) is eliminatedVeitzen et 82013) Furthermore, palmitoylation occurs at

specific cysteine sites of ERU and ERb recept

rapid estrogeinduced CREB phosphorylation and activation of MAPK and PI3 kinase are

blocked(Meitzen et al 2013 edram et al 2002Additionally, E2induced decreases in

synaptosomal membrases soci ated ERU in the hippocampus o

(Tabatadze et al 2013)Together, these findings indicate that palmitoylation of specific cysteine



residues bERs is critical for the rapid effects of membraassociated ERs. A truncated version
of ERU was discovered in endkdadseppdsalltotheel | s; t
typical 67k Da ERU .-k Dahivser4s6i on of ERU idandismdreer ent i al
effective at rapidly activating end¢@itehat!l i al n
2003) but does not mediate transcriptional respofBSiggree et al 2003)This suggests that
there is a smal | er ssocatedwdlrtm cadl memBrRig. pri mari |y a
Interactions between ERs and certain scaffolding proteins also are believed to play a
critical role in the association of ERU and E
receiving the most attention for theale in facilitating membranassociation of ERs are
caveolingBoonyaratanakornkit 2011faveolins are the primary structural components of
caveolae, which are 5D00nm invaginations of the cell membrane. The structure of caveolae is
thought to promoterptein-protein interactions and integrate receptors and signaling molecules
to facilitate rapid and specific signal transducti@kamoto etal 1998) ERU i s | ocal i z e
caveolar subfractions of endothelial plasma membrgieambliss et al 2000and cofocal
microscopy has observed extensivéocalizationo f ¢ a v e o | (Pedsam atal @005 R U
Caveolins are hypothesized to facilitate tran
endothelial cells expressing caveolin have a significantly higttier of membrane to
cyt opl a ¢Pedram ettaRR002xnd knocking down caveolin in the arcuate nucleus of the
hypot hal amus r educ e ¢Christensen and Micegyshs2D1@aditiandlly, mE R U
estrogens affect the production of caveolins; i@ppbn of physiological levels of E2
significantly increases levels of caveolin and increases caedii) associ ati ons ( R:
2002). These results suggest that estrogens increase levels of caveolin, which in turn facilitates
t r anspor the celfmefRabRazandi ¢t al 2002)nterestingly, when the
pal mitoyl ation site on ERU is mutated, the ph
reducedPedrametal2007) t hi s suggests that palmitoyl atio
betwee this receptor and caveolins.
Palmitoylation of mERs and associations with caveolins allow these receptors to
associate with cell membranes, but does not explain the effects of binding at these mERs on
neuronal transmission. The rapid effects of estrogame been shown to be sensitive to G
protein manipulation, which suggests that mER

receptor activityKelly and Wagner 1999) Resear ch suggests that bin



stimulates metabotropic glutamate receptmGluRsMeitzen and Mermelstein 201InGIluRs
are Gproteincoupled receptors categorized into three families: mGIuRI (mGIuR1 and 5) that are
Gq receptors, and mGIluRIl (mGIuR2 and 3) and 1ll (mGIuR4, 6, and 7), which are Gi/o
receptorgNiswender andConn 2010) In cultured hippocampal and striatal cells, application of
E2 increases CREB phosphorylation within 30 s
(Boulware et al 2005, Grov8trawser et al 2010)n cultured hippocampal neurons this effect of
E2 is replicated by applying an mGIuR1 agonist, and blocked by applying an mGIuR1 antagonist
to the cell§Boulware et al 2005)n contrast, in striatal neurons the-lBAuced increase in
CREB phosphorylation is mimicked by mGIuR5 agonists and blockeddiyRb antagonists
(Grove Strawser et al 2010Additionally E2 can have bidirectional effects on CREB
phosphorylation in these brain regions. In hippocampal cultures E2 also inhibits CREB
phosphorylation via binding auR2&Rdonisssmai ERDH, a
mimicked by mGIuR2 agonis{8oulware et al 2005)n striatal cultures the Eidduced
decrease in CREB function is mediated by mGIluR3 recefBoms/e Strawser et al 2010More
recently it was shown t hehippotampusiactivales mGIURERU i n
mobilizing components of the endocannabinoid system, leading to regaceda
Aminobuyric-acid (GABA) releasgTabatadze et al 201.3)he authors interpreted these
findings to suggest that some of the rapid effects of E2 in the hippocampus and STR are
mediated by mER interactions with different members of the mGIluRI and mGIluRII receptor
families(Meitzen and Mermelstein 2011)

mGluRsare frequently associated with caveolins, and inhibiting caveolin expression or
activity inhibits E2 effects on CREB phosphorylation, indicating that the association between E2
and mGIluRI and/or mGluRlIl is dependent on cavedBwilware et al 2007)raken together,
these studies suggest that the classical ERs are palmitoylated, which may promote the interaction
between these ERs and caveo(see Fig 1; Meitzen et al 201 aveolins facilitate transport of
MERSs to caveolae where these receptors fosnciations with mGIuRs; binding at these mERs
alters CREB activity via activation of mGluRRgeitzen et al 2013)There are other mechanisms
involved in ERmembrane associations; multiple proteins including the adapter proteith&hc,
calmodulin binding potein griatin, and the modulator of negenomic activity oERS have also
been implicated in the membrane associatioBRe (Boonyaratanakornkit 2011,

Boonyaratanakornkit and Edwards 2Q0Hpwever, the palmitoylation of mER, and mER
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associationsvith caveolins and mGIuRs, provide the most complete explanation for how mERs
become associated with the cell membrane, and occur in dopameargated regionfBoulware
et al 2005, GrowStrawser et al 2010, Meitzen and Mermelstein 2011, Huang andé&yooll
2012)
1.2 GPERL1: a membranebound G protein-coupled estrogen receptor

I n addition to mERU aassbciatadEERbvas discovered. And me mb
orphan G pragin-coupled receptor, G protecoupled receptor 30 (GPR30; a protein migrating
at30 kDa) is now designated asp@teincoupledestrogen receptdr(GPERJ. GPER1 first
was identified in breast tiss€armeci et al 1997and has a single binding site specific to
estrogengProssnitz et al 2008)nitially, GPER1 was observed at therdoplasmic reticulum in
neurons, so it was hypothesized that binding at GPER1 modulated the effects of estrogens at
ERUor ERR(Revankar et al 2005, Sakamoto et al 20GBER1 is also found on the plasma
membrane of cells in the hippocampus and hypathas, indicating that binding at GPER1
could have direct effects on neuronal transmission in these brain r@giorakoshi et al 2006,
Prossnitz et al 2008, Waters 201Bhe effects of binding at GPER1 are not fully elucidated, but
evidence demonstratédsat application of E2 to COS (fibrobldsgte cell line) or HelLa cells
transfected with GPER1 rapidly increase$'@aflux (Bologa et al 2006, Funakoshi et al, 2D06
Additionally, binding at GPER1 activates the phosphoinositilin8se second messenger
signalling cascad@rossnitz et al 2008)he MAPK signalling cascadéBilardo et al 2000and
the PKA signalling cascad€u and Simoncini 2008Recently, we found that GPERL in the
hippocampus interacts with the PSB and the spine scaffolding peot SAP97 that would
position GPERL1 forapidsignalling at the spine synap@kama et al 2013, Waters 2015)
Additionally, application of E2 and the GPER1 agonist, G1, to cultured cortical neurons
attenuated NMDAInduced excitotoxicity via activation ®1APK signalling pathways (Liu et al,
2012). These findings demonstrate that activation of GPER1, likelraBRmERR, increases
intracellular C&" and activates multiple second messenger cascades, suggesting that binding at
this receptor could have widespread effects on neuronal function.
1.3 Are there more membraneassociated estrogen receptors to be discovered?

Other potential membrarassociatedeceptors have been identified. The first is referred
toasERX. This receptor type is distinguished frc«
weight, which is 63 kDa compared to 67kDa, 60kDa, and 44id3aectivelyFilardo et al



2007, TorarAllerand etal 2002) The putative ERX can also be distinguished from other ERs
because the two s-tamll#Eahave eyeatl asfinity for this Peceptdr,7 U
whereas1fE2 has 100 times great er -Ed(TdranAllerangetf or ER
al 2002) Another potentiamembraneassociated ER is a G proteinupled receptor called Gq

MER that is found in the arcuate nucleus of the hypothalamus and is activated by the selective

ER modulator, STXQIiu et al 2003)STX has a 2@old greater affinity for this receptor than it

does for either ERU or ERDbB, and STX has rapid
mice, suggesting that it is binding to an undiscovered@R et al 2003)GgmER is thought to

playan i mportant role in est r(ogleatad 2013@hdfafiectt s on
multiple homeostatic processes including reproduction, stress, sleep, as well as motivated
behaviourgQiu et al 2008) These potential ERs (i.e. ERand GgmER)may provide alternate
mechanisms via which estrogens can rapidly affect neuronal function, and ultimately cognition.
However, there is not sufficient research to speculate on their role in cognition, so the remainder

of this review wantl GPERIandtkeir mlain dopabpepeBdeit

cognition in females.

2. Distribution of estrogen receptor containing cells in the CNS

Light microscopidmmunohist@hemical andn situ hybridization studies have shown
that cells with ERU, ERbB, and GPER1 are found
regions of the forebrain to the cerebellum. It would not be practical to list all regions containing
ERs, but regions where high ks of these receptors are consistently observed are described.
Interestingly, although these studies observe nutdeatlingf or ERU and ERB t hro
brain, reports ofextth y pot hal ami ¢ mERU and mERb using |ig
limited.

Cells with ERU are most commonly | ocalized
the medial amygdala, the preoptic area, and various hypothalamic nuclei. High levels of this
receptor were also observed in the periaqueductal grey and parabracleiasnact lower
levels are observed in the locus coerul@ira et al 2003, Shughrue et al 1998he reported
di stribution of ERB differs sl ightabefingdre om ERU
similar, as this receptor has been observadanily in the lateral septum, the bed nucleus of the

stria terminalis, the medial and basolateral amygdala, the preoptic region and other hypothalamic
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nuclei, and the trigeminal nucl@reutz and Kritzer 2002, Milner et al 2010, Mitra et al 2003,
Shughrueet al 1999, Shughrue and Merchenthaler2001) | nt er medi at e | evel s
cells are found in the hippocampus and cerebral cOMérer et al 2005, Milner et al 2010,

Mitterling et al 2010, Shughrue and Merchenthaler 20@gme studies havesle r ved ERD
labelled cells in the ventral tegmental area, the locus coeruleus and in granulosa cells of the
cerebellumMitra et al 2003, Shughrue and Merchenthaler 2001)

GPERL1 also is observed throughout the brain, with high levels in the olfactory dndbs
hypothalamus and various cortical regions including the motor, somatosensory piriform cortices,
the hippocampus, and the habenular nucleus of the epitha(Brailsiu et al 2007, Hazell et al
2009, Xu et al 2009, Waters et al 201€pre caudally, BER1 is observed in the nucleus of the
solitary tract, and the Purkinje and granule cells of the cereb@amzell et al 2009, Spary et al
2013) Light microscopy observes GPERL1 at cytoplasmic sites, and associated with the plasma
membrangFunakoshi etle&2006)

3. Estrogens affect dopamin@lependent diseases and cognitive processes

Estrogens affect a wide array of cognitive processes by altering transmission in various
neurotransmitter systems. There is growing evidence that estrogens affect degepeiméent
cognitive processes. | mpl i cat iememdentdiskases st r oge
comes from clinical observations of sex diffe
schizophrenia, and addiction.

Parkinsondéds disease is caused by decreased
Parkinsonds pat i empghganddeweasethnmarkgrscotnaurogendsis ia the
dentate gyrus (for review s&egensburger, Prots, & Winner 201%here is ehigher incidence
of Par ki ns 8hltnan and®Bhatn2006g sowdvierar ki nsondés sympt oms
increase following menopause when endogenous estrogen production dgétageasse et al
2004). Moreovenvomen respond better ta3,4-dihydroxyphenylalanine ADOPA), the first
linetreat ment for Parkinsonds di sease, (Blanbhetet i t i s
al 1999.

Schizophrenia is also hypothesized to result from dysregulated dopamine transmission,
with increased dopamine activity in the NAc and STR, and decreasathol@ptransmission in

the PFQ(Howes & Kapur 200p Individuals with schizophrenia show numerous hippocampal
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abnormalities including hippocampal atrophy, and symptelated changes in hippocampal
metabolic activity, among others (for review $t@rison, 2004 Women exhibit later onset and
less severe symptomatology than men (Hafner, 2003). However, these symptoms increase when
estrogen levels decrease, both during the postpartum period and following mer{gpéesai
et al 2012, Matevosyan 2011Moreover, women respond better to antipsychotic drugs when
they are administered in conjunction with @&khondzadeh et al 2003, Kulkarni et al 2014)

Lastly, addiction is also related to dysfunctional dopamine transmission; repeated drug
use is associated with a decrease in dopamine release in the STR afubMaw, Fowler,
Wang, Baler, & Telang, 2009and significant decreases in adult hippopalhmeurogenesis
leading to changes in the striatarticatfrontal circuitry(Chambers, 2093 There are sex
differences in the development of addiction, as women escalate use of drugs, including opiates,
psychostimulants, and nicotine more rapidly than fHarnandezAvila et al 2004, Lynch et al
2002) Women also report a greater response to amphetamines during the luteal phase of the
menstrual cycle, when estrogens are tiiliistice and de Wit 1999Collectively, these findings
on Parkinsonds, s c lsuggesthdt eseogepky,arolemaentead di ct i on
dopamine function, as these disorders are all associated with dysfunctional dopamine
transmission and hippocaal atrophy/decreased function.
3.1 Estrogens alter dopaminalependent cognitive processes in rats

There is evidence thas&ogens affect many dopamidependent cognitive processes,
including selective attention object recognition memory and memory system bias. The majority
of research has examined tbag-termeffects of estrogens, administering E2 ~12 hours prior to
testing, but research examining the rapid effects of E2 on cognition will be described when
available. Latent inhibitiofLI), a measure of selective attention, is dependent on dopamine
transmission within the mesocorticolimbic pathwaysions and local infusion of a dopamine
antagonist in the PFC enharide(Broersa et al 1996, George et al 2010) as do lesions
encompassing the entire NAc (core and shell; Gal, Schiller, and Weiner, 2005), and lesions to the
NAc core alone result in abmoally persistent LI (Weiner, Gal, Rawlins and Feldd896). In
contrastjesions of the NAshellor hippo@mpus abolish L{Kaye and Pearce,1987, Oswald et
al, 2002 Weiner et al., 2005 Moreover, dopaminergic activity in the anterior STR is positivel
correlated with behaviour inld task(Jeanblanc et al 2003)nterestingly, increases in plasma

levels of estrogens, either during the proestrus phase of the estrous cycle or following E2
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replacement in ovariectomiz€@VX) rats, disrupt the expressionldf (Nofrey et al 2008,
Quinlan et al 2010, Almey et al 2013)

Object recognition memory is another doparrilependent cognitive process affected by
estrogens. Systemic and irfP&C administration of a D1 antagonist camain object
recognition memory, reflected in poor performance on a novel object preferen(Bdsalsker et
al 1999, Nagai et al 2007 orrespondingly, systemic administration of a D1 agonist enhances
long-term object recognition memory when administanethediatelyfollowing training(de
Lima et al 2011pr 10 minutes before testirfglotte et al 2005)Administration of E2 t@®OVX
rats leads to improved object recognition menm(@grvais et al 2013, Jacome et al 20HD)
effect that is mimicked bgliarylpropionitrle( DPN) , an ERb agonist, sugg
E2 are at | east par(ihagakietay20ld,l@ne etal 1998)ndi ng at E
Interestingly, this dose of DPN resulted in a 100% increase in dopamine in the PFC, suggesting
that estrogrrinduced improvements in recognition memory are due, in part, to increased
dopamingInagaki et al 2010, Luine et al 1998)

Estrogens also affect the use of place or response memory to navigate an environment.
Rats use either spatial or egocentric dodscate a reward. If spatial cues are used to locate a
reward, this is referred to as a place memory, which is mediated by the hippocampus; if
egocentric cues are used, this is called a response memory, which is mediated by the dorsal STR
(Packard etlal989, Packard and White 1991, White and McDonald 28168 seereview by
Korol and Pisani in this issieAn infusion of amphetamine, an indireipamine agonist, into
the hippocampus biases rats toward using place membitg aninfusion ofamphetamine into
the STR biases rats toward using response me(Raigkard and White 1991Interestingly,
when estrogen levels are high, either during the proestrus phase of the estrous cycle or following
E2 replacement i©QVX females, rats are biased tand using place memofKorol and Kolo
2002, Quinlan et al 2008More recently we showed that an infusion of E2 directly into the PFC
biases female rats towards use of place memory, indicating that E2 acts rapidly (<15 minutes) to
affect memory system k8apossibly via reciprocal projections with the STR and hippocampus
(Almey et al 2014)These preclinical studies provide evidence that estrogens affect dopamine
dependent cognitive processes. Some of these cognitive effects of E2 occur(xapidiyrs;
Almey et al 2014, Gervais et al 2013, Inagaki et al 2010, Jacome et a] 20d@@sting that the
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cognitive effects of estrogens result from binding at both nuclear and mERs, leddimgterm
andrapideffects.
3.2 Estrogens modulate central dopamine transmission

There is accumulating evidence that estrogens alter dopamine function at various stages
in transmission by affecting dopamine availability, dopamine receptor density, and the affinity of
the dopamine &msporter. Againfie majority of research has examinedltrertermeffects of
estrogens, administering E2 ~12 hours prior to testing, but research examining the rapid effects
of E2 on dopamine transmission will be described when availabilee STR, ¢nic dopamine
availability is increased when estrogen levels are {¥ggo and Becker 1994}his increase in
dopamine is mediated via both leteym and rapid effect of estrogens, as maximal dopamine
increases are observed when E2 is administered ~18 poar to testing, and then again 30
minutes prior to testin{Becker and Rudick 1999When E2 is applied to tissue from the STR
this rapidly decreases dopamine uptake by decreasing the affinity of the dopamine transporter
(Disshon et al 1998providing a potential mechanism for B2duced increases in dopamine
availability. Additionally,OVX rats receiving estrogen replacement have higher binding at
dopamine D1 and D2 receptors, but lower binding at D3 receptors, in thd. SRy et al
2002, Le Sauet al 2006, Levesque and Di Paolo 1989, Levesque et al.IB@9)increase in
dopamine D2 receptor binding occurs without any changes in dopamine D2 mRNAlevels
Saux et al 2006)ndicating that this change occurs througpid mechanisms.

The relationship between estrogens and dopamine transmission in the NAc is similar to
that observed in the STRhompson and Moss 1994)s E2 replacement administered@X
rats is associated with increased tqiM@adularu et al 20143and phasi¢Thompsam and Moss
1994)levels of dopamine in the NAc. Systemic administration of E2 increases NAc phasic
dopamine release within 15 minutes, indicating this is a rapid effect mediated by mERs
(Thompson and Moss 19942 replacement administered@¥X rats wasshown to attenuate
dopamine reuptake in the NAEhompson 1999)roviding a potential explanation for the-E2
induced dopamine availability in the NAc. Additionally E2 treatment increases dopamine D2
receptor binding in the NA@e Saux et al 2006paralkling findings in the STR.

Estrogens also alter dopamine transmission in the PFC. Females exhibit the highest
baseline dopamine levels during estrus, when estrogens are declining, and the lowest basal

dopamine levels during proestrus, when estrogen levelbigh(Dazzi et al 2007)However,
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rats in proestrus have higher ethamoluced dopamine release in the PFC, suggesting that
estrogens decrease basal dopamine, but increase dopamine release in(DezPiFE al 2007)
Additionally, dopamine D1 retor density as well as dendritic spine density is increased in the
PFC wherOVX females are treated with ERevesque et al 198%yallace et al 2006)

The hippocampus receives a small dopaminergic afferent, and more substantial
GABAergic afferents from th VTA (Rocchetti et al., 20)5Additionally, glutamatergic
afferents from the hippocampus to the NAc regulate the firing of dopaminergic neurons in the
VTA (Floresco, Todd, & Grace, 20p1Moreover, hippocampal projections to the PFC are
thought to play a role in amplifying neuronal activity in theCKshikawa & Nakamura, 2003
These findings suggest that hippocampal afferents can modulate dopamine activity throughout
the mesocorticolimbic pathway.

As discussed extensively in previous reviews (McEwen and Alves, 1999; McEwen and
Milner, 2007; Spencer et al., 2008; McEwen et2012), the hippocampus is also sensitive to
the effects of estrogen. Female rats, either in the proestrus phase of the estrous cycle or
following E2replacement, hasignificantly elevated spine synapse density in CA1 pyramidal
neurongGould et al 1990Woolley et al 199Q)The effect of E2 on synaptic spine density in the
hippocampus has been shown to occur rapidly, within 30 minutes of subcutaneous E2
administration(MacLusky et al 2005)In vivo studies demonstrate that female rats administered
an infusion of E2 imo the hippocampus demonstrate better recollection for the platform location
in a watermaze taglPackard and Teather 199@hd demonstrate a bias towards use of place
memory to navigate a mag2urkovsky et al 2007)

Although estrogens have been shown to affect dopad@pendent cognitive processes

in the STR, PFC and hippocampus, these brain are not recognized for having high levels of ERs.

Generally, light microscopy arid situ hybridization observe low levels oREU
immunoreactivity (IR) in the STR and NAc, and almost none in the (RF€a et al 2003,
Shughrue et al 1998; see also figures 2 gafthough other light microscopy studies report

moderate | evels of ERU in the dFstudigsbisenveague e
E RIAR at low levels in the PFC, and very low levels in the STR and Whicq et al 2003,

Milner et al 2010; see also figures 2 & 4). Similantysitu hybridization studies observe low

|l evel s of ERB in the STR and NAc, and extr eme

(Shughrue etal 1999) Mo der at e -IR prolilesiwsre obderve R Witerneurons of the



15

hippocampus using light microscopy, witle highest density in the stratum radiatum and
dentate hilugSolum and Hanada 2001, Weiland et al 1997),EaiRifR is observed throughout
the hippocampus at moderate le@hang et al 2002)The immundabelingf or ERU and ER
observed in these ligimticroscopy experiments was primarily nuclidoeling(Mitra et al 2003,
Zhang et al 2002)hese nuclear receptors are likely responsible folotigptermactions of
estrogens in these regions.

However, there are rapid behavioural effects of estragémei STR, NAc, PFC and
hippocampugAlmey et al 2014, Cornil and Charlier 2010, MacLusky et al 2005, Thompson
1999, Thompson and Moss 1994jich could not occur through binding nuclear ERs.
Immundabeling for GPERL1 is observed at relatively high levels in the hippocampus, moderate
levels in the PFC, and lower levels in the STR and KHazell et al 2009)presumably at the
cell membrane or associated with cytoplasmic organ@iesey et al 2012, Otto et 2008)
Therefore, binding at GPER1 could be responsible for some of the rapid effects of E2 in these
brain regions, but the rapid effects of E2 al
Some light microscopy studies observe snauronal mMERR profiles (Milner et al 2005,
Wagner, Silverman, and Morell 1998, Zhang et al 200@) the majority do nqiAlmey et al
2014, Almey et al 2013, Cruetz and Kritzer 2002, Mitra et al 2003, Shughrue et al 1998, Weiland
et al 1997)which suggests that light otbscopy does not have sufficient resolution to detect
low levels of mERs. Immunoelectron microscopy methods have higher resolution than light
microscopy (See Box 1), and can discriminate discreet labelimgE&s inthe brain(Milner
2011) Consequentiythis techniquevas usedo clarify the subcellulalocalizationof mERS to
specific neuronal profiles in the hippocampus. The effects of estrogen on cognition likely result
from a combination obng-termandrapidactions; there is an impetus to clarify the distribution

of mERSs, to better understand thapidc o mponent of estrogends effec

4. Ultrastructural localization of ERs in thehippocampus

The earliest incidence of ultrastructul@alizationof ERs examined the distribution of
ER (later call ed E Blhysteinetal 1992 loahghbeahdawaisan 1992) s s u e
Landub and Watsof1992)f ocussed on nucl ear | abeling for E
the median eminence. While exaninig the ultrastructurabcalizationof nucl ear ERU i n

hypot hal amus, a second -Remsfdea werehalsogacadiaegpto not i c e d



16

extranuclear sites in both dendrites and termi(izlsustein et al 1992)These findings implied
that estogens could have rapid effects on transmission in the hypothalamus, in agreement with
the observation that increases in estrogens during proestrus reduced gonadotropin releasing
hormone anduteinizinghormone in 30 minutes, an effect so rapid that itccoot be elicited
via cytoplasmicERs(Condon et al 1988, Sarkar and Fink 1980jis initial electron
microscopic research in the hypothalamus was not pursued, despite that it provided a mechanism
for the rapid effects of estrogens in this region. Howéwid suggest that electron microscopy
is a powerful tool for observing mERSs in the braiftrastructural analysis of the distribution of
ERs recommenced in the hippocampus in the late 90s, based on evidence from McEwen and
colleagues demonstrating thestrogens induce rapid structural changes in the hippocampus.
mERU was | ocalized to the cytoplasmic surface
hippocampus, with the highest density in the stratum radiatum of théseaFig 2B; Milner et
al 2001) I n the hi ppoc a+Rpwsles aré @eXynaptic prafiles, i.enakoRJ
and terminal s. Pr e s y-IR fopntbotlcasymmetrimand symreetrizvi t h mER
synapses, suggesting that estrogens affect both excitatory and inhibitonyissanms in the
hippocampugMilneretal 2001) Addi ti onal | y Z2Bprofilesfare pobte t ot al
synaptic, i.e. dendrites and dendritic spi(dgner et al 2001) providing a potential mechanism
for the E2induced changes in synaptic spine densiitgerved in the hippocamp(Gould et al
1990) The r emai n i-IR grofi2sirtthe dippocaripRsthare glial, including
astrocytes and microgli@ilner et al 2001)suggesting a mechanism for E2 involvement in
glial-mediated neuroprotectigArevaloet al 2010) After this initial study in rats, subsequent
studi es hav e-IRprofitesvin thetmowase hipRoRathpus are similarly distributed
(Mitterling et al 2010) S o me o FIR prdiiles oms&Rdlin the hippocampus are localized
to cholinggic axons and terminals, identified via the vesicular acetylcholine transporter
(VAChT), which suggests that mERU is positioned
transmission in this regiofTowart et al 2003) Additional electron microscopic
autoradography studies have shown that
125}E2 binds to both preand postsynaptic profiles in the hippocampus supporting a functional
role for nonnuclear ERdMlilner et al 2008)

Ultrastructur al studies have demonstrated

vesicles in a subset of GABAergic axons and terminals in the CA1 of the hippocampus; findings
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from this experiment suggest that estrogens may bind at these receptolslizeraesicles

towards synapsedsiart et al 2007) Further research demBnstrat e
vesicles contain GABATabatadze etal 2013) and t hat E2 acts via ERU
release through interactions with the cannabinoid syg@terang and Woolley 2012)Together

these findings demonstrate that mERU is obser
affect presynaptic transmission in GABAergic and cholinergic neurons, and affeud2d

increases in spine density.

Thesuccess of these studies on mERU distributio
examining the distribution of mERBIRwasdlsorGPER1
observed at extranuclear sites in the hippocampus, in the CA1, CA3, and dentafeegyFis
2A; Milner et al 2005, Mitterling etal 2010) Pr of i | eIR weva prinharilyrpBsR b
synaptic: ~25%I Bf ptbteitesawem&ROGBendri iR ¢ shaf
profiles were dendritic spi nescalzedleendritcwas a (¢
spines in the CAL1 region of the hippocamfMdner et al 2005)where E2Znduced changes in
spine synaptic density are obsery€duld etal 1990) Ten per c elR profiedwera | | ME |
axon terminals, -IBprdfile20%®Weok whkensmERBuUuggesting
woul d al so affect presynaptic transmiRsasi on i n
localized to endomembranes, including the membranes of endoplasmic reticulum and
mitochondria, and has been obseriredlial cells in the hippocampyMilner et al 2005) See
earlier reviews (McEwen and Alves, 1999; McEwen and Milner, 2007; Spencer et al., 2008;

McEwen et al., 2012) for an-depth discussion of estrogen effects in the hippocampus.

Following the disceery and characterization of the newest ER, GPER1, light
microscopic studies observed GPERLIn several subregions of the rodent hippocampus
(Brailoiu et al 2007, Funakoshi et al 2008)oreover, electron microscopic studies observed
GPERZIR at the plasva membrane of pyramidal cells in the C@&2inakoshi et al 2006)

Recently, collaborative studies with the Milner lab have furthered these findings, demonstrating
that GPERAIR is localized to preand posisynaptic sites in both the rat and mouse
hippocanpus(see Fig 2C; Akama et al 2013, Waters 2018ptably, GPERL1 in this region is
exclusively extranuclear, found in pyramidal cells and interneurons throughout the hippocampus
(Waters 2015) Within perikarya, GPERIR is affiliated with the plasma memdne and
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Figure 2. Images of immunomarkers for estrogen receptors and estradiol in the hippocampus of
female ratsA) Immunoperoxidase labeling for BRn a dendritic spine is contacted by an
unlabelederminal (uT) in CA1 stratumadiatum B) Immunoperoxidase labeling for ERs

found in two dendritic spines identifiable by the presence of spine apparati (SA), which arise
from the same dendrite (D). Both labeled spines are contacted by unlabeled terminals (uT), and
an ER}abeled axon (Ax) i$ound nearbyC) Clusters of immunoperoxidase labeling for

GPERL1 are found in small synaptic vesicles near the plasma membrane of a t&)mninal,
Autoradiographic silver graindkack squiggly linesdenoting*?3-estradiol bindindn stratum
radiatum of te CAL region of the hippocampus in a dendritdd)Eoverlying a mitochondrion

(m). Black arrows= peroxidase/radioactive mark&gale Bar= 500nm.
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endoplasmic et i cul um. Li ke mE R dcalzedtb dendiiefspinescP E R 1
suggesting that estrogens could alter dendritic spioghology by binding at GPER1.

Moreover, GPER1 is found in axons and clusters of vesicles in axon terminals, especially in
CA3, where it could regulate synaptic transmisgaters et al 2015)

Together, electron microscopic studies hav
MERb and GPER1 are abundant in the hippocampu
also hae revealed that ERs are in hippocampal neurons that undergo adult neurogenesis which
are known to be important in cognitive processes (for revieweaaeer et al 2006)Systemic
administration of estrogens significantly increases cell proliferation idaghtate gyrus in a
dosedependent manné¢Gould et al 2000, Tanapat et al 2008)singin situ hybridization,

Isgor and Watso(005)d e monstr ated that ERU and ERB mRNA
the hippocampus. Electron microscopic studies have revealed that newly generated cells in the
subgranul ar region of A{Rmaetheplasmaleanma maeamprane and e x pr e
the menbrane of cellular organell€Blerrick et al 2006)These findings implicate estrogens in

the genesis, and/or maturation of cells in the hippocampus.

Additionally, estrogens have been shown to increase production-anugost
synaptic proteins in théorsal region of the CA(Brake et al 2001)an effect that is mediated by
bot h ERU(SgencdiSegaRebal 2012, Waters et al 2008)is provides further evidence
that estrogens are involved in synaptogenesis in the hippocampus, suggestingotiexrieptay
a role in the formation of new synaptic connections. It has also been shown that systemic E2
administration results an increase in phosphorylated Akt 6 hours following administration, and
an increase in phosphorylated TrkB 48 hours followingiadtratiord an effect that occurs via
binding at both ERU #SpehcelSddl etal 8012, Bpencer et al BOOZ) a mp u
Moreover, electron microscopic studies have shown that estrogens regulate the levels and
trafficking of pAkt and pTrkB irhippocampal neuron§$penceiSegal et al 2011, Yildirim et al
2011, Znamensky et al 200Both of these signalling pathways are implicated in synaptic
plasticity, so EAnduced activation of these pathways provides another mechanism through
which estrogest may cause synaptic strengthening or remodelling. Current theories on the neural
mechanisms responsible for memory formation postulate that synaptic plasticity, synaptogenesis,
and neurogenesis work in concert in the hippocampus, allowing for memonitorraad

retention. Therefore, the estrogeeluced changes in these brain plasticity mechanisms could
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impact hippocampadependent memory. Interestingly, pestbedding electron microscopic
studies have revealed that aging negatively affects trafficking on HARIams et al 20023nd
m E R @Vaters et al 2011ih synapses within the hippocampus; together these findings provide a
potential mechanism for the cognitive impairments observed irnpeisopausal women.

The success of ultrastructural analysis intipgocampus led to experiments examining
the distribution of mMERSs in other brain regions where estrogens are known to have effects,
despite a paucity of nuclear receptor staining. Prior reviews have discuskezhlizationof
ERs in autonomic circuittMcEwen et al 2012)%o it is not discussed here. Additionally,
ultrastructur al anal ysis revealed that there
neurons of the raphe nucldllilner 2003) providing a mechanism for rapid effects of estrogens

on serotonergic transmission in this region.
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Rationale and Hypotheses:

It is clear that estrogens affect several cognitive processes, including selective attention,
reversal learning, multiple memory systemsgdobject recognition learningamong otherslhis
thesis endeavored to explore tloguitive effects of estrogsin female rats, as well as
examining the effects of estroganghe context of schizophrenia, usiraflent models of this
disorder The effects of estrogens angnitivedeficitsobsened inschizophrenia, and the
response tthe antipsychotic drug haloperiddlAL) were assessed in female rdts accurately
assess the effects e$trogens on these cognitive processes naturally cycling estrogens were
eliminated by ovariectomizing alli@ale rats in the behavioural experiments. These rats were
admini stered no estrogen r e&Eprimickiagplsma levelaof| ow ¢
E2 during the diestrus phase of the cycle, or a byglic dose of E2 that mimickinglasma
levels of B during the proestrus phase of the cycle.

Previous research in this lab has demonstriagiedle ratsvith high plasmalevelsof E2,
following estrogen replacemeat in the proestrus phase of the cydaring the conditioning
phase oLI exhibitedattenuated.l. Chapter2 extends these findings, examining the effects of
no, low and high E2 replacement administered alone, or in conjunction with an acute dose of
HAL, on behaviour ofmale andemale rats in &l task.These experiments attempted toftion
previous results with female ratghich showedhat estrogens have detrimental effects on
selective attentiorgndasked whethell in male rats paralleled LI in females with or without
estrogensAdditionally these experiments examined whethereheais an interaction between
the E2 replacement regimen and HAL treatmintas hypothesized that higher E2 replacement
would be associated with attenuatdccompared to female rats that received no E2 replacement
and males. Additionally, it was hypothieed that E2 would facilitate the antipsychotic drug
HAL to restorell. To investigate these questions female and makewererun on a
conditioned emotional responkkeproceduren operant chambers. Female rats wekeX and
administered no, low, or high E2 replacement to determine whether plasma levels of E2 affected
selective attention, as measuredtigL| paradigm. Additionally female and male rats were
administeredsaline 0.05mg/kg or 0.1mg/kg acute doseshaf anipsychoticHAL to determine
how HAL affected selective attention amthetherthere was amteraction between E2 and
HAL.
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Following theLl experiments, Chapt&extendedhesefindingsto two other cognitive
processes. These experiments examihecffects othe same E2 replacement regimens (no,
low, and high E2)adninistered alone and in conjuran with HAL, on perseveration and
reversal learninglhese experimentskedwhetherE2 affected perseveration or reversal
learningin female ratsand whether there wasyaimteraction betweethe E2 replacement and a
chronic HAL treatmentThe nmethodology was modified fahese experiments to increase their
ecological validityby using an animal model of schizophrengaor to behavioural testingla
rats were amphetamine sensitized, sinceititiscessomeof thecogntive symptoms of
schizophrenigincluding increaseg@erseveration and deficits in reversal learnlbhgas
hypothesized thd2 would havea detrimental effect on these cognitive processes, increasing
perseveration and the latency to reach reversal learning criteubtinat E2 would facilitate
HAL to reduce perseveration and improve reversal leariimgddress these questions female
ratswere trained to press a lever in an operant chamber to receive sucrose reinforcement.
Perseveration wasmeasured athe time it took to extinguish lever pressing behaviand
reversal learnin wasieasurd asthe time it took for rats to consistently $e¥i from pressing the
formerly active lever to theewly activated levelAll rats wereOVX and administered either no,
low or high E2 replacement; half of the rats in each hormone replacement group were
administered a chronic dosel@fAL and the other half were administered saline. The different
hormone and drugeatment groups were comparattheir perseveration and reversal learning
behaviour.

There is evidence that, perseveration, and reversal learning are all dopamine
dependentidorders, mediated in part by t8& R NAc, and PFGCastane, Theobald, &

Robbins, 2010Ersche et al., 201 5al et al 1997, Jeanblanc et al, 2008|son, Thur, Marsden,

& Cassaday, @10;Oswald et g12002;Piantadosi & Floresco, 2014; Schiller & Weiner, 2004;
Taghzouti, Louilot, Herman, Le Moal, and Simon, 1985). Furthermore, there is evidence that
infusions of estrogen directly into tIs' Rrapidly (<2hrs) disrupt response memdgurkovsky

et al, 2011), systemic injections of estrogens rapidly (<30min) increase dopamine availability in
the STR and infusions of E2 into the NAc rapidly altered dopamine transmission in this region
(Thompson and Moss, 1994;199Cpnsequently it wagosulated that estrogens elicited their
effects on these behaviours and the respondétoby affecting dopamine transmission,

potentially in the STRNAc, or PFC Themechanism by which estrogens could affémpamine
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availability and response memory mgeauncleaysince light microscopgndexperiments reporte
almost nonuclearabelingf o r  E R U inahe TR Brid w levels in the NASInce the
effects of E2 irthese regionsccurred rapidly, it was hypothesized tE&swerelocalized to
extranuclear sites. Electron microscapgssuccessfullyused tovisualized mERs in the
hippocampusso the next ses of experiments used thechnique to examine the ultrastructural
distribution ofmERsin theSTR, NAc and PFC
The experiments i€hapter 4examinedhe distribution oERS,ERU, ERDb, ,and GP|
in theSTR Chapter 4A was a studlyat asked whethd RU, ERb, wereldcaliged ®R 1
the STR, andwhether these receptors were observedapaminergic or cholinergiceurons
Chapter 4B confirmed the ultrast BTRcahdur al di st
examinedvhetherERs were localized to 8BAergic neurons ithe STR It was hypothesized
thatmE R,UnE R ,fand GPER1 would be observed in 8iER andthat some of theseERs
would be localized to dopaminergic neurofdditionally, it was also hypothesized that
proportion of MERs were localized to cholinergiad GABAergicneurondn the STR.
Following the experiments in th& TR similar experimenta/ere conducted examining
the distribution of ERU, ERbB, and GPER1 in th
described in Chaptér. These experimentexaminedvhetherE R,U E @& GPERwere
observed in the NAC, and whether these mERs were localiskgb&mminergic neurons, since
estrogens in the NAc rapidly affect dopamine transmisgdibompson andloss, 1994)
Additionally, basedn findings in theSTR, anexperiment also examined whetfeR U a n d
GPERL1 were localized ®ABAergic neurons ithe NAcCore and Shell. It was hypothesized
that membrane associated estrogens receptors would be localized to the NAc, potentially on
catecholaminergic neuroygnce there are rapid effects of estrogens on dopamine transmission
in this region(Thompson and M0s4994; 1997)and also on GABAergic neurarisgain,
electron microscopy arichmunolabelling were used to visualize ERs in the NAc, and determine
what typeof neuronghese receptors were localized to. All analyses were run separately in the
NAc Core and Sé#ll to determine if the distribution of ERs differed between these two
subregions of the NAc.
Following the success of the electron microscopy experiments examining the distribution
of ERs in the STR and NAthedistribution of these receptors in tRECwas then examned

Additionally, research has primarily examined the kiagn effects of estrogens on cognition; it
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remained unclear whether estrogens could elicit rapid effects on cognition through binding at
MERs.The final chapteof the thesis, Chapt®, contains two experiments. The first experiment
examined whether mERs were observed in the PFC, and the second experiment asked whether
binding at mERSs in the PFC could rapidly alter cognition, specificallitiple memory system

Based on the resultd Chapters 4 and, svhich observed abundant mERs in the STR and NtAc

was hypothesizedth&#RU, ERbH, and GPER1 would also be ob
PFC.To address this questions, electron microscopy and immunolabelling techniques were used
againto examine the distribution of ERs in the PIFGr the experiment on multiple memory

systems, there is evidence that higher plasma levels of estrogens biagéésrtaleards use of

a place strategy, so it was hypothesized that E2 in the PFC would rapidly bias rats towards use of
place memory to navigate in their environment. To assess the effects of estrogens on memory
systembiasfemale rats were administerediafusion of E2 into the medial PFC, and memory

system bias was assessed withaaze task.
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Abstract:

There are sex differences in the symptomatology of schizophrenia, and in the response to
antipsychotic treatments. One hallmark symptom of schizsophis a deficit in selective

attention. Selective @ntion can be measured using arpatadigm in humans; LI can be

measured in rodents, and is used as an animal model of the selective attention deficits observed
in schizophrenia. In the current expeents LI was used to clarify whether selective attention
differs between male rats a@d/X female rats receiving differe®2 replacement regimens. An
additioral aim was to determine whetheAL's facilitation of LI is enhanced by E2. Males and

OVX femalerats were trained in a conditioned emotional response LI paradigm. Females
received no E2 replacement, a chronic low dose of E2 via silastic capsule, or a high phasic dose
of E2 via silasticapsule accompanied by E2 (1¢/kg SC) injections every fourtragl. Actual

plasma levels of E2 were determined using an enzyme linked immunosorbent assay. Rats were
also administered a vehicle treatment, a 0.05mg/kg, or a 0.1mg/kg IP injectiéih oMales

and OVX females that did not receive E2 replacement bothigdhibl, but LI was not

observed in the low and high E2 replacement gradp&. restored LI at a lower dose in the

females receiving high E2 replacement compared to females receiving low E2 replacement,

indicating that E2 replacement facilitatdé\L in regoring LI.
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1. Introduction

There are sex differences in schizophrenia, particularly in the positive symptoms of this
disorder, with women developing schizophrenia later in life and exhibiting less severe
symptomatology than males (Hafner, 2003; Hafned.e1992; Kulkarni et al., 2008). It has
been suggested that estrogens are, in part, responsible for these sex differences, reducing the
frequency of hospital admissions and diminishing the psychotic symptoms associated with
schizophrenia (Kendell et all987; Matevosyan, 2011). Additionally, there is some evidence
that estrogem arelinked to greater efficacy of antipsychotic treatments, as positive symptoms of
schizophrenia are further reduced when antipsychotics aadromistered with estrogen than
when administered alondKhondzadeh et al, 2003; Seeman, 200Bhese studies suggest that
estrogens protect against the positive symptoms of schizophrenia and facilitate antipsychotic
treatments in ameliorating these positive symptoms. However, itmemaclear whether
estrogens also have these effects on the cognitive symptoms of schizophrenia.

One specific cognitive deficit associated with schizophrenia is disrupted selective
attention, which is often ass®d using an lparadigm (Escobar et al, 200 With LI, non
reinforced preexposures to a stimulus impair subsequent conditioning, as these preexposures
result in reduced allocation of attention to that stimulus (Lubow, 1989). However, individuals
with acute schizophrenia and schizoptypy have inedgerformance in LI, as repeated nhon
reinforced preexposures to a stimulus do not retard conditioning to that stimulus (Kaplan and
Lubow, 2011; Lubow et al, 2000; Schmidansen et aR009). Individuals with chronjc
medicated, schizophrenia do not exhdisrupted LI, indicating that antipsychotic treatment
ameliorates this deficit in selective attention (Gray, 1998). It has been argued that this attentional
deficit in schizophrenics, characterized by the processing of irrelevant stimuli, is a critical
contributor to the symptomatology of this disease (Brébion et al, 1996; SeHariden et al,
2009). Although deficits in selective attention are a hallmark of schizophrenia, few studies have
examined whether there are sex differences in this cognitivpteygmand how ovarian
hormones may contribute to such differences. Preliminary research in both schizophrenic and
non-schizophrenic populations, indicates that males exhibit LI under conditions where females
do not (Vol d6f et al , 1)Zrhedehson f&r ghpske sexr diffareandesis u b o w,
currently unknown, but it is possible that higher levels of estrogens in females may contribute to

this deficit in selective attention. Additionally, antipsychotic treatments ameliorate the
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deficiencies in seleste attention observed in schizophrenics, but it remains unclear whether
there are sex differences in this response to antipsychotic medication.

LI can be assessed in both rodents and humans, and LI paradigms are used to model the
attentional deficits ass@ted with schizophrenia in animals (Lubow, 2005). Repeated
psychostimulant treatment, shown to induce a psychotic state in humans (Lichlyter et al, 2011),
abolishes LI in rats (McAllister, 1997; Moran et al, 1996; Ruob et al, 1997). Administration of
anipsychotcs, including HAL Arad and Weiner, 2009; Dunn et al, 1993; Feldon and Weiner,
1991; Ruob et al, 1997; Weiner et al, 1997), among others (Arad and Weiner, 2009; Moran et al,
1996), facilitate LI in male and female rats in a ddependent mannefhese antipsychotics
also recover LI following a chronic psychostimulant treatment that abolishes LI (Moser et al,
2000), demonstrating that antipsychotics have similar effects on behaviour in the LI paradigm in
rats and humans.

Experiments examining thdfect of estrogens on behaviour of rats in an LI paradigm
have yielded contradictory results. Research from our lab and others indicates that high
circulating levels of estrogens on the conditioning day of an LI paradigm, either during the
proestrus phasef the estrous cycle or in responsdereplacement following ovariectomy, are
associated with disrupted LI (Arad and Weiner, 2008; Nofrey et al, 2008; Quinlan et al, 2010).
Correspondingly, low levels of circulating estrogens on the conditioning dhg sme LI
paradigm, either during the estrus phase of the estrous cycle or following ovariectomy, are
associated with intact LI (Arad and Weiner, 2008; Nofrey et al, 2008; Quinlan et al, 2010). This
suggests that estrogens may be detrimental to selettirgion, reflected in the disruption of LI
observed when circulating levels of estrogens are high. Recent research in humans used a
paradigm that elicited LI in males, but not
which suggests that esgens may also have detrimental effects on LI in humans. In contrast to
these findings, it has also been shown that elimination of circulating estrogens via ovariectomy
disrupts LI, and estrogen replacement following ovariectomy eliminates this defititAnad
and Weiner, 2009; 2010A; 2010B). This would suggest that estrogens facilitate, not disrupt,
selective attention. Research is needed to clarify the effect of estrogens on behaviour observed in
the LI paradigm.

The current experiments investigatbe effects of E2 on selective attention, and the

combined effects of both E2 and HAL on selective attention. In the first experiment, the
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behaviar of males and OVXemales receiving no E2 replacement, a low chronic E2

replacement, or a high phasic E2lagement, were compared in a conditioned emotional

response LI paradigm. This experiment also administered two doses of the antipsychotic, HAL
(0.05 and 0.1mg/kg), to determine, in a dose dependent manner, if the effects of HAL on LI
varied based on sex BR replacement. In the first experiment, the aim was to use E2

replacement doses that mimic levels of E2 observed during the diestrus atdipiuesses of

the estrous cycle. To ensure that E2 replacement doses achieved the desired levels ofjcirculatin
E2, a second study was conducted. That study examined plasma levels of E2 in OVX rats
administered the same E2 regimens as study 1 to quantify the plasma concentration of E2 over

time following the E2 replacement regimes used here.

2. Methods
2.1Subjects and Surgeries

Subjects included 58 male and 179 OVX female Spiicgaeley rats weighing
approximately 260g or 248, respectively, at the beginning of the experiment (Charles River
Laboratories, St Constant, QC). Rats were housed in shoeboxtagesiony room maintained
on a reversed 12:12light/dark cycle (lights off at 08:010) at approximately 23C. Prior to
surgery the animals were housed in pairs (but separated by sex), and following surgery animals
were individually housed. All animalwere handled daily, except during recovery from surgery.
Food was available ad libitum throughout the experiment. Water was available ad libitum until a
day before the start of the experiment, at which time water bottles were removed from cages and
replaced for 30min 2h after the end of the daily experimental session. All animal handling and
testing procedures were approved by the Animal Research Ethics Committee (AREC) of
Concordia University, and were in accordance with guidelines established byrtadigh
Council on Animal Care.

Approximately 47 days after arrival all animals underwent surgery. Females were
ovariectomizedilaterally through a lumbar incision, and males received sham surgeries, under
isofluorane gas anaesthetic (4% for induction, 2% for maintenance) using aseptic procedures.
Postsurgical care included administrationtbé analgesic Anafen (0.1ml, @he antibiotic
penicillin (0.1ml, intramusculdyand physiological saline to prevent dehydration (3ml, SC). All

rats received a wedkng recovery period prior to the start of #ageriments.
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2.2Drug and Hormone Treatments

Female rats were assigned temf three hormone treatment groups: no E2 replacement,
low chronic E2 replacement, or high phasic E2 replacement. At the time of OVX surgery rats in
both the low and high E2 groups were implanted subcutaneously with a silastic capsule
containing 5% 16 E2 (SigmaAldrich, St. Louis, MO) in cholesterol (Sigma). These capsules
have been reported to produce a consistent serum concentration of E2 of ~20pg/ml (Mannino et
al, 2005), which is within the range observed in the diestrus phase of the estrous wygeo
et al, 1978). Rats in the high phasic E2 treatment group received a subcutaneous injection of E2
(10ug/kg, SC) dissolved in sesame oil every fourth day to mimic lev&lg observed during
the proestis phase of the cycle. All other rats receigégdehicle injections at this time.
Injections of E2 or vehicle were administered after the session in the operant chambers on day 3
and 7 of the experimeriE2 was administered on day 7 so rats would be exposed to E2
approximately 16 hours prior to the conditioning session on day 8 of the experiment.

HAL (diluted in 0.9% saline; Sandoz Inc, QC, Canada) was administered at 0, 0.05 or 0.1
mg/kg, IP. Doses wergelected following a dosesponse pilot study. A pilot study initially used
a range of doses up to 0.2 mg/kg IP of HAL, corresponding to typical doses administered to
males (Moser et al, 2000) and females (Arad and Weiner, 2009). However, this higher dose
induced sluggishness and torpor in the high E2 female rats, evidenced by a lack of voluntary
movement and diminished reaction to the footshock. Consequently, the HAL treatments were
restricted to 0.05mg/kg and 0.1 mg/kg. HAL injections were administerégt trats on the
morning of day 8 of the experiment ~45min before the beginning of the conditioning session.
2.3Latent Inhibition

Modular operant test chambers @& widex 30 cm longx 30 cm high) contained
within soundattenuating isolation units weeused for all behavioural training and testing
(Coulbourne Instruments, Allentown, PA). Each chamber was equipped with a center house light
(2.8W) 27cm above the grid floor in the center of the left hand wall of the box. A speaker was
located just belovthe house light, and the grid floor was connected to a shock module. A water
lickometer was located across from the house light approximatgtyabove the floor. Every
time an animal licked the water bottle positioned behind the lickometer an infeaedvas

interrupted; the number of infrared beam interruptions was used as the measure of drinking
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behaviour. Conditioning chambers and data acquisition were controlled by a desktop personal
computer running Graphic State Notation software (Coulbourneiimsnts, Allentown, PA).

Water restriction began the afternoon prior to the beginning of behavioural testing, at
which point water bottles were removed from the home cages. The following morning rats were
placed in the operant test chambers and alloweelsado the water for 20min; this habituation
continued for the first 6 days of the experiment to guarantee that the rats learned to drink water in
the chamber. Rats that did not learn to drink water in the operant boxes sufficiently (100 licks per
sessiopwere omitted from the study. The number of licks per session was recorded as baseline
drinking behaviour. Following habituation, on day 7 of the experiment, water bottles were
removed from the operant chambers. Half of the animals from each group eszatpd with
40, 5sec, 2.5kHz tones at a volume of ~65 decibels (Preexposed group, PE). The 40 tone
presentations were presented ab08 variable intervals over a 22rbn session in the operant
chambers. The other half of the animals were placed itegtiehambers for an equivalent
amount of time but were not presented with the tone (Not Preexposed group, NPE). On day 8 all
rats underwent a conditioning session where they were subjected to two pairings of the 5sec tone
directly followed by a 0.5nA foot shock for a duration of 1sec. The irséiock interval was
five min. On the 9th day the water bottles were returned to the boxes and animals were re
habituated to drinking in the chambers.

Testing occurred on the 10th day when water bottles were pragée operant boxes.

After the rats made 100 licks from the water bottle the tone turned on and remained on until the
rat made 20 additional licks or until 5 min elapsed. This allowed for measurement of drinking
behaviour both with and without the tore this paradigm it is hypothesized that since the tone

was previously paired with the footshock, then subsequent presentation of the tone should inhibit
drinking. The inhibition of drinking behaviour is expected to be greater in rats in the NPE group,
who were only presented with the tone paired with a footshock. Conversely, the PE group who
heard the tone 40 times without any consequence should not associate the tone and footshock as
strongly, and their drinking should be less inhibited. This paradigirought to indirectly

measure freezing behaviour, since the decrease in drinking following the onset of the tone is
typically the result of the rat freezing, a characteristic fear response (Sotty et al, 1996). LI is
considered to have occurred when s in the PE group make 20 licks with the tone otefas

than rats in the NPE group.
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2.4E2 Plasma Level Assessment

A separate study was conducted to assess the plasma level accuracy of the E2 treatments
used in the behavioural experiment. To examinetheacy of the silastic capsule alone, E2
plasma concentrations were examined for one month following its implantation. This experiment
included five female Sprague Dawley rats that were OVX by a lumbar incision in the exact
manner as described for theepious experiment (see 2.2). One week post ovariectomy, rats
were implanted with a silastic capsule containing 5% E2 as described in the previous study.
Blood was collected from the tail vein of these rats one week following ovariectomy, prior to E2
implart, and again at 1, 2, 3, and 4 weeks following capsule implantation.

In addition, to examine the plasma level effects of an acute E2 injection, seventeen
female Sprague Dawley rats were OVX by a lumbar incision and implanted with an E2
containing silasticapsule as described previously. Ten days following the surgery all rats were
administered a 10ug/kg IP injection, of E2 dissolved in sesame oil (see 2.2). E2 was assayed in
sera from rats at six time points across a 24hr period; any one rat was orfigrusedtime
points for ethical reasons. Blood was collected from the tail vein of five rats just prior to the
injection (baseline), and then again 4 hrs following the injection. Blood was collected from six
different rats at 8hrs and again at 12hrs folfmthe injection. Finally, blood was collected from
the final six rats at 16hrs and again at 20hrs following injection.

Blood was collected in iceold vials and immediately centrifuged. Plasma was stored at
20°C untilit wasassayed for E2 usingc@ammercially available ELISA kit (ImmunBiological
Laboratories Inc., Minneapolis, MI). The assay antibodies have 100%reaxgs/ity with E2
and 0.2% and 0.05% cressactivity with estrone and estriol, respectively. The range of the
assay is betweendahd 2000 pg/ml and the reported irtesisay variation isiB%.

2.5 Statistical Analyses

In an LI protocol the suppression ratios in the PE and NPE groups are compared to
determine if LI has occurred in the PE group. For each rat, a suppression rateloubsted as
a measure of LI. This was measured as the time to complete lickB@BA 1 without the tone]
divided by the sum of the time to complete lick$ B10 and licks 101120[Bi with the tone]

(A/A + B). Here, a suppression ratio of 0.5 indicatesuppression of licking during the tone
(i.e., no conditioned response to the tone), while a suppression ratio of 0.003 indicates full

suppression of licking in the presence of the tone. Suppression ratios for the rats in each group
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were averaged; LI isonsidered to have occurred when the rats in the PE group have
significantly higher suppression ratio than that in those in the NPE group.

Data from the males and females were analyzed separately, as hormone treatment level
was a factor in the analyses females but not for the males. Suppression ratios from the males
were analyzed using a 2x3 between subjects ANOVA, and suppression ratios for the females
were analyzed using a 2x3x3 between subjects ANOVA. Additionally, planned orthogonal
contrasts wereun on all of the data, comparing the PE and NPE groups in each condition to
determine ifLl occurred. Ttests were used for all orthogonal contrasts. Data from study 2,
examining circulating levels of E2 in OVX females with E2 replacement were notissdiiys

analyzed, as these data were meant to be descriptive.

3. Results
3.1Latent Inhibition

Male rats exhibited LI regardless of HAL treatmenigy(FA). A 2x3 ANOVA, with main
factor of exposure (PE vs NPE) and HAL dose (vehicle, 0.05mg/kg, 0.1mgksg)sed to
analyze data from the male rats. This ANOVA revealed a significant main effect of exposure,
F(1, 52) = 19.41p<0.001. This main effect was due to significantly higher suppression ratios in
the PE group, compared to the NPE group, indicatiagglthoccurred. Orthogonal contrasts
demonstrated that the PE rats had significantly higher suppression ratios than the NPE rats in the
vehicle groupt(20) = 2.42p=0.023), the 0.05mg/kg HAL group(16) = 3.13p=0.004),and
the 0.1mg/kg HAL groupt(16) = 3.77,p=0.002). This shows that male rats developed LI
regardless of the dose of HAL.

A 2x3x3 ANOVA, with main factors of exposure (PE vs NPE), E2 replacement (no E2,
low E2, and high E2), and HAL dose (vehicle, 0.05mg/kg, 0.1mg/kg), was used toeaahailsyz
from the female rats. There was a main effect of expoB(te,173) = 27.37p<0.001 amain
effect of HAL treatmenti-(2, 173) = 6.12p=0.003), and an interaction between exposure and
HAL treatmentF(4, 173) = 2.74p=0.030. Orthogonal contrasts demonstrated that OVX
females receiving no E2placement ithe PE group had significantly higher suppression ratios
than NPE group in the vehicle conditid(26) = 2.32p=0.029), the 0.05mg/kg HAL condition
(t(22) = 2.45p=0.023), and the 0.1mg/kg conditial®) = 2.92p=0.010). These OVX females

showed a similar pattern of results to the male rats, exhibiting LI regardless of the dose of HAL.
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Figure 1. A) Suppression ratios for males; latent inhibition was observed in rats treated with
0.05 and 0.1 mg/kg haloperid®) Suppression ratios for OVX females receiving no E2
replacement; latent inhibition was observed in rats treated with vehicle, 0.05mgfkiylan
mg/kg haloperidolC) Suppression ratios for ovariectomized (OVX) females receiving high
estradiol (E2) replacement; latent inhibition was observed in rats treated with 0.05mg/kg and
0.1mg/kg haloperidoD) Suppression ratios for OVX females receiving low E2 replacement:

latent inhibition was observed in rats treated with the 0.1mg/kg haloperidol. * = p<0.05
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Orthogonal contrasts demonstrated that OVX rats with either high or low E2 replacement
did not deelop LI when administered a vehicle injection. At the 0.05 mg/kg dose of HAL, rats
in the high E2 group exhibited LI, that is, the PE rats exhibited significantly higher suppression
ratios than the NPE rat§10) = 2.35 p=0.03). In contrast, rats recaig the low E2
replacement and the 0.05 mg/kg dose of HAL did not express LI insofar as there was no
difference in suppression rations between PE and NPE groups. Finally, the 0.1mg/kg dose of
HAL recovered LI in rats receiving both the high and low E2aegminentt(11) = 2.69p=0.02
andt(10) =2.49p=0.02, respectively).

3.2 E2 Plasma Levels

The plasma concentrations of E2 following implantation of the silastic capsule were
determined (Fig 2A). Data are expressed as mean + standard error of the mede r&tsrhad
relatively low levels of E2 after ovariectomy, prior to implantation of the capsule
(6.51+1.38pg/ml). There was an increase in the plasma concentration of E2 at week 1
(37.54+5.67pg.ml) and week 2 (38.25+11.72pg/ml) following capsule implamt&lasma E2
levels slowly decreased at week 3 (29.41+£16.58pg/ml) and week 4 (17.09+4.01pg/ml). These
plasma concentrations are in the range of the average plasma level of E2 during diestrus in the
rat (Overpeck et al, 1978).

A second experiment examin#te plasma concentration of E2 in response to a silastic
capsule implant paired with a 10ug/kg injection of E2 (Fig 2B). Rats had similar E2 plasma
concentrations following capsule implantation as was observed in the previous experiment
(28.66+5.91pg/ml)¢onfirming the efficacy of the capsules. Four hours following the E2
injection the average plasma level of E2 increased markedly to 208.79+12.03pg/ml. The plasma
concentration of E2 had decreased to 79.00+4.30pg/ml 8 hrs following the injection, and was
maintained close to that level 12hrs following injection (83.26+24.08pg/ml). Sixteen hours after
the injection plasma concentrations of E2 dropped to 51.30+11.68pg/ml, and 20hrs following the
injection plasma levels were down to 39.18+8.97pg/ml (Fig 2B¢. average plasma
concentration across the 20hr period following E2 injection is in the range of plasma levels

observed during the proestrus phase of the cycle in the rat (Overpeck et al, 1978).
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4. Discussion

These experiments demarage that physiologically relevant levels of E2 disrutand
this disruption can be reversed by an acute injection of HAL administered prior to the
condtioning session. Furthermorthe lower dose of HAL (0.05mg/kg) was sufficient to restore
LI in the high E2 replacement rats, but not in those with low E2 replacement. This indicates that
estrogens may facilitate the effects of HAL, as HAL is more effective in females with high levels
of E2. Females are more responsive to antipsychotics than malesg(6&9€04), and these
results suggest that estrogens contributeealiffering responses to HAL in males and females
in an LI paradigm. These experiments also show that the dose and method of E2 capsule
replacement used here results in sustained lovislefé=2 similarto that observed during
diestus for up to four weeks. Furthermore, the single injection of E2 shows a peak plasma
concentration within four hours following injection, returning to baseline levels within twenty
hours mimicking estrogelevels during proestis (Overpeck et al 1978).
4.1E2 and Latent Inhibition

The results presented here are in accordance with previous research from this lab
indicating that estrogens disrupt LI in females under conditions where LI is observed in males
and inOVX female rats (Nofrey et al, 2008; Quinlan et al, 2010). When OVX rats are
administered E2 replacement alone, there is no difference between suppression ratios in the PE
and NPE groups, indicating that LI did not occug(E). No difference was obserddetween
PE and NPE females due to low suppression ratios in the PE group, suggesting that the E2
treated females are unable to ignore the tone that should have been rendered irrelevant through
multiple nonreinforced presentations. In contrast both maie and OVX female rats given no
E2 replacement have significantly higher suppression ratios in the PE group compared to the
NPE group, indicating that LI did occur. Taken together these findings demonstrate that estrogen
has detrimental effects on sdige attention, impairing the ability to disregard irrelevant stimuli
in the environment.

In contrast to these findings there is a body of research indicating that ovariectomy
induces deficits in LI while E2 facilitates LI (Arad and Weiner, 2009; 202040b). The reason
for these contradictory results is unclear, although methodological differences likely contributed.
In the conditioned emotional response LI paradigm employed by dthead and Weiner, 2009;
2010a; 2010bdhey use a 10 sec, 80dB tamhgring preexposure andonditioningcompared to
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the 1 sec 65dB tone used in our experiments. Therefore their stimuli is much more salient, since
it is louder and longer, which could impact whether the stimuli is rendered irrelevant during the
preexposur@hase, and the association formed duringcthveitioningphase. Additionallythe
high E2 replacement dosised herés much lower than the E2 dose used by other researchers in
the field.In this study, efforts were made to use an E2 replacement regamaithicked the
estrous cycle of the ratsudy 2 demonstrates that plasma levels of E2 following capsules
implantation and capsule implantation combined with an acute injection E2 were within the
range observedcross the estrouycle (Rg 2; Overpeck et al, 1978), so the results of this
experiment should mimic the effects of endogenous estrogkissdifference in the E2
replacement doses may provide a partial explanation for the contradictory findings on the effects
of E2 on selective tgntion.
4.2 Haloperidol and LI

It is well established that HAL can facilitate LI in male rats (Moser et al, 2000), and more
recently research has demonstrated that this is also true for female rats (Arad and Weiner, 2009).
The findings of the curremxperiments correspond to this, as the highest dose of HAL restores
LI in females receiving both low and high E2 replacement. More interestingly these results
indicate that E2 actually facilitates the effects of HAL on LI, as the lower dose of HAL was
sufficient to restore LI in the high E2 replacement group, but not in the low E2 replacement
group. In these experiments, and others (Arad and Weiner, 2008; Nofrey et al, 2008; Quinlan et
al, 2010), elevated levels of circulating estrogens are detrimentairtddmale rats, but these
findings indicate that E2 replacement also facilitates the effects of HAL treatment in facilitating
LI. There is evidence that this might be the case in humans as well. Sex differences in LI are
observed in humans, where malghibit LI under conditonswer e f emal es ,do not
2001; Kaplan and Lubow, 2011), and the peak of estrogens in the menstrual cycle is correlated
with distractibility and an inability to disengage from irrelevant stimuli (Beaudoin and Morrocco,
2003). Additionally, research in humans indicates that antipsychotic treatments are more
effective in females, as schizophrenic women require significantly lower doses of antipsychotic
drugs to alleviate their symptoms than men (Usall et al, 2003). FudhefE2 administered in
conjunction with antipsychotic treatment results in better treatmgnbmesn schizophrenia
(Akhondzadeh et al, 2003; Seeman, 2004)
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This study did not examine the neurobiological underpinnings of the behaviours observed
in theLl paradigm. However, previous research has implicated dopaminergic transmission in
various nuclei of the mesocorticolimbic systemili. In the PFClesions and local infusion of a
dopamine antagonist enhance LI (Broersen et al, 1996; George et al,L231@)s of theNAc
shellabolish LI(Gal, Schiller and Weiner, 2005; Weiner et al., 1988j)ions to the NAcore
result in abnormally persistent LI (Weiner et al., 19@6)dlesions of both the NAc core and
shell result in enhanced [(Gal, Schiller and Weiner, 2005 dditionally, dgpaminergic activity
in the anterioSTRis positively correlated with behaviour in an LI task (Jeanblanc et al, 2003).
Interestingly, estrogens have been shown to alter dopamine transmission in thesd thecle
mesocorticolimbic system. Specifically, estrogens increase dopamine lev&g aeceptor
density in theNAc (Le Saux et al, 2006; Thompson and Moss, 1994), increase dopamine activity
and DZ2receptordensity in the STR (Becker and Rudick, 1998ndry et al, 2002), and increase
dendritic spine and dopamine 1 receptor density in the PFC (Lévesque and Di Paolo, 1989;
Wallace et al, 2006). Estrog@mduced changes in dopamine transmission in the
mesocorticolimbic system could be partially respondiini¢he detrimental effects of estrogens
on behaviour in the LI paradigm. Additionally, HAL exerts its effects by antagonising D2Rs, and
E2 replacement increases in D2R density in the STR and NAc (Landry et al, 2002; Le Saux et al,
2006). Therefore, E2 ptacement would increase binding sites for HAL, providing one possible
explanation for estrogenso6 facilitatory effec
investigate these hypotheses to determine whether estirujered changes in dopaminergic
transmission in the mesocorticolimbic system are responsible for thel&@d reductions in
selective attention, and increased response to HAltnent, observed in this study.

4.3 Conclusions

E2 replacement administered to OVX females abolishes ldrurwhditions where it is
observed in males, but despite these detrimental effects on LI, E2 facilitates HAL to enhance LI.
These experiments indicate that estrogens are, in part, responsible for sex differences in LI and
the response to HAL. Further raseh is needed to extend these findings from HAL to other
antipsychotic treatments, and to elucidate the specific neurobiological mechanisms responsible

for estrogens effects on LI and the response to antipsychotic treatments.
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CHAPTER 3:
ESTRADIOL FACILITATES THE EFFECTS OF HALOPERIDOL TO REDUCE
PERSEVERATION AND FACILITATE R EVERSAL LEARNING IN AMPHETAMINE -
SENSITIZED FEMALE RATS

Anne Almey, Lauren Arena, Joshua Oliel, Nada Hafez, Cynthia Mancinelli, Lukas Henning,

Aleks Tsanev, and Wayr& Brake
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Preface:

The study in Chapter 3 attempts to extend the findings froraltbtidy to other
cognitive processes that are affected in individuals sathzophreniaSpecifically, the
experiments in Chapter 3 examine the effects of estrogens, alone and in conjunctiéAlwith
on perseveration and reversal learning. The methodology in these experiments was adjusted to
increase ecological validitfJAL was administei chronically, via osmotic minipump, using a
dose that was previously shown to achieve plasma levels that mimic those observed in humans
administeredHAL (Featherstone, Kapur, and Fletcher, 2007). Additionally, all rats in the
perseveration and reversaataing experiments were amphetamine sensitized to mimic the
reversal learning deficits and excessive perseveration observed in schizopbaemahd,

Seeman, Stewart, Rajabi, and Kapur, 2007)
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Abstract:

There are sex differences associated with schizophrenia, where \maxetater onset of the

disorder, less severe symptoms, and better response to antipsychotic medications. Estrogens are
thought to play a role in these sex differences, and there imeeideat they protect against the
positive symptoms of schizophrenia, but it remains unelbather estrogens also protect

against cognitive symptoms of schizophrenia. Ampheta@MPPH) sensitizaton of locomotor
activity is used as an animal model Bmme of the symptoms of schizophrenia, including

cognitive deficits such as excessive perseveration and slower reversal learning. This experiment
usedOVX amphetamine sensitized female rats to investigate the effdeanid the

antipsychotidHAL , adminigered alone and in combination, on perseveration and reversal

learning. Perseveration and reversal learning were measured in operant chambers where rats
were trained to press one of two levers to receive a sucrose pellet. Perseveration was assessed as
thenumber of lever presses made during a one day extinction test, when levers pressing no
longer resulted in delivery of sucrose, and reversal learning was assessed as the time to switch
from pressing the formerly active lever to the newly activated levaulReof these experiments
demonstrated th&i2 alone did not affect either perseveration or reversal learning, but indicate
thatE2 facilitates the effects dlAL to reduce perseveration and improve reversal learning.

These results suggdbkat the optimbdoseHAL differs based on serutavels ofE2.
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1. Introduction:

There are sex differencesthe progression of schizophrenia and the response to
antipsychotic drugs, with women exhibiting later onset of the disorder, and reduced symptom
severity(Hafner, 2003Seeman, 1982 Additionally, natural declines in plasma estrogen levels
premenstruatio{Endo, Daiguji, Asano, YamashitandTakahahi, 1978 Glick & Stewart,

1980, postpatum (Kendell, Chalmers, & Platz, 198NcNeil, 1987, and following
menopaus@McNeil, 1987, are associated with increased vulnerabilitpggchosis. In addition

to protecting against psychosestrogens are also linked to better treatment outc(@ies,de
Izquierdo, KulkarniandMortimer, 2005 Kulkarni, Gavrilidis, WorsleyandHayes, 2012

Seeman, 1992women require lower doses of antipsychotics to treat both &béelinard &
Annable, 1982Chouinard & Turnier, 1986and chronic, schizophren{&eeman, 1985eeman
andLang, 1990. Recent clinical expenents demonstrate that women administered E2 in
conjunction with antipsychotic medication exhibited less positive, negative and general
psychopathology symptoms compared to controls that received antipsychotic treatment alone
(Akhondzadeh et al., 200Bulkarni et al., 2011 These experiments demonstrdite potential

for estrogen in the improvement of the positive and negative symptoms of schizophrenia, but it
remains uncleawhetherestroges affect the cognitive symptoms of schizophrenia.

These experiments focused on two related cognitive symptosthiabphrenia:
excessive perseveration and defigitseversal learning. Perseveration is a cognitive process
defined by the repetition of a previously reinforced behavior, despite the fact that reinforcement
is no longer provide(Crider, 1997 Holahan, Madularu, McConnell, Walsh, & DeRosa, 2011
and reversal learning is definad the cognitive capacity to discontinue a behaviour that is no
longer relevant in a particular context, and adopt a novel behaviour that réfésmistextual
changgPantelis et al., 1999Patients with schizophrenia are capable of acquiring the initial rule
but perform poorly once the rule changes; they persev@t&attord & Lewine, 201)) persisting
in the previously effective behavior, and demonstrate longer latencies to modify their behaviour
to reflect a new ruléPantelis et al., 199®Reed, Harrow, Herbener, & Martin, 2Q0&altz &

Gold, 2007. Typical antipsychotic medications, includifg\L, effectively treat the posie
symptoms of schizophrenia, but @requentlyineffective in alleviating the cognitive symptoms

associated with this disord@owie & Harvey, 200k The cognitive symptoms of schizophrenia
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are the best predictor of functional outcofBewie & Harvey, 200§ so there is an impetus to
discover treatments that improve these symptoms.

Animal models have been developed for some of the symptoms of schizophrenia (Jones,
Watson, & Fone, 2011) to allow for controlled experiments examining the efficacy of
antipsychotic drugsAMPH sensitizatiorof locomotor activityis an animal model thatdlices
some neurobiological and behavioural changes associated with schizophrenia (Featherstone,
Kapur, & Fletcher, 2007). The dopamine hypothesis of schizophrenia states that this disorder is
caused, in part, by elevated dopamine in the dorsal and vetniaslm, and reduced dopamine
transmission in prefrontal regions (ADargham et al., 1998; Howes & Kapur, 2009). In
humans, AMPH administration increases dopamine availability in the dorsal and ventral striatum
(Boileau et al., 2006) and repeated AMPIe gan cause psychosis (Bell, 1965). In rats, repeated
AMPH administration also results in increased dopamine transmission in the NAc and STR, even
after extended periods of abstinence from AMPH, a phenomenon known as neurobiological
sensitization (Fiorin& Phillips, 1999; Paulson & Robinson, 1995). Together these findings
suggest that repeated AMPH administration induces a neurobiological state and similar to that
observed in schizophrenia. Interestingly, repeated AMPH administration to rodents alg¢o leads
increased locomotor activity in response to the same dose of drug, which is referred to as
locomotor sensitization (Featherstone et al., 2007; Paulson & Robinson, 1995). Research has
demonstrated that locomotor sensitization develops in parallel witbblmelogical sensitization
(Pierce & Kalivas, 1995), so it can be used as a behavioural marker for neurobiological
sensitization.

There is behavioural evidence that AMBehsitization of locomotor activityodels
some of the cognitive symptoms of schizagha. AMPHsensitization of locomotor activity
induces deficits in LI in male rats, (Murphy, Fend, Russig, & Feldon, 2001; Russig, Murphy, &
Feldon, 2002; Tenn, Kapur, & Fletcher, 2005) which are ameliorated by the antipsychotics HAL
and clozapine (Russkig al., 2002). More pertinent to this study, an acute dose of AMPH
increases perseveration in anaze task in male rats (Hahn, Zacharko, & Anisman, 1986;

Oades, Taghzouti, Simon, & Le Moal, 1985), which is ameliorated by HAL treatment (Oades et
al., 1985. Similarly, acute AMPH administration induces deficits in reversal learning which are
reversed by acute HAL treatment (Idris, Repeto, Neill, & Large, 2005). Repeated AMPH
treatments also induces deficits in reversal learning in rats (Featherstone KRaas,&
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Fletcher, 2008; Fletcher, Tenn, Rizos, Lovic, & Kapur, 2005) and Marmosets (Ridley, Haystead,
& Baker, 1981), which are ameliorated by an acute administration of HAL (Ridley et al., 1981).
These findings demonstrate that AMPH induces deficiseiactive attention, reversal learning,

and excessive perseveration, similar to those observed in schizophrenia, which are alleviated by
administration of antipsychotic drugs. This suggestsdiasitization of locomotor activiig a

good model for somef the cognitive symptoms associated with schizophrenia.

Despite clinical researahdicating thatestrogens improve the efficacy of antipsychotic
medication, little preclinical research has examined the possible interaction between gstrogen
and antipsycttic drugs Previous research witbVX females suggests that administration of
combinedE2-HAL treatment improves selective attention significantly more Hwh alone
(Almey, Hafez, Hantson, & Brake, 2018rad & Weiner, 2009 paralleling clinical research
findings (Akhondzadeh et al., 200Bulkarni et al., 201% However there is little previous
researclexaminingthe effects of estrogen ahtAL on perseveration or reversal learning.
Perseveration can besassed through extinctidasks, andt was showrthat E2 administered to
OVX rats facilitates extinction of lever pressing for cocaine, suggesting that E2 decreases
perseveratiofTwining, Tuscher, Doncheck, Frick, & Mueller, 2Q1Blowever other
experimentsndicatethat estrogens do not affect extinction of lever pressing for cofizangon
& Carroll, 2007. In terms of reversal learning physiologicallyrelevant dose of ERas no
effect onthis behaviourwhile a suprphysiological dose of E2dministered alone or witHAL
has detrimental effects on reversal learr{ifsgad & Weiner, 2012 Results fronthese
experimentare contradictorand difficult to interpret based on methodological differences.

The experiments in this study attempt to clarify the effects ph&idinistered alone and
in conjunction with HAL on perseveration and reversal learning in amphetamine sensitized rats.
Both perseveration and reversal learning were assessed in operant boxes equipped with two
levers, and rats were trained to press ortbede levers to receive a sucrose pellet. To test
perseveration neither lever delivered a pellet, and the extinction of lever pressing was used as a
measure of perseveration. To assess reversal learning the lever that delivered sucrose pellets was
switched and the time it took for rats to adjust their behavior to match this new rule was used as
a measure of reversal learnitigwas predicted that E2 would have a detrimental effect on
reversal learning and perseveration, but would facilitate the effeetAloto decrease

perseveration and improve reversal learning.
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2. Methods
2.1Subjects

The subjects consisted b21 female SpraguBawley rats (for group sample sizes see
Figures Charles River Laboratories, St. Constant, QC), weighingZZ®@ uporarrival. Rats
were pair housed in standard clear shoebox cages in a colony room maintained on 12hr reverse
light cycle at constant temperature )1 and humidity (60%). One week before behavioral
training, rats were housed individually and food restriete®@0% of their free feeding weight.

All procedures were in accordance with the guidelines of the Canadian Council on Animal Care,
and approved by Animal Research Ethics Guttee of Concordia University.
2.2 Surgery and Estradiol Replacement

Ovariectomyand capsule implantationAll rats were ovariectomizeid control for
naturally cycling estrogens. Ovaries were removed via lumbar incision under isofluorane gas
anesthesia (4% induction, 2% maintenance). Rats were administered 0.1 mL of the analgesic
Anafen (10mg/mL) by subcutaneous (SC) injection, and 0.1 mL of the antibiotic penicillin
(30,000 IU/mL) by intramuscular injection. Rats were assigned to one of three groups: no E2
replacement, low E2 replacement, or high E2 replacement. During the ovageetsin the
low and high E2 replacemegtoupswere implanted with a silastic capsule contairti®y
described below.

Hormone TreatmentE2 replacement was administered via silastic capsule containing
5%17b E2 i n c h o-Aldrisht St.lconid MO|. Shegermapsules produce a plasma
concentration of ~2@5 pg/ml E2Almey et al., 2013 which corresponds to plasma levels of
E2 observed during the diestrus phase of the estrous(8ydigher, Collins, & Fugo, 19734In
addition to capsulesats in the high E2 replacement group received injestadE2 in sesame
oil every four day$10e g / k g startiBg3j the beginning of the final training phase (see
Procedures). The combinationtbE E2 capuleand this SC injection of E2 achieved an average
plasma level of ~90pg/ml across 12 ho{&bney et al., 2013 similar to plasma levels of E2
during the proestrus phase of the cy@atcher et al., 1974 Rats in the no E2 and low E2
groups eceived sesame oil injections.
2.3Drug treatments

AmphetamineD-amphetamine sulphate (Sigmddrich, St. Louis, MO) was repeatedly

administered via intraperitoneal injection (IP) to induce locomotor sensitization. For the
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inductionphaseof sensitization all rats were administered 1mgXk@PH daily for four
consecute days; locomotor activitwasassessed for 1hr following AMPatiministration
After induction all rats underwent a 7 day period when they received no AMPH, and then they
were given an AMPH challenge (0.5mg/kg IP) antblootor activity was assessed. bowtor,
and therefor@eurobiologicakensitizationwas considered to have developed if rats exhibited
comparable or higher levels of locomotor sensitization in response to the challenge dose of
AMPH (0.5mg/kg)as they did to the initial dose of AMPH imduction(1mg/kg) This protocol
haspreviouslybeen shown to induce AMPs$&nsitization of locomotor activifviadularu,
Shams, & Brake, 2034

Haloperidol treatment.Rats in each hormone condition were randomly divided into two
drug treatment groups, one of which was implanted with osmotic minipumps (Alzet, model
2002; Durect, Cupertino, CA, USA) containild\L, and a control group that were implanted
with minipumps cataining saline. For the perseveration arfistreversal learning experiment
minipumps infused 0.25mg &fAL per day for 14 days. A second reversal learning experiment
implanted minipumps that released 0.13A®&L per dg. Delivery ofHAL via minipump las
been shown to produce a steady stéteddeptor occupancy in rats, closely approximating the
pharmacokinetic profile of effective drug doses in hunm{&asnaha et al., 2008amaha,
Seeman, Stewart, Rajabi, & Kapur, 2D0For minipump msertion rats were anesthetized with
isoflurane as described in the ovariectomy section, and minipumps were implanted
subcutaneously tbugh a small dorsal incision.
2.4 Materials

Operant conditioning chambemBehavioral training and testing werenducted in
operant chambers (25 cm x 8 x 30cm; Coulborne Instruments, Allentown, PA) enclosed in
soundattenuating isolating units. Each chamber contained two levers located 5 cm above the
grid floor. The levers were positioned symmetrically on esadt of a food magazine, where
sucrose pellets were delivered. Pressing the active lever resulted in the inactivation of the house
light and the delivery of a 45 mg sucrose pellet {Bav). Pressing the inactive lever had no
effect. Operant chambers rgecontrolled by Graphic State software that recorded lever presses
and food magazine entries for analysis (Coulborne Instruments, Allentown, PA).

Locomotor Activity BoxesLocomotor activity durindhe AMPH sensitizatiorprocedure

was assessed using loeotor activity boxes (42 cm x 25 cm x 17 cm). Locomotor activity was



48

assessed via two pairs of photocells at 14cm increentted 2.5cm above the grid floor.
Interruptions of the photobeams were recorded by a computer running custom designed software
activity (Steve Cabilio, 1999), and were used asrikasure of locomotor activity.
2.5Procedure

For all three experimentats were food restricted to 90% of their free feeding weight.
Behavioral training took place during the dark phase of the diurnal cycle. Once rats reached 90%
of their bodyweight shaping procedures began, which involved a daily 1hr session in operant
chambers to train rats to press a lever for a chocolate flavoured sucrose pellet at a fixed ratio 1.
For the perseveration experiment rats were placed in the operant chambers for 1hr shaping
sessions, daily, where presseitherof the two levers (counterkaiced across rats) resulted in
the delivery of reinforcement. Shaping continued until all rats were consistently pressing the
lever (>100 presses per session) for at least 2 days; this took ~10 days of training. For the
reversal learning experimeriats were placed in the operant chambers for 1hr training sessions,
daily, where pressing both of the levers resulted in the delivery of a reinforcement. Once rats
were consistently pressing the lever (>100 presses per session) the protocol was changed so that
pressing only one of the levers resulted in delivery of reinforcement; the lever that delivered the
reinforcement was alternated daily to ensure that rats did not develop a strong preference for
either lever. Shaping continued until rats would press digher >100 times per training session
(~14 days).

Following shaping all rats we@VX as described above; rats in the low and high E2
groups were implanted with E2 capsules at this time. Rats were given one week to recover from
surgery with ad libitum food~ollowing thisthe AMPH sensitizatiorprotocolbegan. For
induction oflocomotorsensitization all animals were treated with 1mg/kg AMPH, IP, daily for
four consecutive days. Following a seven day withdrawal period, rats received a 0.5mg/kg
challenge dos of AMPH and locomotor activity was assessed to determine if locomotor
sensitization developed

Immediately following the AMPH challenge, all rats were implanted with an osmotic
minipump containing either saline BAL . Rats were giveone dayo recoverfrom minipump
implantation and then the final training began. During training one of the two levers was active,
resulting in delivery of a sucrose reinforcement, while the other lever was inactive. In the

perseverance experiment the active lever wasdime @s during shaping. In the reversal learning
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experiments the active lever was counterbalanced across rats. Rats were trainedaidy ith
the operant chambefgr 10 consecutive days during which the active lever remained the same.
It was during trs final training period that E2 injections for high E2 replacement group were
administered. Rats received E2 injections, SC, at ~4pm on day 2, 6, and 10 of training. Injections
were given every fourth day to mimic the rat estrous cycle; E2 injectionsagemiaistered the
afternoon of day 10, ~16hrs before testing occurred, allotirmg for thelong-termeffects of
E2to occurbefore the behavioural test.

On the 11th day testing for perseveration or reversal learning began. Thirty minutes
before testing arats were administered a 0.5mg/kg injectidrAMPH (IP) before they were
placed in the operant chambers. For the perseveration experiment both levers were inactive;
regardless of any lever pressing no reinforcemesidelivered. The measure of perseation
was the number of lever presses on the formerly active lever during the 1hr testing session. For
the reversal learning experiment the formerly active lever was now inactive, and the inactive
lever was made active. Duringsting rats were expected to alter their pressing behavior in
response to the change in reward contingency, such that they were expstipdtessing the
formerly active lever and switch firess on the previousigactive lever Reversal testing lasted
for two 1hr testing sessions on sacutive days (Day 11 and 12).
2.6 Statistical analysis.

In order to confirm thasensitization of locomotor activityccurredn response to
AMPH treatment, locomotor activity in responsdhe0.5 mg/kg AMPHchallenge wasequired
to be equal tor greater thatocomotor activity in response tbe initial 1 mg/kgdoseof
AMPH. A two-tailed dependent samplest was employed to compare differences in locomotor
activity. Sensitizationof locomtor activitywas considerethave developed if rats exhibited
similar or significantly higher locomotor activity to the 0.5mg/kg AMERhllengethan they did
to the initiallmg/kg dose of AMPH during induction.

For perseveration, the dependent variable was a ratio calculated béte@ember of
active lever presses during the extinction challenge (A) and the average number of active lever
presses over the last two days of training (B; A/(At+B)is ratio depicted the number of lever
presses on the formerly active lever, while coltihg for individual differences in lever pressing
behaviour. For reversal learning, the dependent variable was measured using a ratio of active

lever presses (A) to total lever presses (B; A/(A+B)). Reversal learning was measured as the
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latency to modiy pressing behavior in response to the newly implemented reward contingency.
The criterion for having achievedacessful reversal learning was defined as achieving 90% of
the lever press ratio attained on the last day of training for three consecutivérbenbins.This
criterion was used to ensure rats had consistently reversed their lever pressing behaviour.

In order to assess the effectdHAL on perseveration and reversal learning planned
orthogonal contrasts were conducted with independent satviplets comparinglAL and
saline treated rats in each hor mondeffecondi ti on
sizes withconfidence intervalg/ere calculated for each planned comparison. Three 2 x 3
ANOVAs were used to compare the drug and hormimeament conditions; one ANOVA
compared perseveration ratios between treatment conditions, and two ANOVAs compared time
to achieve reversal criterion (mirgne for the 0.25mdgHAL dataandone for thed.13mg HAL.

T u k e y 6hec apatyses were used tqire any significant main effects or interaction

effects

3. Results

The AMPH treatment regime induced locomotor sensitization in all hormone conditions
(Fig 1). In the perseveration experiment there was no significant difference in locomotor activity
to the AMPH challenge (0.5mg/kg) and the initial induction dose of AMBEHRY(kg) in the no
E2 and high E2 conditions; in the low E2 condition there was significantly higher locomotor
activity to the challenge dose of AMPH than the induction dose of AMRH) =-3.23,p <
0.01 (Fig 1A). In the reversal learning experiment g€lre5mg HAL the no, low, and high E2
groups exhibited greater locomotor activity to the challenge dose of AMPH than to the induction
doset(12) =-3.86,p < 0.01,t(11) =-2.42,p < 0.05,andt(14) =-2.95,p < 0.05, respectively (Fig
1B). Finally, in e reversal learning experimenisingthe 0.13mglose ofHAL, thenoand low
E2 groups had no significant difference in locomotor activéiweerinductionand challenge
doses oAMPH, while the high E2 group exhibited significantly more locomotor afgtito the
challenge dosthan the induction dos#f AMPH, t(17) =-3.58,p < 0.01 (Fig 1C). These
findings demonstrate that the AMRénsitizatiorregimeinduced locomotor sensitization in all
groups, indicating that neurobiological sensitization also occurred.

In the perseveration experiment the 2x3 ANOVA revealed a main effect of HA|39)
=14.02,p=0.001 , with HAL treated rat$4 = 0.44) exhibitng significantly less lever pressing
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than SAL treated rat$/ = 0.56; Fig 2)). There was no maineft of hormone treatment group,
and no interaction between drug and hormibeatments. Orthogonal planned comparisons
demonstrated that there was no significant difference between HAL and SAL treated rats in the
no E2 conditiond = 0.43, Cl + 1.48. However, HAL treated rats in the low E2 conditions
exhibited significantly lowelever pressing than SAL treated ra{d2) = 3.71p<0.01,d =
1.98, Cl + 1.46. In contrast, there was not a significant difference between SAL and HAL treated
rats in thehigh E2 condition, although there was a trend towards HAL treatedewssverating
less than SAL treated rat§13) = 2.11p = 0.054,d = 1.09, ClI + 1.21. Although the chronic
0.25mg dose of HAL did not decrease perseverative responding in OVX fesiiflem E2 or
high E2 replacement, HAL administered in conjunction w&itbw chronic E2 replacement
regime significantly reduced perseverative responding in AMPH sensitized female rats (see Fig
2).

In the first reversal learning experiment, using a 0.25mg dose of HAL, a 2x3 ANOVA
revealed a significant main effect of drifl,32)=5.52p<0.05, with HAL treated rats
(M=53.06nin) exhibiting significantly faster reversal learning than SAL treated rats
(M=73.25nin). There was also a significant interaction between drug and hormone treatments,
F(2,32)=6.31p<0.01. Post hoc analgs demonstrated that rats administered no E2 and HAL
(M=40.83nin) and low E2 and HALNI=35.00min)had significantly faster reversal learning
than rats administered high E2 and HAIIZ83.33nin), p<0.01.Post hoc analyses indicated no
significant differencebetween SAL treated rats in the different E2 replacement condlitions
suggesting that E2 had no effect on reversal learning. Orthogonal planned comparisons were
used to compare HAL and SAL treated rats in each hormone condition. In the no E2 and high E2
conditions there was no significant difference in reversal learning between HAL and SAL treated
rats,d = 0.66, Cl £ 1.10 and = 0.74, Cl £ 1.27, respectively. In contrast, in the low E2
condition rats administered HAL demonstrated significantly fastersalkearning than SAL
treated rat$(11) = 3.72p < 0.01,d = 2.15, Cl £ 1.67. These results demonstrate that, in general,
HAL treated rats have faster reversal learning. However, this effect is driven by rats in the low
E2 condition, as there are nomificant differences between HAL and SAL treated rats in the no
and high E2 conditions (see Fig 3A).
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In the second reversal learning experiment, which used a 0.13mg does of HALABQXA

no significant main effects and no significant interaction between the drugpamadne

treatments. Therthogonal contrasts on each hormone condition demonstrateberatvere no
significant differences between HAL and SAL treated rats in the no and low E2 condltons,
0.02,Cl£1.17 and =0.17, Cl £ 1.37, respectively. However, in the high Eaddan there

was a trend towards HAL treated rats exhibiting significantly faster reversal learning than SAL
treated rats(16)= 1.74,p = 0.10,d = 0.82, CI =+ 1.04. The results of this experiment indicate

that a chronic 0.13mg dose of HAL is not sufficient to affect reversal learning behavior in no and
low E2 treated female rats, but may reduce the latency to reversal behaviours in rats adininistere

high E2 replacement (see Fig 3B).

4. Discussion

The results of these three experiments indicate that E2 alone has no effect on
perseveration or reversal learning, while HAL generally reduces perseveration and improves
reversal learning, although thidet is modified by the hormone replacement regime. These
results also suggest that E2 facilitates the effects of HAL to decrease perseveration and improve
reversal learning in AMPH sensitized female rats. In the perseveration and reversal learning
experinents with the 0.25mg dose of HAL, this dose was not sufficient to giéeseveration or
reversal learning iAMPH sensitizedVX rats that were not administered E2 replacement.
However, inAMPH sensitizedats administered low E2 replacement, the 0.28osg of HAL
decreased perseveration and the latency to reverse lever pressing behagmsitiredats
administered high E2 replacement and 0.25mg HAL, results were more difficult to interpret
since this dose did not significantly improve perseverairareversal learning. Previous research
indicates that there is an optimal range of D2 receptor activation for successful reversal learning,
so it is postulated that the combined 0.25mg HAL and high E2 replacement doses decreased
dopamine transmission eegsively. This hypothesis is supported by the results of the reversal

learning experiment using the 0.13mg dose of HAL, discussed in detail below.
4.1 Methodological Considerations

The method of HAL administration, via 14 day release osmotic minipumpsesedp
some restrictions on the behavioural protocols used in these experiments. Specifically, the length
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of training and testing was determined by the longevity of the minipumps, since the animals had
to be tested while they were receiving a full daily dosEAL. Although the minipumps

released the same volume (12u) daily for 14 days, we wanted to conclude testing 12 days
following minipump insertion to ensure that all rats were receiving a consistent dose of HAL.
Additionally, rats were allowedneday torecover following minipump implantation before the

daily final training and testing sessions began. Therefore, minipumps were inserted the afternoon
of day 0O, rats recovered daye,were trained foninedays (days 20), and testing started day

11. In apilot study we observed that this 9 day period was not sufficient for all rats acquire
consistent lever pressing behaviour. Because we could not extend this training period due to the
time restrictions imposed by the minipumps we decided to shape lessing behaviour prior

to beginning the experiment. This meant that all rats had acquired lever pressing, or had been
excluded from the study, prior to ovariectomy surgeries and ABEgitization of locomotor

activity.

It should be noted tham itheshaping phase of threversal learning experiment, once
lever pressing behaviour was acquireddbeve lever was switched daily meaning that all rats
had learned that either lever could provide reinforcenTéns was done to ensure that no strong
spatia biaswasdevelopedandreversal olever pressingccurred relatively rapidly, so the
majority of ratsachieved reversal criterduring the two days of testinBespite the fact that rats
had obtained reinforcement ngfslmpingthebensvsourng t he
observed during testirgualifiesas reversal learning, since the rats had consisteetfgrmed
one behavioural responf® nine days before they were required to reverse that behavioural
response during testinghis issupported by other studies that reverse behaviour multiple times
during an experimen®pdul-Monim, Reynolds, and NeilBoulougouris, Dalley, and Robbins,
2007 Widholm, Clarkson, Strupp, Crofton, Seegal, and Schantz,)2001

4.2 Locomotor Sensitization

In all experimentsheratsexhibitedlocomotor sensitization, which indicates that
neurobiological sensitization occurred in all groups. The effects of ABH?iditization of
locomotor activityon perseveration and reversal learning were not assessedeexipesiments,
but extensive previous research suggests that both acute and repeated AMPH administration

increases perseveration and induces deficits in reversal le@f@atiperstone et al., 2008

N
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Fletcher et al., 20Q31ahn et al., 198adris et al., 20050ades et al., 198Ridley et al., 198)L
Thus, it is assumed that the AMBnsitizatiorregimen used in thesexperiments induced
similar deficits.

4.3 The effects of HAL and E2 on Perseveration and Reversal Learning

In general, the 0.25mg dose of HAL reduced AMiRHuced increases in perseveration
and deficits in reversal learning, evidenced by the main effect of the OdisBa@mHAL
observed in both the perseveration and reversal learning experiments. Thissparedielus
findings, which demonstrate that acute administration of HAL recovers AMPH induced increases
in perseveratiofOades et al., 198%and deficits in reversal learnirftgris et al., 2005Ridley et
al., 198). To our knowledge, this is the first time a chronic HAL treatment regime, which
mimics steady state plasma levels of HAL achieved with human antipsychotic treatment
regimengSamaha et al., 2008amabha et al., 20 7/has been shown to decrease perseveration
and improve reversal learning in an animal model of schizophrenia.

In contrast, there were no effects of E2 replacement on perseveration or reversal learning
in AMPH sensitized female t® There was no main effect of E2 replacement in the analyses on
the perseveration or reversal learning data. In the reversal learning experiment with 0.25mg
HAL, posthoc analyses found no significant differences between SAL rats in the no, low, and
high E2 replacement conditions. This corresponds to some previous research that showed no
effect of E2 on perseveration, as measured by lever pressing for ciicasen & Carroll,

2007). Our findings differ from other experiments whidund that E2 administration decreased
perseveration of lever pressing for cocgif@ining et al., 2038) and impaired reversal learning
(Arad & Weiner, 2012 There are numerous methodological differences between these
experiments which could explain thediecrepancies~or example, differences in the
reinforcemenprovided in the task (cocaine vs. sucrose), differences in the behavior required
(place preference vs. selfiministration), and/or differences in E2 replacement doses (150ug/kg
vs. 10ug/kg) or the fact that all rats inithstudywere amphetamine sensitizeduld explain the
incongruitiesbetweenpreviousfindings and the findings of the current studifiese results

indicate that physiological E2placement regimermave no effect on perseveration or reversal
learningin AMPH sensitized female rats.

In the perseveration experiment and the reversal learning experiment that used the

0.25mg dose of HAL the low E2 replacement facilitated the effects of HAMPH sensitized
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female ratsIn OVX female rats receiving no E2 replacem@2bmg HAL did not affect
perseveration or reversal learning, as HAL and SAL treated rats had comparable behavioural
results. However, in the low E2 replacement group HAL treated rats exhibited significantly less
perseverative responding and more rapwersal learning than SAL controls, indicating that the
low E2 replacement regime facilitated HAL. In contrast, there was no effect of this dose of HAL
in rats administered high E2 replacement on perseveration or reversal learning. Interestingly, in
the peseveration experiment there was a trend towards rats receiving the high E2 and 0.25mg
dose of HAL perseerating less than SAL controls. contrast, in the reversal learning
experiment, rats administered this dose of HAL with the high E2 replacementyactdhl
slower reversal learning than SAL controls, although this did not reach significance. It is unclear
why the combined high E2 replacement and 0.25mg HAL treatment is more detrimental to
reversal learning than perseveration; one possibility is thiaéperation is a more simplistic
cognitive process, so is less sensitiv&E2anducedfluctuations indopamine transmission than
reversal learning, but further research is needed to address this. Initially, the results obtained
when rats were administeréte 0.25mg dose of HAL and high E2 replacement appear difficult
to reconcile, but may be explained by evidence suggesting an invesiealpdd curve of D2
receptor activation on persenation and reversal learning.
4.4 An optimal level of D2 receptor activation for cognition

HAL ameliorates deficits in reversal learning induced by AMRIis et al., 2005
Ridley et al., 198}, but chronicadministration of HAL to rats that are not AMPH sensitized, and
thus do not have excessive dopamine transmission, induces deficits in reversal (Eg&ning
Steno & Schmauss, 200 onversely, the administration of a Bgonist to ratsanalso result
in impairments in reversal learniiBoulougouris, Castan&, Robbins, 2009 Additionally,
both D2 agonist and antagonist drugs infused into the forebrain of pigeons cause increases in
perseverative errors in a reversal learning (agold, 201(. Together these findings suggest
that there is an optimal level of D2 activation for cognition, since both reducing and increasing
D2 receptor activation can induce deficits in perseveration and reversal learning. In these
experiments, the 052ng dose of HAL was not sufficient to improve reversal learning when
OVX rats received n&2 replacement. The low E2 replacement regifaeilitated the 0.25mg
dose of HAL, reducing transmission at the D2 receptor to an optimal level causing a decrease in

perseveration and an improvement in reversal learinrtge high E2 replacemegtoup the
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combination of &.25mgdose ofHAL and high EZeduced transmission at the D2 receptor
excessivelyresulting in no improvement in perseveration or reversal ilegrithis hypothesis is
supported by our experiment with 0.13mg HAL,; this dose of HAL was not sufficient to affect
reversal learning in rats administered no and low E2 replacement, but there was a trend towards
more rapid reversal learning in rats admigniet high E2 replacement. Although this difference
did not reach significance, the effect size
0.82), and the pattern of behavior in high E2 replacement rats receiving 0.13mg HAL is opposite
to that obsered in high E2 rats receiving 0.25mg HAdee Fig 3) This suggests that the 0.25mg
dose of HAL was optimal foAMPH sensitizedats administered low E2 replacement, but was
excessive when administered in conjunction with the high E2 replacement regime, while the
0.13mg dose onlizad an effecivhen rats were also administered high E2 replacement. Clinical
data corroborate this fimyg, as antipsychotic medications are shown to be more effective when
administered in conjunction with EAkhondzadeh et al., 200Bulkarni et al., 2014Kulkarni,
Gavrilidis, et al., 201
4.5Mechanism for the interaction between EZzand HAL

Although the mechanisms through which E2 facilitates HAL are not fully elucidated,
there is evidence indicating that E2 affeddgpamine and D2 receptavailability and function in
the STR, which could provide an explanation for the interactionviben E2 and HAL.
Ovariectomy results in significant decreases in D2 receptor binding 8iftRandNAc, which
is prevented by E2 replacement, suggesting that estrogens maintain D2 receptor density in these
regions(Landry, Levesque, & Di Paolo, 200e Saux, Morissette, & Di Paolo, 200&2 also
promotes changes in the D2 receptor that convert the receptor to a low affinifystasque &
Di Paolo, 1988 in this low affinity state the D2 receptor is not activated by dopamine binding,
making it functionally iner{Seeman, 2006 These findings indicate that E2 replacement
administered to rats in this experiment would increase the density of D2 receptors, increasing
binding sites for HAL, and decrease the effects of dopamine binding at D2 receptors by
convertingreceptors to their low affinity state. Alternatively, there is evidence that combined E2
and HAL treatment reduces dopamine levels ilNAe more than HAL alonéMadularu et al.,
2014). This suggests that E2 may facilitate the effects of HAL by reducing dopamine
availability, therefoe reducing binding at dopamine receptoncluding the D2 receptor.

4.6 Conclusions
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The findings of these three experiments in this study suggest that E2 alone has no effect
on reversal learning or perseveration, but that E2 facilitates the effédfd db reduce
perseveration and improve reversal learningAMPH sensitized ratdHowever, the high E2
replacement combined with the 0.25mg dose of HAL did not improve perseveration or reversal
learning, possibly because the combination of high E2 &gy HAL reduced transmission at
the D2 receptor excessively, reducing activation of the D2 receptor-mpsinial levels. These
findings indicate that administration of E2 in conjunction with antipsychotic drugs improves the
efficacy of these drugs, sbat they ameliorate some cognitive deficits associated with
schizophreniaThis suggests thalhe optimal dose of HAL, when administered chronically as it
is to individuals with schizophrenia, may differ across the menstrual cycle in feRiales.
cognitive deficits of this disorder are difficult to treat, and are the best predictor of functional
outcome, théindings of these experiments hawgplications for the treatment of schizophrenia.
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CHAPTER 4:
MEMBRANE -ASSOCIATED ESTROGEN RECPETORS IN THE DORSAL STRIATUM



62

CHAPTER 4A:
ESTROGEN RECEPTORS ARE FOUND IN GLIA AND AT
EXTRANUCLEAR NEURONAL SITES IN THE DORSAL STRIATUM OF FEMALE
RATS: EVIDENCE FOR CHOLINERGIC BUT NOT DOPAMINERGIC CO -
LOCALIZATION .

AnneAlmey, Teresa A. Milner, and Wayne G. Brake
Citation: Endocrinology; 153(11): 53%383.
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Preface:

The previous two chapters describe a series of experiments which demonstrate that
estrogens affect some dopamiutependent cognitive processes and the respto a dopamine
antagonistHAL . The mechanism through which these effects might occur remained unclear,
since previous research reported relatively low levelSRs in the terminal regions of the
mesocorticolimbic and nigrostriatal pathways. Research in the hippocampus suggested that
electron microscopy had sufficient resolution to deffids that were not observed using light
microscopy, includingnERs Consequenyl a series of experiments, described in Chapters 4, 5,
and 6, used single and dual immunol&éhgltechniques and electron microscopy to determine
the ultrastructural localization &Rs in theSTR, NAc, and PFC. The initial experiments,
described in théollowing Chapter, 4A, examined the distributionERs, E R U , ERb, and

GPERl1i n the STR, and determined the proportion

dopaminergic and cholinergic neurons.
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Abstract:

Estrogens rapidly affect dopamine (D#gurotransmission in the dorsal striatdTR) and DA
related diseases such as Parkinsonds disease
function remains unclear, in part, because the ultrastruétaadizationof ERs in theSTRis not

known. Light microscopic studies of ttf&TRhave suggested the presenc&RE This

experiment used electron microscopy to determine if these ERs are at extranuclear sites in the

STR providing evidence for a mechanism through which estrogen could rapidly affechiohe
transmission. ThETRwas | abel | ed wi t h arGPERitoabnfiens f or ERL
whether these ERs were present in this brain area. Following th8TBwas dual labelled

wi t h ant i bo GRERRKnditymsine ByRrokylase (THy VACHhT to determine

whether ERs are localized to dopaminergic and/or cholinergic processes, respectively.
Ultrastructur al anal ysi s r ev é&BERGedclusivelyrat nor eact
extranuclear sites throughout tB&R E,R UE &8GPERlimmunoreactive (IR) profileare

mostly frequently observed in axons and glial profiles, but are also localized to other neuronal
profiles.Du a | | abel i ng and@RERIAIR prafilestare mot dogamRitérgic but are
sometimesholinergic. As thesesceptors are exclusively extranuclear in$1dr, binding at

these receptors likelyas rapid effects oneurotransmissioim this region
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1. Introduction

Estrogens affect dopamutependent behavioursuch as response memdi@uinlan,
Hussain, and Brak€008; Zurkovsky et al., 2007) and selective attention (Nofrey; Bwhar,
and Brake, 2008; Quinlan et al., 2010hey are also implicated in dopamireated diseases such
as Par ki n qfornebiesv seciBsuegaes Muzen, and Di Paolo, 2G08) €hizophrenia
(Seeman, 2004)Estrogens increase dopamine (DA) neurotrassion in the dorsal striatum
(STR; a.k.a. caudate/putamen; Becker and Rudick, 1988¢h may contribute to these effects.
Yet, how estrogens influence DA neurotransmission remainkear. Because it is believed that
estrogensact throughbinding atERsto influence DA function, it is important to examine the
ultrastructuralocalizationof these receptors in tI&TR.

Thelocalizationof ERs in theSTRis of particular interest because estrogens modulate
dopaminergic activity at various steps in neurotransmission in this brain area. Both natural
increases in estrogens across the estrous cycl&zamgplacement i©OVX rats, attenuate DA
reuptake in th&TR (Becker and Rudick, 1999; Thompson, 1998¥sibly by reducing the
availability of the dopamine transpor{@vatson, Alyea, Hawkins, Thomas, Cunningham, and
Jakubas, 2006)urthermore, chronic E2 treatment results in significant increases in DA D2
receptor binding in th8 TR (Landry, Levesque and Di Paolo, 2002; Le Saux, Metie and Di
Paolo, 2006)with no corresponding increase in D2 mRNA in 8%R These authors suggested
that this indicates that ERduced increases in D2 receptors occusdghbinding at membrane
associated receptofsL a mme r s , D6Souza, Qin, Liemally, Yaj i ma
systemic injections dE2 are associated with higher levels of amphetarmdeaced DA release
in theSTR (Becker, 1990; Becker and Rudick, 199BheseE2-induced increases in DA release
occur rapidly, which further supports the idea that estrogens act thsmdihg at mER# this
region (Becker and Rudick, 1999)

Estrogens may affect DA transmission in 8iERvia binding at the classicBlRs , E RU
and ERbBb, or t he mo-prateincorpled estrogen redeptar@RER) r ed G
formerly known by its orphan receptor name, GPR30. Usirsifu hybridization, Shughrue et

al.(1997)e x ami ned the distribution of ERU and ERD

the female rat and found no evidence of mMRNA for these receptorsSTBRi¢However, mRNA
for ERU and ERBTRwfdesnald ntice nsthg reahtimiepblyenerase leain

a

reaction (Kiippers and Beyer, 1998hd limited nuclear immmuitebdlingf or ERU and ERD
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observed in the in th8TR of adult female mice using light microscofMitra et al., 2003)
Immunohista@hemical studies using light microscopy also have asd€&PER1distribution in
the brain, and have shown this receptor to be abundant 8TfR¢EBrailoiu et al., 2007)Thus,
light microscopy data indicate th@PER1receptors are presentint8R, and ERU and E
also may be found there at very low lesreEstablishing if and where these ERs are located on
striatal neurons would contribute to our understanding of how estrogens affect dopaminergic
activity in this region.

Three experiments were conducted using imrfabrdling techniques and electron
microscopy (EM) to examine the distributioniRs in theSTR Experiment 1 was conducted to
determine whether ERs are found in this brain area, and, if so, whether they are located on
neurons or glia. Since t heGPERl&xiprmeronseaxoh s r ev e
terminals, experiment 2 used dual immiafaling EM to determine if these ERs are co
localized with tyrosine hydroxylase (TH), a marker of dopaminergic termi@aifen and
Wilson, 1996) Moreover, acetylcholine (ACh) has modulateffects on dopaminergic
transmission in th€ TR(Thrdfell and Cragg, 2011) and ERU has been |l ocal
terminals in the hippocamp§owart et al., 2003\vhile GPER1has been localized to
cholinergic neurons in medial septum, nucleus msagnocellularis, and ST@®lammond,
Nelson and Gibh2010) Therefore, experiment 3 used dual labeling EM to determine whether

E R U GBHER1arelocalizedto profiles containing VAChT, a marker of cholinergic neurons.

2. Materials and Methods
2.1 Animals

Adult female (225 250 g; approximately 60 days old; N = 6) Sprague Dawley rats from
Charles River Laboratories (Wilmington, MA) were pagused withad libitumaccess to food
and water and with 12:12 light/dark cycles (lights on 060800). Al procedures were in
accordance with the National Institutes of Health guidelines and approved by the Weill Cornell
Medical College Institutional Animal Care and Use Committee. The rats used in these
experiments are the same as those used by WilliamsadledguegWilliams, TorresReveron,
Chapleau and Milner, 2011 After arrival, rats acclimated 1 week to the vivarium after which
estrous cycle phase was determined using vaginal smear cy{Magyondes, Bianchi and

Tanno, 2002; Turner and Bagnar@y1) Tissue from rats in the diestrus 2 phase of the estrous
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cycle was analyzed for these experiments. Estrous phase was verified by measuring uterine
weights and plasmi&2 levels from blood samplesdeWilliams et al., 2011)

2.2 Antisera

E R UA rabbt polyclonal antiserum (AS409) produced against almost the full peptide for the
native rat ERU (aa 61 through t he Thisantiodyx y |
was previously tested for specificity, and shown to recognize both ligand bodnehibound
receptorgAlves, Weiland, Hayashi and McEwen, 1998; Okamura, Yamamoto, Hayashi,
Kuroiwa and Muramatsu, 1992Dn immunoblots of uterine lysates, this antiserum recognizes
one major band migrating at ~67kb(e mol ecul ar we itag.h200l)of ERU;
Preadsorption of the antibody wi tinanypfuhesef i ed
locations (Milner et al., 2001)

ERR: A rabbit polyclonal antiserum produced against a peptide sequence itsighmigus (aa
468485) of the mouse ERR protein was ué&8P; Zymed Laboratories, San Francisco, CA;
Shughrue and Merchenthaler, 2D0This antibody has been shown to be specific for ERR
(~60kDa) using Western Blot analyses, double label with-BERBIA usingin situ

hybridization, preadsorption control and absence of labeling in fixed brain sections prepared
from ERR knockout mice(Cruetz and Kritzer, 2002; Shughrue and Merchenthaler, 2001)
GPERL (Two antisera were used)

Experiment 1An affinity purified rabbitpolyclonal antiserum produced against théeNninus
extracellular domain of the hum&PER1receptor (LifeSpan BioSciences, Inc., Seattle, WA)
was used in experiment 1. This antibody recogn@@B&R Xgreen fluorescent protein

transfected COS7 cells, and showed identical patterns of labeling to an antibody generated
against the @erminus of th&GPER1protein (Revankar, Cimino, Sklar, Artebuand Prossnitz,
2005)

Experiments 2 & 3These experimestused a rabbit polyclonal antisergenerated against a
synthetic peptide, CAVIPDSTEQSDVRFSSAV (Multiple Peptide Systems, San Diego, CA),
derived fromthe Gterminus of the huma@PER1receptor(Filardo, Quinn, Bland and

Frackelton, 2000)n Western bld, this affinity purified antibody specifically recognizes a 38

kD band that corresponds to the mature-86iino acidGPER 1polypeptide and does not
recognizeERa or ERb (Filardo et al., 2000) In brains fixed with 4% paraformaldehyde,
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immunoreactivity was greatly reduced when the antibody was preadsorbed with 10mg/ml of
purified Gterminal peptiddHammond and Gibbs, 2011)
Vesicular acetylcholine transporter (VAChT): A goat polyclonal antiserum against the C
terminal synthetic peptidgequence corresponding to ameamds511-530 of the rat VAChT
(Arvidsson, Riedl, Elde and Meister, 1997; Gilmor et al., 1998)is antibody was obtained
commercially from IncstaStillwater, MN; now Millipore) and has been used in previous
studies usig identical labeling conditions (Threlfell and Cragg, 2011)
Tyrosine hydroxylase (TH) A mouse monoclonal antiserum against the full length of the
peptide TH in the rat (Immunostar, Inc., Hudson, WI) was used. This antibody has been
characterized egnsively in fixed rat brain (Wang et al., 2006)
2.3 Tissue preparation

Rats were deeply anesthetised with sodium pentobarbital (150mg/kg, i.p.) and were
perfused through the ascending aorta sequentially with: 20ml heparin (1000 U/ml) in saline;
50ml of 375% acrolein (Polysciences, Washington, PA) in 2% paraformaldehyde and 0.1 M
phosphate buffer (PB; pH 7.4), and 200ml of 2% paraformaldehyde in PB. Brains were removed,
cut into four 5mm blocks, and postfixed in 2% paraformaldehyde in PB for 30 minbtes. T
brains were sectioned coronally at 40um thickness on a vibrating microtome (Vibratome; Leica)
and stored in 30% sucroseda®0% ethylene glycol in PB (Milner, Waters, Robinson and Pierce,
2011)at-80°C.

Tissue sections containing tB& R (Fig 1F) were rinsed in PB and coded with hole
punches so that they could be pooled in single containers. Additionally, inlsibgleg
experiments for ERU, a section containing the
hypothalamus was included inanadys ; at the | ight microscopic |
labeling in this regioifYaghmaie et al., 2010%0 the success of immuabdling could be
confirmed at the light microscopic level prior to processing the tissue for electron microscopy.
Similarlyy, i n the experi ment ex amisupliaoptic nEEl®UBwasa sect i
included, since previous light microscopy experiments have observed abundanabdiing
for ERD in this r egSedionsWe&hnoupatedim&sd al ., 1997
borohydride in PB for 30 minutes to remove any active aldehyidssue then was rinsed in PB
followed by 0.1M Trisbuffered saline (TBS; pH 7.6), and was incubated for 30 minutes in 1%

bovine serum albumin (BSA) in TBS to reduce +specific labeling.
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(arrow) D¥edetee ntbeadReada n ERe sup)Panpeiexnhuvahweaobk
GPERIR is detected in the ne@RBOPIRI ( ammseesny.ear e
FA omwmral schematiat lods tARY&s0tOrdida;tfun n{ br egma [ P
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2.4 Immunohistochemical Labeling

Experiment 1Free floating tissue sections containing the STR from 3 rats were processed for

i mmunohi stochemical |l ocalization of ERU, ERD
incubatedinanti abbit ERU (1: 10,000 dil uti oripncesERD (1
1:1000 dilution) for 24 hours at room temperature, and 4 days at 4°C in 0.1% BSA in TBS. ERs
were visualized using the avidbiotin complex (ABC) method (Milner et al., 2011). Briefly, the

tissue was incubated in a 1:400 dilution of biotinylatedkey antirabbit immunoglobulin (IgG)
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) in 0.5% BSA in TBS for 30
minutes. Tissue was then incubated in peroxidasdin complex (Vector, Burlingame, CA) for

a further 30 minutes, and 3¢dsaminobenzidine (DAB, Aldrich, Milwaukee, WI) and-8; in

TBS for 6 minutes.

Experiments 2 and Jissue from three rats was processed for immunohistochelooedization

of E RPERGand TH or VAChT. Immunohistochemical procedures for ERs were identical

to experiment 1 above. One day prior to processing either TH antisera (1:2000 dilution) or

VAChAT antisera (1:3000 dilution) was added to the diluent.

For immunohistochemicdbcalizaton this experiment used pembelding dual labeling
methods (Milner et al., 2011The same ABC method described above for experiment 1 was
used to visualize the ERs. TH and VAChT were detected using silver enhanced immunogold.
Briefly, tissue sections we incubated for 2 hours in a 1:50 dilution donkey-amtiise or
donkey antigoat IgG conjugated to-Am colloidal gold particles (Electron Microscopy Sciences
[EMS], Fort Washington, PA) in 0.001% gelatin and 0.08% BSA in 0.01M phosphate buffered
saline PBS). Tissue sections then were rinsed in PBS, incubated in 1.25% glutaraldehyde in
PBS for 10 minutes, rinsed again in PBS, followed by a brief wash in 0.2M sodium citrate (pH
7.4). A 7 minute Incubation in a silver solution (IntenSE; GE Healthcare) seakta enhance
the conjugated gold particles.

2.4 Tissue fixation and embedding for ultrastructural analysis

Following immundabdling, tissue sections from all three experiments were fixed for
60minin 2% osmium tetroxide in PB, dehydrated through aeptesries of ethanols and
propylene oxide, and embedded in EMbed 812 (EMS) between two sheets dMilriar et
al., 2011) Ultrathin sections (~70nm thick) were taken through the dorsal region of the STR

(Figure 1) using a Leica UCT ultratome. The tesseas collected on copper grids (EMS) and
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t hen was counterstained using Reynoldsd | ead
examined under a Philips CM10 electron microscope with an AMT digital camera. Final
photomicrographs were generated fromitdigmages, where brightness and contrast were

adjusted using Windows Live Photo Gallery 2011. Adjusted images were assémble

Microsoft PowerPoint 2010.

2.5Data Analysis

The subcellular di sGPERIbLbNhen aGEERREU &REO,
localized with either TH or VAChT, were examined in 8iIER A profile was considered
positive for immunogold labeling if it contained two or more gold particles. $WR sections of
54unt, from either the right or left hemispheres, were analyzedsid eat. For quantification
analyses ER labeled profiles in each section were counted and categorized as: dendrites,
dendritic spines, axons, axon terminals, or glia. The total number of labelled profiles was
averaged for all six tissue sections (2 seatiw rats).The number of each type of single or dual
labelled profile was divided by the total number of-ERprofiles to determine the relative
proportion of each type of labelled profile. Tissue selected for counting was taken from a depth
of 0.21.5umfrom the plastittissue interface, and only samples that were thin sectioned evenly
across the plastic tissue interface were included in these analyses.

The type of neuronal profile was determined using the description of ultrastructural
morphology fromPeters et al. (Peters, Palay and Webster, 188t)drites were large profiles
(usually between 1.0 and 2.0 um) that contained regular microtubule arrays and were sometimes
contacted by terminals. Dendritic spines were small (usually between 0.3 amd)0.4 u
sometimes contained a spine apparatus or budded from dendritic shafts and formed synaptic
contacts with axon terminals. Axon profiles were less than 0.2um in diameter, contained a few
small vesicles, and did not form synapses within the plane of sedtxon terminals had a
crosssectional diameter greater than 0.3um and contained numerous synaptic vesicles, and
sometimes formed synapses with other neuronal profiles. Glial profiles were recognized by their
conformation to the boundaries of other pesiland their lack of microtubules. Finally, soma
were identified by their extremely large size, a lack of microtubules and high numbers of cellular
organelles. All sections were assessed for nuclear labeling, however, soma were not included in
the singldabel or TH quantification analységcausehey frequently occupy more than half of

the area counted for analysis, reducing the overall number-oREROfiles. Soma were
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included in the analyses with VAChT, as high levels ddcalizationwere observeth these
profiles, and we did not want to underestimate tHeocadizationbetween the ERs and VAChT.
Contact between neuronal profiles refers to synapses identified by synaptic density, and
appositions were defined as adjacent profiles that did notdasymapse in the plain of section.

3. Results
3.1Experiment 1: Single labeling for ERs
By light microscopy, densePER1b ut a | mo s ERR,s seerGBRRETR By light
mi croscopy, no nuclear or extr aBTR¢igelA)r | abel i
However, in the sections containing the ventromedial and arcuate regions of the hypothalamus,
abundanE RU i mmu n o r rucec coritainiag were $&gn indicating that immahdling
for this receptor was successful (Fig. 1Bjmilarly, no extranuclear ERIR profiles were
observed although a rare EfRnucleus was seen (Fig. 1C). However, mBRY>IR nuclei
were seen in the supraoptic nucleus, confirming that labeling for this antibody was successful
(Fig. 1D). I n ¢ o nt r aERR immonor&Rilty foiGPER1was observed throughout
the neuropil in th&TR (Fig. 1E). GPERlimmunoreactivitywas in the cytoplasm, but not the
nuclei, of perikarya.
By EM, extranucl ea8TRE R Unmunereactivitynas presedt inialhtypésh e
of neuronal processes and glia in 81FER (Table 1). Semiquantitative analysis demonstrated
that 35%WRoprBERUI es wer e -IRprdfilassvereaxon térmifal%n of ERU
axons (<0.15 um in diameter), immunoreaciivitas typically discrete and was affiliated with
the plasma membrane or clusters of small vesicles (Fig. 2D). Axon terminalsShR{ead
cross sectional diameters that ranged from-306im, and contained numerous small synaptic
vesicles (SSVs) and oasionally mitochondria, but no dsecore vesicles (Fig. 2A and)C. ERU
immunoreactivitywas commonly found in clusters of reaction product around SSV (Fig. 2A and
C) and was occasionally associated with the plasma membrane.
Peroxi dase |vababdeivad m nduromal péikakya, exclusively in the
cytoplasm. This imfmunoreactivity was discrete and was usually associated with the plasma
membr ane or with mitochondri a. DiRprdftesand ¢ s haf
dendritic spinesaceon t e d f o r -IBprodilés. Irotie dehekitic shafts, peroxidase
reaction product was often affiliated with the mitochondrial and plasma membranes (Fig. 2B and



Table 1
ERU, E RSPER1dsstniltition in neuronal profiles and glia
Receptor ERU ERR GPER1
% 9.4 13.2 18.7
Dendrites
SEM 10.6 +1.7 2.3 +0.6 17.3 +3.8
% 8.3 1.9 9.3
Spines
SEM 8.3 +0.9 0.3 +0.6| 10.1 +1.7
% 35 49 36.4
AXxons
SEM 32.3 134 8.7 +1.1 33.6 +4.7
% 20.1 13.2 11.2
Terminals
SEM 20.7 +1.9 | 2.3 +0.9 103 +1.9
% 27.8 22.6 23.1
Glia
SEM 27.7 +09 | 4 +1.2| 21.3 +2.0
% 100 100 100
Total
SEM 99.7 +4.9 17.7 +2.7] 92.3 +12.3

73

The percentage of total IR profiles and number of IR profded the corresponding standard

error, observed in ~30Qm area of the dorsatriatum averaged across rats.
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Figure 2El ectron micrographs show e x alRigbtbsesvedof ERU
in: A) a dendritic spine (SP) that is contacted by an unlabeled axon terminal (UTER), and an axon
terminal (TER) that forms an asymmetric synapses with an unlabeled dendritic spindB{ueSP);

dendritic shaft (DEN) where it is affiliated with the plasma membard a mitochondria (mit),

and in a glial process (GL{;) an axon terminal (TER) forming an asymmetric synapse with an
unlabeled dendritic spine (uSP), a glial profile (GL), and on a mitochondria in a dendritic shaft

(DEN); D) two unmyelinated axons (AXIn this and subsequent figures, labels are placed
approximately in theenterof the profile, while arrows point directly to

immunoperoxidase/immunogold labeling. Black arrow =imnmup er oxi dase f or ERL
500mM.
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C), and microtubules. Indendriscpi nes, i mmunol abel ling for ERU
head, and was observed on the plasma membrane particularly neartmppst density (Fig.

2 A) . ERU i mmunoreactivity was found -ad asymm
postsynpt i cal | y. OédRasaixcooma Itley,mi MRWHR spiseg.rriaatlys e d on't
one quarter (27.8%) f HRRwas observed in glial cells of the STR. Labeling was primarily at

the plasma membranes of glia (Fig. 2B).

By EM, extranucl e aS8®TREtRe ultrastructutaldeget BRBd 1 n t he
immunoreactivitywas observed at extranuclear sites in some neuronal profiles and in glial cells
in theSTR Although ER3-IR profiles areobserved in th&TR, the number of files labeled
for ERDb was fivef ol d GPERY(Fable I).ERRIMmMunardactiVitygvas f or E
most commonly observed in axons, where it constituted 49% of the totadRERBfiles. In
axons(<0.15 um in diameter)mmundabdling was discrete and was localized primarily to the
plasma membrane, but was also affiliated with clusters of small vesicles (Fig. 3B and C).
Immunoreactivity for ER also was found in axon terminals, which accounted for ~13% of the
total immundabeling. ERRZ-IR axon terminals ranged from G@6um, and contained numerous
SSVs and occasional mitochondria, but did not contain dense core veEiRIBs.
immunoreactivitywas found in clusters of reaction product associated with SSV and was
sometimes affiliated v mitochondria (Fig. 3B).

ERG immunoreactivityvas not observed in the perikarya of 81ER However, ERR
IR dendrites accounted for 13% of immiatzdling. ERR immunoreactivityas rarely observed
in dendritic spinesaccountingor 2% of ERRBimmunolabeling. In dendriteBnmunoreactivity
was typically associated with the plasma membrane or with mitochondri/jig-inally,
ER/MZIR glial cells also was frequently observed, making up 23% of the total immunoladaling

glial cells,labeling was discrete and was localized primarily at the plasma membrane.

By EM, extrasynaptic GPERL1 is observed in the 3MRwunoperoxidase labeling for GPER1

also was observed throughout the STR (Table 1). This labeling was associated with both neurons
and gl i a, and was found excl u&RRmost BPERIR ext r an
profiles were presynaptic; axons and axon terminals accounted for 36.4% and 11.2% of the

GPER1 labelled profiles, respectively. GPERlaxons were small (<0.15umhd almost
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Figure3. El ectron micrographs show ex,&@&Rpl es of

immunoreactivitywasdetectedn: A) a dendritic shaft (DEN) an#) an axon terminal (TER).
Wi t hi n b ot himpunaehdtivityassociateel Rifimitochondria (mit).C) E R4R was

observed iranunmyelinated axons (AX). Black arrow=immw per ox i das e
500m.

for

ERD
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always unmyelinated. The labeling in axonal profiles was usually discrete, and often associated
with small clusters of vesicdg(Fig. 4C). GPERIR axon terminals ranged from e036um, and
contained numerous SSVs, occasional mitochondria, but did not contain dense core vesicles.
GPER1labeling in terminals was most commonly clustered on groups of SSVs or the plasma
membrane (Fig 4C).

GPERlimmunoreactivitywas observed in neuronal perikarya exclusively in the
cytoplasm; it was discrete, and was affiliated with Golgi apparati, mitabtey and the plasma
membrane (Fig. 4A GPERlimmunoreactivitywas also observed in dendritic shafts, where it
constituted 18.7% of tot&PER1labelled profiles, and in dendritic spines, where it constituted
9.3% of the total profiles. In the dendrisbhafts GPER1was typically associated with the
plasma membrane, but also was affiliated with microtubules, mitochondrial membranes, and
Golgi apparati (Fig. 4B). In dendritic spiné3PER1peroxidase reaction product accumulated
in the spine head, and wassociated with the plasma membrane, particularly neposite
synaptic density (Fig. 4B®). Although GPERAIR was observed both pre and psghaptically,
it was rare for GER1-IR terminals to synapse onto GPERRLspines. Finally, 23.1% of
GPERZ®IR was observed in glia in the STR; the labeling in glial cells was discrete, and was
observed at # plasma membrane (Fig. 4D).

The tot al p IR and GRERIR profie$s weke Rey similar in the STR.
However a higher proportion of GPERR profiles were dendrites, and a greater proportion of
E RAR profiles were axon terminal (see Table 1).
3.2 Experiment 2: Dual labeling for ERs and TH

Il n dual |l abell ed sections, immunoreacti vit
distribution to that seen irxperiment 1. In agreement with previous studies (Pickel and Chan,
1990), THIR profiles were also observed throughout the STR, exclusively in axons and axon
terminals. These THR terminals were 0-4.5um diameter and contained numerous closely
packed roud SSVs; these terminals typically formed symmetric synapses with dendrites and
occasionally perikarya. TH immunoreactivity was also infrequently observed in unmyelinated
axons(0.10 . 150m di ameter). Although i mmunoreacti vi
oberved individually throughout the STR, i mmu n

observed in THR profiles (see Table 2). HR axons and terminals were often found in close
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Figure 4. Electron micrographs showing examplesG#fER1containing profilesGPERLIR is
localized to:A) Golgi bodies (Golgi) in a soma (SOM)) a dendritic shaft (DEN) at the plasma
membrane, and in a dendritic spine (SP) forming an asymmetric sywidipse unlabeled axon
terminal (UTER)C) an unmyelinaté axon (AX) and an axon terminal (TER) forming an
asymmetric synapse with a dendritic spine (£9)a glial process (GL) and dendritic spine (SP)
contacted by an unlabeled terminal (UTER). Black arrow = immunoperoxidaS@ER1 bar =
500rm.
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3.3Experiment 3: Dual labeling for ERs and VAChT

VACHT labeling was observed in multiple types of profiles, including axon terminals,
dendrites, and perikarya, which is in agreement with previous studies examining cholinergic
neurons in the STR (Pickel a@han, 1990; Threlfell and Cragg, 2011). In axon terminals,
VACHT-IR was associated with the membranes of SSVs (Fig. 5D, 6A). VARMWas scattered
throughout dendrites and soma, sometimes affiliated with microtubules and the endoplasmic
reticulum (Fig. - C,6 AC) . A | ow p+Rowaobserived im VACHTorEaRidg
profiles, with the greatest proportion of-lmxalization in dendrites and axon terminals (see
Table 3, Fig. 5A and D). Low levels of docalization were observed between GPER1 and
VACHT-IR, primarily in dendrites and perikarya (see Table 3, Figi®) BGPERIVAChT-IR
profiles were obser v eVAChT-IRipofées la sare instaecguent | 'y as
VAChT-l R profiles were obser-IRoerdGPERAR @qlilpsgrsgi t i on t C
6B).

4. Discussion

These experiments demonstrated that -at the
IR is localized exclusively to extranuclear sites in both neuronal and glial profiles in the STR of
femal e rats. L a b ellisinaot deteétanl in ddpdRrithergicntedmin@dl® BuRis found
in a small proportion of cholinergic interneurons.
4.1 Methodological Considerations

To determine whether ERU, ERbB, and GPER1 a
or GPERL1 to TH or VAChT conitsing neurons, the present study used both immunoperoxidase
and i mmunogold | abels and preembedding met hod
antibodies had similar cellular and subcellular localizations when observed with EM, increasing
confidence inhie accuracy of these findings. Additionally, in accordance with previous research
(Pickel and Chan, 1990), TH labeling is restricted to axons and terminals of the STR, while
VACHT is seen in all neuronal profiles.

The preembedding EM immunohistochemicathods used in these experiments have
been shown to result in excellent cellular morphology and allows for discrete subcellular
localization of antigens (Leranth and Pickel, 1989). To ensure that any differences in number of

labelledprofiles were not due to differences in antibody penetration or sample size, all tissue



Table 2

E R &nd GPERMistribution in profiles containing TH or VAChT

ER« or GPER-1+TH

ERa or GPER-1 + VAChT

Receplol ERa GPER-1 ERc+TH CPER-1+ ERa GPER-1 ERg + VACRT GPER1+
r - 5 +
TH VACKT
% 183 18.1 247 273 438 132
Dendrites
# ISEM | 133 423 102 414 19.7 4.9 202  #£1.2 1.0 0.4 26 .2
% 84 04 7.8 52 2.6 43
Spimes
# ISEM | 60 +04 | 53 +1.6 62 +0.6 338 413 02 .2 02 0.2
% 40.1 44.4 0.7 2 304 331 - 2
Axons
# 1SEM | 233 <70 250 123 02 02 07 H03 24.2 165 245 420 - 0.5 0.4
%% 14.6 14.2 16 238 15.5 205 5.1 33
Terminaks
# 4SEM | 103 14 | 30 13 02 202 | 03 03 | 123 120 | 152 126 07 104 05 402
*% 174 172 178 126 - -
Glia
# ISEM | 123 +16 9.7 +5.8 142 133 93 123 - -
% NA NA NA N/A 13 14 143 17
Soma
# 1SEM N/A N/A N/A NiA 10 103 10 +03 02 H2 02 2
% 99.4 97.1 0.6 17 97.5 94.1 2.5 5.9
Total
# 4ASEM | 70.7 4116 | 563 461 04 104 L0 40.6 77.5 4177 740 164 20 412 4.7 +1.0

The percentage of total IR profiles and number of IR profded the correspondingesidard

error, observed in ~3000p area of the dorsal STR, averaged across rats.
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Figure 5El ectron micrographs show examples of pro
immunoreactivity AERU | ocal i z¢Rddendrite (REN)Yah€ahVAChHT positive

terminal (TER).B) A soma (SOM) containing immunogold labeling for VAChT and

i mmunoperoxi das €)al adbeenldirnigt ifcors pRmle; ( SP) cont ai
immunoreactivitythat formsa synapg withan unlabeled axon terminal (UTER) an axon
terminal (TER) cont aimmunorgactivityBldck agBdw&d and VACHT
immunoperoxidasé or ERU, Wmmunegoldafor WACWT, kar = 500n.
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Figure 6. Electron micrographs show examplesGRER1and VAChT containing profile#\)
GPER1localized to a VAChTIR terminal (TER), and &PERZ:IR dendrite (DEN).B) A soma
(SOM) containing immunogold labeling for VAChT and immunoperoxidase labeling for
GPER1 A GPERZIR terminal (TER) is in apposition to the sonty.A GPERZIR and
VACHhT-IR dendrite (DEN)D) a large dendrite (DEN) containimgmunoreactivityfor both
GPER1and VAChKT. Black arrow = immunoperoxidase ®GPER1 White arrow =
immunogold for VAChT par = 500m.
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samples analysed for quantification were identical in size and taken from near to the
plastic/tissue interface. This methodology tends to underestimate the absolute number of
peroxidase labelled profiles, and underestimates immunogoldrigtiela greater extent, as
immunogold is more limited in penetratifreranth and Pickel, 1989)mmunoreactivity for

ERU, E BBERrediscrete, so the absence of ER labeling within cellular profiles does
not demonstrate that these profiles lack ERss does not negatively impact the findings of

these experiments, as the goal was to investigate whether these receptors were found in this
region and the type of neurons where they were localized. However, the quantification analyses
presented here aligely conservative values, underestimating the actual numbers of profiles
containing these ERs, andGRERIlare lbalizedjto ahalimenrgic wi t h
profiles.

42ERU is detected at extranuclear sites
At the ultrastructural level, the location and type& @ IR profiles containing in the
STRwere consistent in both singleandduah bel | ed ti ssue. Extranucl e
types of neuronal profiles and glial cells. This finding contragsipus light microscopic and in
situ hybridization studi esS$STRMiraetal.,2008;ser ved al
Shughrue et al., 1997y hediscrepanfindings in the present study and previous studies are
likely because of the greater resolutmfrelectron microscopy. In fact, in this experiment this
di screpancy was also found, as Ilight microsco
immunoreactivity but EM all owed f or -IRpradilestheheEIBt i on of
The maj orlRpryf iolfe ERdJr e axons, axon terminal s
in axons may simply reflect the transportation of these receptors from the perikarya to the
terminal, but binding at these receptors may also alter protein transport or the transduction of
eledrochemical signals (Cheung, 1990; Verdier, Lund, and Kolta, 2@@R)itionally, these
presynaptic receptors may be important in the local control of transmitter release, as estrogens
have been shown to decrease GABA transmission i8Ti(Hu, Watson, knnedy and
Becker 2006. EirRmilinoreactivityis observed exclusively at extranuclear sites irSiFR,
which is in congruence with previous findings that have localized this receptor to extranuclear
sites in other brain regions, such as the hippocampus of rqdiimter et al., 2001jand thePFC
of rhesus monkeys (Wang, Hara, Janssen, Rapp and Mo&&B), Binding at these receptors
on the plasma membrane could rapidly alter dopaminergic transmissiorSimEhe/hich
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provides a possi bl e mec han nsmissiof io this eatntareao ge n s 0
(Becker and Rudick, 1999)
43ERD tested dt@xtranuclear sites
E R bnmunoreactivitywas observed exclusively at extranuclear sites neuronal and glia
in theSTRwhen examined via EM. Similar fmdingswthERU, ERB was rarely o
the light level, whictparallelslight microscopyexperimentshatdid not observe this receptor in
the STR (Mitra et al., 2003Shughrue et al., 199 7Additionally, the number of profiles labeled
for ERb-fwasl 1ieses t hanGRERR Thiskkelyecantributes to theRddk o r
of det e c R bylght mitroséopybn th&TR (Mitra et al., 2003; Shughrue et al.,
1997)
The highest pimnoupooeactvitywas observedinRakons and glial cells.
Li ke ERU, t h elRpxores soeldreflect receptoBs i firansport or could suggest that
ERb has a role in c¢ondu(Cheung h990p VYerdierletalc, 2003) c h e mi ¢
However, the-lRcaxointyeofmi BERbs suggests ERD ha
modulating synaptic transmission. Tleealizationof ERDb excl usi vely to ext
the STRagrees with previous studies in the hippocampus and rostral ventrolateral medulla
(Milner et al., 2005; Wang et al., 200®inding at these membraiassoc at ed ERDb r ecept
could contribute to estrogens rapid effects on dopaminergic transmissiorSinRhe
4.4GPERL1is detected at extranuclear sites
GPERZIR is seen throughout tH&TR, which agrees with previolight microscopic
findings (Brailau etal., 2007) At the ultrastructural leveGPER1is observed at the plasma
membrane and in the cytoplasm of various neuronal profiles, corresponding to previous research
examining the distribution d6PER1(Filardo et al., 2006; Filardo and Thomas, 2012idvda
et al., 2008)GPERU1is also observed at the plasma membrane of glial cells.
The highest proportion @8PERlimmunoreactivityis observed in dendrites and on glial
cells. This suggests that binding@®PER1in theSTRis more likely to affect neurotransmission
through possynaptic mechanisms. AdditionallgPER1is associated with Golgi apparati in the
STR, similarto findings in hippocampus (Matsuda et al. 2006jowever, in contrast to findings
in COS7, HEC50, andCHO cell cultures (Otto et al., 200&nd he hippocampal formation
(Funakoshi, Yanai, Shinoda, Kawano, and Mizukami, 2006; Matsuda et al., BRBRXIR

wasnot associated with the endoplasmic reticulum inSMR. It was hypothesized that
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regulatorysteps in the biosynthesis of this protein oc¢uha endoplasmic reticulum (Filardo
and Thomas, 2012)vhich would imply thaGPER1should be present at this site in $iER It
is unclear whyGPER1was not observedtthis organelle inthese experiments
4 5Extranuclear ERs are associated with mitochondria

ERU, E RBPERlaseraltiocalizedto mitochondrial membranes and to the plasma
membrane of glial cells in tHeTR Estrogens have been implicated in mitochondrial functioning
and cellular metabolisifAraujo, Beyer, and Arnol®2008; Razmara et al., 200&)d to our
knowledge, this is the first tim@PER1have been observed on mitochondria. This provides a
mechanismhrough which estrogens could affect mitochondrial functioning. Additionays
known to mediate gliahduced neuroprotectiofirevalo, Santogsalindo, Bellini, Azcoitia, and
GarciaSegura2010; Liu et al., 2011in part through binding @&PER1(Liu et al., 2011)Thus,
thelocalizationof ERs to the plasma membrane of glia could contribute to the explanation of
how estrogens are involved gial-mediated neuroprotection.
46Bot h -IE&tdGPERI-IR are found in cholinergic, but not dopaminergic,profiles

Dopamine terminals in th®TR predominantly have cell bodies origiimag in the
substantia nigraars compacta, although some axon collaterals originate from the ventral
tegmental area. These DA terminals form synapses primarily with GABAergicimepiny
projection and interneurons (Gerfen and Wilson, 1986 also interact with cholinergic
interneurons (Threlfell and Cragg, 201lkjcreases in systemi2 have been consistently shown
to increase DA availability in th8TR (Becker, 1990; Becke1999; Becker and Rudick, 1999)
and it was hypothesized that estrogens might have these effects through binding at receptors
found on dopaminergic terminals in tB&R However, rGPERLREmN&ESRU nor
weredopaminergic, insofar as they are nodecalized with TH. Consequentlihis suggests
that estrogens are acting at receptors on other neuronsSii f.g. cholinergic neurons), or at
receptors in other brain regions, to elicit these effects. Otmal alternate region where
estrogens could be actingto affSIRDA t r ans mi ssi on {GRERihdwe SN, as
beenlocalized inthe SN(Brailoiu et al., 2007; Kuppers, lvanova, Karolczak and Beyer, 2000)
Moreover, estrogens can directly targepaminergic neurons in the SN, which could alter DA
release and reuptake in t8&R (Becker and Beer, 1986; Kuppers et al. 2000¢vious studies
that have found estrogenduced effects on DA release ath@pamine transportéanctioning in
the STRusedsystemic injections of E@Becker, 1990; Becker and Rudjd999; Watson et al.,
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2006)and consequently estrogens could have been acting on receptors in the SN to have these
effects on DA transmission in tl8TR Further research is needed to determinehdne
estrogens effects on DA transmission in $TéRresult from estrogens binding in the SN.

Bot h-aBFGBERLIRSs are localized to cholinergic profiles in tB&R The
localizatonof ERU to cholinergic neurons(Tavgrteees wi t
al., 2003) and thdocalizationof GPERZ®IR to cholinergic neurons agrees with findings in the
medial septum, nucleus basahagnocellularis, and STR (Hammond et al, 20TAis finding
suggests that estrogens could have rapid effects on cholinergic transmission by binding at
extranucl ear ERs on these neur on$SPERAANDnost al |
VACHT are dendrites, indicating that estrogens bindingestetlieceptors would affect post
synaptic cholinergic transmission. ACh has modulatory effects on dopaminergic activity in the
STR(Threlfell and Cragg, 2011%0 estrogeimduced changes in striatal cholinergic
transmission could, theoretically, alter dopaergic transmission in this brain region, providing
an alternate mechanism for the rapid effects of estrogens on DASTRie

Less than 10% of ER labelled profiles are cholinergic. This could partially be due to our
immundabéling yielding conservatie estimates of both the ERs and VACHT, but does imply
that a large proportion of ER in theSTRis localized to an unknown neuron type. Over 95%
of neurons in th&TRare GABAergic interngrons and projection neurons (Gerfen and Wilson,
1996) Systemidnjections of E2 rapidly reduce GABA concentrations in$id&R (Hu et al,
2006)and antagonizing GABAergic neurons in BERincreases B levels in this brain area
(Adermark, Clarke, Erison and Soderpalm, 20These results indicate that estrogeng alte
GABAergic transmission in th8 TRwhich could indirectly alter DA transmission. Only GABA
neurons and cholinergic interneurons have their soma and dendrite SIiRRNHER-IR dendrites
and soma that do not contain VAGHH are observedso it is reasonable to hypothesize that
these remaining ER labelled profiles are associated with GABA neurons or interneurons. Future
research from our group WwW3PERlaralatalizeéte GAB&vh et her
neurons in th&TR
4.7 Conclusions

These experiments demonstrate the presence of ERs$TRwith ERU aQPHR1
predominatingAll three receptors are localized exclusively to extranuclear sites, in various

neuronal profiles and on glial cells, providing a mechanism through whiclyessreould
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rapidly alter transmission in tf&TR ERUandGPER1are not localized to DA processes in this
brain area, but are found in a small proportion of ACh neurons. ACh has strong modulatory
effects on DA transmission in tI&TR, so estrogens could indirectly affect DA transmission

through altering cholinergic transmission.



88

CHAPTER 4B:
ERUAND GPER1 ARE LOCALIZED TO GABAERGIC NEURONS IN THE DORSAL
STRIATUM

Anne Almey, Teresa A Milner, and Wayne G Brake
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Preface:

The experiments described in Chapter 4A de
the STR, | ocated exclusively to extranucl ear
and GPER1 are not localized to dopaminergic neurons in the striatum olaupeoportion of
these receptors are localized to cholinergic neurons. Following these experiments the majority of
ERs in theSTRwere localized to an unknown neuron type. GABAergic neurons are the most
common type of neuron in tI&TR (Gerfen and Wilson, 1996) and research has demonstrated
that estrogens rapidly decrease GABA availgbih this region (Schultz etl.a2009).
Consequently, the experiment presented in Cha

localized to GABAergt neurons in the STR, extending the finings presented in Chapter 4A.



90

Abstract:

Estrogens affect do®PBmRiinnec rteraasnisnng sdso poanmiinne tahvea
mai ntaining D2 receptawraid erbsdldipgayniarfa ttrireedruscg anrgt
of these effects of estrogens are rapid, sugg
receptors. Recently our gnouopedembdlEeR angdf bh
and GPER1 ,i mutthla hSBRERL1 | acal aoetdpami nergic ne
this region. GABAergic neurons are the most ¢
changes in GABA transmission affect dopamine

microscopy wthet digdare EGRP BR10 cveelroez @A BAer gTics nealr on
from twas SITRbel |l ed wi t hUcarn tGPBORIL easn & oan ed rtthielro
to determine whether these receptors are | oca
anal weiad ed®&Ja M tGERRR1 are observedR exGABAIi vel |
at ewtcrl®@arl cddleosz atOomunor e 6PERLt gnd8 o GABR was
commonly observed in GABAergic dendr ihtags and

estrogens can rapidly &fTResb &aBAogeassmbabdo
dopamine transmission via changes in GABA tra
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1. l ntroducti on
There is evidence that estrogkearsS@Rncr ease
|l ncreases in estrogenB2 apl as ®©nMéfthaet se,8 tatotuesn ucaytce

dopami ne r eSufpBaklen ;Bekk®0b & RUHObmMhbsoh992999
possibly by reducing the avywWaitlsaomi leitt yalo f, t2h0ed 6
Furthermore, chronic E2 treatment results 1in
bindi ngTRrantdheg etLealSaux2 @0 2aanld. ,s yxQ k6Hi2acr el nj ect
associated with higihneducdeedvedosp aoniiS fad erlcedl ttemaysi en ei n
199Backer & RudTE&Sredlux%®d i ncreases in dopamin
which suggests thhitneéshgog®nwsemicd add rodgdapt or
regBec ker ; Beltk®b & Rudick, 1999

Unt i | recently it was wunclear how estrogen
mi croscopy mr@indi zat isonh usthydi es obsleabvetldirrvger y | ¢
ERlandbiER SThREuppers & ;Bavghyue99@ane, & Mercher
Shughrue, Scri mo, ). & TMer mmteewi R adIGBE,R ¥1eTW&H S obse
the perikaryaSToBr akeboonyseibuat hg 2®0MAI ned uncl
neur ons QPoEcRall owaesddle used el ectron microscopy t
ER 1 ®TtHhlemey, Filardo, MiThesg &xPBerakegn2B8ldel
me mb raasnseo ¢ i Batnedd GPRER1 ar eSPpReamd emeé mbmarmbd eas s o
is also preseniEmand o@RER1 ewel sveltjReatveedx exah
sites, and were | ocalized predominantly to pr
suggesting that estrogens alter g¢Alrmeayt aelt tarlan,
2012 Tm&ERwr ovi de a mechanism for tShTeR rBemxiadi sef f
of the known effects of est$®DR edlgsaloesltidndgg a mi n e
examined whether ERs were | oda&l iaz endartkoe rn efuorro n
catecholaminergic neurlomsal oTthaitsmmu rudrper DdERew ivtey
or GPERH &amednonstrating that EResuraocresSAi®Rkt tl lhhe al
(Al mey et). aA .sedrnd® experi ment was conducted e
identified using an i mmunol abel f &danWYAGRPERL1IwhI
-l abel |l ed PBITRIriel esh gNInmmeeyr geitz aTher €f0dr2 a | ow pr
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ERs are |l ocalized to $ShRIbwmterailcarigne ep rnoepua rotnisc
i mmunor daanc 8ihlest yocal i zed to an unknown neuron

The majority SolfRrnee uGAloBnAse rigni ct hient er neur ons a
(Gerfen and. Wey stoeami d919%))ecti ons of E2 rapidl.
t hSeTRHu, Wat son, Kenné&adhul & zBedlkaam, ah@®@®@®@ 6Ni zi n
GABAergic n8UlRocseasesh@AdearvmarlkabiCligaryke, Er i c
Soderpa) mTh28&¢l1lresults indicate that estrogen
STRhich could i ndirectd yr eadscemralDAe ttra nhsym ctsh es
remai ni ageERed profiles are Tdd soeixepeed meintth G,
el ectron mict abpefboprym geaRsd adnuda I GABA tloo addeeftoezr ad n e

GABAergic neurons.

2 . Met hod
2.Alni mal s

Three adult female Sprague Dawley rats fro
MA), appr oxXiSMayt elny az 2-6 ovwad e @& dweir ielcictessm t o f ood

water and with 12:12 | ight/ dar k actyscliens ,t hwei tdh e
phaseestrobhses cycl ee xwaesr iameanitysz eld afnodr 2, and t i s
estrus phase of the cycle was used in experim
Nati onal I nstitutesrofvedeblyt hhguiwdel |l n€sr apestl
Il nstitutional Animal Care and Use Committee.

those used i n pgAlemd y uet; Wixlpleira gwBegn2®&o ones Chapl esc
Mi | nenm., 2011
2. Anti sera

For UERenti fication, a rabbit polyclonal ant
peptide for Uvlase sapipV e edad WEIR.u aHa yzaes hdP.ER1 t hi
used a rabbit pehgchordl agat nseramsynthetic p
CAVI PDSTEQSDVRFSSAV (Multiple Pepti deneSyGtems,
terminus of the human GPER1 re@epaakarwhiCtcmi w
Skl ar, Arterbunmet&iRrsoosnistpz,ci 205ty testing
reportedAeimegwre)r @aA .t,hi2rod 2anti body, provided t
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identification of GABA. A rat pol-yclonal anti
glut ar enlednmlcydeni n conjugates, and was specific
GAB8SA, hwhild mimmathed gqlaauderi,t yHan, Henderson, V
1986 Addiitmmoumadd g¢gatchtiisviatnyt iosfer um has been repor
t he specificiratnyt idlsleucheln e €)t GABA, 1986

2.T3i ssue preparation

Rats were perfused, and |l atbenBI Rveseepraspar
describedApmeyi ey iOMn2er , Wabe&mRioenr,c, 2011
Additionally, a tissue saedt iacrc uadret aniurcil reg toHe
was included in the immunohistochemilal proce

l abeling i s p(Kesdamntd,ri,a 2t0t0ike b alg&l®mwecsg uolfd ibremu n o

confirmed prioSTRor pEM.cessing the

2.1dmmunohi stochemicati Xxabedbnngndnedmhbheddiueg
Free flwatseaqgtitorssS TcOmitgirlndhgn ¢ htrheee r at s wer

f or i mmunohliosctaolcohzeddE RRca@PER1se®8ri ehs ywere incub
antabbUt( ERAOlL OO o@®RERI11 000) for 24 hours at r¢
days at 4AC in 0.1% BSA in TBS. One day pri o
wasided to the dipleuenxli adbagsleieegt mmoeower e i ncuba

bi otinyl at-ed bdankenymuanmotgil obul in (1 gG; diluted
Laboratories, Inc., West Grove, HMA)otiinn Oc.o5n |Be
(Vector, Burlingame, -dCAaMi ndbd emizn Wdti evse; (DAB, 3 Al .
WI )d aBi n TB/S,mi neudre si. mmb a b gsbelcdtgi oinrsc ueateed i n a
di l uti on-rdadn kceoyn jaumtai¢ @ldl ¢ ioddl gol d particles (
Sciences [EMS], Fort Washington, PA) and a 0. (
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Figure 1. Electron 'r'hic.'r('})ggrapﬁs démibnst'raﬁﬁ'gd'ﬁﬁlfzatibnb f N E FéSE?ERband GABA in

the dorsal striatunA) The area of the dorsal striatum examined in this experinizni

dendrite (DEN containing immunogold labeling f&ABA and immunoperoxidase labeling for

ERU associated with tdnionformsasgnameveth@ABdA & nmdi tEARdh
-IR terminal (TER)C) An  E-R@nd GABAIR dendrite (DENYhat forms a synapse with an
unlabelederminaland a ter mi nal (IR B)R dendrite (DEMS) icamtaiming E R U
GABA and GPERImmunoreactivityassociated with microtubules and the plasma membrane

E) A terminal(TER) containing GABAIR and GPER4R associated with small synaptic

vesicles, which forms a synapséh a GPER1IR dendrite (DEN)F) A GABA-IR soma (SOM)

containing GPERiImmunoreactity thatis associated with @olgi body.Black arrow =

immunoperoxidase fd6PERJ White arrow simmunogold for VAChT, bar = 500n.
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phosphate buf;fdrmédlsabirabd@BESe f or 10 minutes

then rinsed in PBS, washed in 0.2M sodium ci't
for ~7min (IntenSE; GE Healthcare) to enhance
i mmunblialge ti sswee f9 xcetdi adms oweri um, embedded i n

coll ected on griddgAl mey deetys cali.b,ed2 plr2evi ousl y
2.5 Anal yses
Sections from the STR were examined under

an AMT digital camer a. The subcellular distri|
per ratfar @aa 5afOmeach section was counted in eacf
dendritic spines, axons, axon (Alemani nett sal .o,r 2
Petery, Th®ltotal number of | abelled profiles
averaged across the three rats. Tissue508ml ect
from t Htei pdastiict erface, and only samples thi:
interface were included in analyses. Soma wer

they frequently occupyyamd,e rterdawnc ihrad ft lod dvher ¢
| R profiles observed. Final phot omicrographs
brightness and contrast were adjusted using G
Power Point 2013.

3. Results

The proportiUamde GRPERIptrlnfER es observed in t
omparable to those ol$emeyeet)i aThdhedP@ Vi by so
nd GPER1 i mmunoreactivity was observed at pr
<0.150m) or ak.omOm:e rmeé e ajl wsd n(ted .t149 tdi ewsre masnt ar | ayt sei ds

- ~ o @)

hat 36Ui%wmamoERacti vity was observed in axons

—

er mi nal s, while 40% of GPER1 i mmunoreacti vit
axon teUamdn aGBRRA xoER we rde actf ttehne onbesnebrrvaen e |,
| so frequently observed in clodlangr GRERILt was

—
o

observed at postsynaptic sites, in dendr
nted fUand10%%odmmB8RBERERacti vity, while | a
nted for UimdaGBERL1 % mmMuBRreactivity, res,|

L 9 9
o
(@)

o O O
c

c
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Tabl e 1
Di stri buloiGdPERIf amRl GABA in the dorsal striatu
Receptor ERU GPER1 Er U + C GPERl+ GABA
0 10.8 13.0 35.3 44.1
_ )
Dendrites
# SEM | 28.3 0.3 34.0 +1.7 10.0 £+ 0.1 15.0 #1.0
7.01 3.44 7.27 7.41
_ %
Spines
# SEM | 18.33 #1.2 9.0 0.4 1.3 0.3 0.7 0.7
% 36.1 40.0 7.1 3.8
Axons
# SEM 94.3 +2.9 104.7 +3.7 6.7 +1.2 4.0 +0.6
0 325 321 27.1 30.2
%
Terminals
# SEM 85.0 +0.6 84.0 +9.9 23.0 #3.1 253 +3.3
% 13.2 11.3 4.8 14.6
Glia
# SEM 34.7 455 29.7 5.7 1.7 +0.7 43 +1.9
0 100 100 16.9 20.2
%
Total
# SEM | 261.3 +7.8 262.0 +9.8 443 +2.0 53.0 5.6

Percentage of total IR profiles and number of IR profitexl the corresponding standard error

observed in 6000pum area of the dorsal STR, averaged across rats.
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13% olJi mER nor eaancdt i1VIi%d yo fmm@ B B R Bvaacst iowistey. wdBdch i n g
ERland GPER1 were observed at mitochondri al me
previous s$h@dwadaR et) all mmuiRkRdddelodn gGABA al so par
previous findliRmRhgsammarlhy CoABsAmr naeldds|] danaodfites,
neur onSTHEreltillkee Donne, SesGucnkd, e r& emi,c kOet-It,e rls%en7, ¢
Mat hi seg.n , GAIBBO & xons andweeedail socospasbenat hiys
was i nfrequent.

There are modleaaaleb d tetweddam dORGABES TiRn t he
Cbocal oERM Romand-| ®ABAwe Ineosst commonly observed
shafts (Fivwi.t 1395 &NREBEesdcionGABEMmMmmunor eact i vit
(see Tabbeallbetaw€®ewmasRal so frequently observed

1B); 27.U01® oker®mRnal s alisnomuaonteaitiuedi GAHABERTr | ev
cbocal beawe®an cE RGABMU n o r eveatei wibtsyer ved i n axons
spines, willllRxoms odandERIendritic spines also coc

i mmunorea6GtiaitprofUdned GlABHuaion iewesyr tef Rail tsy
observed infrequent!| yi mmwuhbbl &E8RFAosfo gcloinat aci onnitn
GABA Addi t iUo mamuhyp s evEaest iovbis@kBRABoima containing,
although these profiles were not included in
There were also moderate | evels of colocali
STRPERInmunor evaacst imoisttycfobroequ @ reteldy mmio ho GAB At i vi
in dendritic shea&fPtERIRENGr LiD)¢ dBbafltosodl so con
i mmame ac(tsievei tTyabbeallwasaColoso observed in axon
with 3GPERIRXon tal mon@e@®@ABAI nmmunor S&aamt il airt y o
finding¥d|] wivt he E®Icsal ovfe actd obhserved between GABA
dendritic spines and axtRsdeBpewedi e€ecEGhPABhresgi 4
and 3.8% of axonskwemeat@ABAGmgaGdiWERRIt albso observ
gliaSITIR tHeGPERROI i a al so ciomman mreaa GIABARAI t vy,
GPERInmunor evaacst iovwistey ved i n soma that 1me,re i der

although these were not included in quantific



98

4 . Di scussi on

Moderate propband o@BPBRD bwét B&AERengucons in
t hSsTR providing a mechanism for previapsdlgsea
decr &ABAd avail SHTRU tegt i abcthlue2t0z0Oget TheE. r e280DBOs
this study are similar to the resulStTsR of our
(Al mey et), ailngr @®di2ng confidence in thlasned find
GPER1 oc@al wztahi GABA was observed in dendritic
of UBERd GPERI1 er miGAB&Is gwadrde i ti onal bgal GRBERIL aWwa s

cells that alisommecooteaeadedry SIABAr el d coaM il zasteil sn o
bet ween the ERs and GABAl i kelaywyodhweahowdérdel s
i mmunor edcsteirwieat yt hese profiles. The findings o

t hatlaE®R GPERSITHTIe tlheecal i zed t o GABAergic neuro

excl usewtedgnwadl ear sites

4 Met hodol ogi cal Considerations

Met hododoongsiickadr ati ons are discussed in deta
et al ., 2012) .l abremegt hpdst hseidmmeme | ead to ex
cellul ar morphol oggecal obawamippdemns ) SAFlel®89su.
sections were identical in size and were take
di fferences in antigen penetration did not af

| mmunoreactUandt @PERLT ER di sglran e, oifsnsbebest ev@ameyd

using &M d nmuomk reefaERd ove s yndtordemonstrate that

ERs. Additionladbdeyl,i fgopranéedleydausa,l t he probabilit
i mmunomar kers i n theecsraenmees ed ,a npea rotfi csuelcari loyn fi osr
Consequently, the quantification analyses pre.
number of ERs, and the frequency with which t
profil es.

4. 2U&£MRd GPERI1 oxral i zed to GABAergic neurons in

Approximately one thirldR orfUaFaRdio GPERAL miweaks
GABAergic. These ERs are positioned to direct
which corresponds to previous rese&trcahpitdhlayt d
(<30mi n) TaetvtoekndudhA ersdd eSS RHuheet aSlc.hyul20z06et al .,
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There i s evandiemec er etl®édRssed ioiprh i tbh €Senb | kdye r GAB D e
Kl'i ppel, Sarre, E bWhn ¢ eerh,e a& , MiRcohspet, tt E&®ju wtkonensed , 2
decreases in GABA coul d ihn&T R avoer ed orpeacneinntel ya viat
shown 4 hducE#sidnecGAeBaAs eaf fect s dopamine depende
evidence that E2 induced cheaempegadeinin (BhBAvVvazaonur
et al.Thlepo@a®pzdBERIdNGPER1 to GABAergic termina
mechani sm for estrogens effects on GABA trans
indirectly affect do@®dmi nergic transmission i
Addi t iaopnparlolxyp mat & h yErRiia nodf GPhEERe ndr i ti ¢ shaft s

GABAergic. This suggests that estrogens can a
GABAergic nS8iURoTlweal oztm&ERe®nNnt o dendrites of GA
of particular inter esdenmercsaturset epd etvh aotu st Iree srea]
dopami ner giitch es yh@akhtseer SABAer gi ¢ me(dii kne Is p& n@h a e
199 ckel, Towle,) dah,ti&n@Hdry, ID®B aods dds ei rdotphe

STR ocanrteo dendritic shafts, (Pi kel denEHRsi { e$988
l ocalized to dendritic shafts of BABABAgI c ne

synapses, ideally positGABAneadcttteo atnb M iofms i hest dee
second potenti al mechanism by which binding a
STRo i ndlitreerctdoypami nergi c transmission.

4 . CGonclusion

This experiment Uhemo GPtHRHAG sslldoez @ABRA ENRRur on s
t hSsTR ERs were observed in GABAergic terminals
are positioned taGhABAubkgnapseansmMhesieoERs on
provide a mechaninsdnu cfeodr dtehcer eraa§p@di &l atlmal GaABAge at t
estrogens may indirectly alter dopaminergic t

transmission.
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CHAPTER 5:

ESTROGEN RECEPTORS ARE OBSERVED AT EXTRANUCLEAR NEURONAL
SITES AND IN GLIA IN THE NUCLEUS ACCUMBENS CORE AND SHELL:
EVIDENCE FOR LOCALIZATION TO GABAERGIC AND CATECHOLAMINERGIC

NEURONS

Anne Almey, Teresa A Milner, & Wayne G Brake
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Preface:
Foll owing the success of the electrBR mincrosc

the  SBRsecond series of experiment sERveirre tcloend

NAc These experiments, presented in Whnadpter 5
GPER1 are |l ocalized to catecholaminergic and
two regions, the core and the sftheddéncevdh. chh drac

these experiments eEBMmMiIimed htehea odies tamidb Bthied n &
whetEhRerdi f f ered across these subregions of t he
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Abstract:

Estrogens affect dopamine dependent diseases/behaviour, and gvedense that estrogens

have rapid effects on dopamine release and dopamine D2 receptabiditsaih the NAc

Previous studies observelativelyl ow | evel s of nucl ear | @mbeling
theNACc, but these nuclear receptors cannot account for the rapid effects of estrogens in this
region.Electron microscopy studidsvedemonstrated that there are membrane assodfed

in theSTR, and these experiments extend these findings thlAweCore andShell.

Immundabelingt ec hni ques were used to deter mine whet
localizedto extranuclear sites in tidAc Core and Shell. These initial experiments were

foll owed by dual | abeling experi menotalizedtoh at e X
catecholaminergic or GABAergic neurons in the NAc. Results of these experiments

demonstrated that all three ERs webservedalmost exclusivelyat extranuclear sites in the

NAc, and that the distribution of these receptors was very similar indreea®d Shell

subdivison ERU, ERBH, and GPER1 were all observed g
and axon termials, suggesting that estrogens affect transmission in the NAc via presynaptic
mechanism A s mal | proport i boalizedto caeéhtlammergic GPER1 ar
terminals, suggesting that binding at these Eddd alter release of catechwimes, includiig

dopami ne. A | ar ger pr dopatizedtoiGaBAergid derriRedand nd GPE
terminals, suggesting that estrogens could alter GABAergic transmission to indirectly affect

dopamine transmission in the NAc.
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1. Introduction

There is evidence that estrogens afteetprogression afopaminedependent diseases,
protecting against some symptoms of schizophrgfuékarni, Hayes, & Gauvrilidis, 20)2and
Par ki (Ragonese et al., 2004nd exacerbating the development of addiction to most
drugs of abusé€Carroll, Lynch, Roth, Morgan, & Cosgrove, 2Q00Additionally, estrogens also
have effects on dopamitependent cognitive processes, including selective attgitiorey et
al., 2013 Quinlan, Duncan, Loisell&raffe, & Brake, 201)) reversal learningArad & Weiner,
2012, and memory system bigslmey et al. 2014Quinlan et al., 20L3uinlan, Hussain, &
Brake, 2008Zurkovsky, Brown, Boyd, Fell, & Korol, 20Q07among other dopamirsependent
cognitive processeggor review sed_uine, 2014. Maladaptive transmission ihé STRand NAc
is implicatedin these diseases/disorders and cognitive procéSsay et al., 1997/Howes &
Kapur, 2009 Taghzouti, Louilot, Herman, Le Moal, & Simon, 198&nd it is hypothesized that
estrogens alter dopamine transmission in thesenggmelicit some of theffectson dopamine
dependent diseases and cognitive procg8ssker, 1999Seeman anddng, 1990Thompson
& Moss, 1997. To understand how estrogens affect transmission in the STR and NAc, a
complee understanding &R distribution in these regions is required

A previous publication from our group exam
GPER1, in th&&TR, demonstrating that all three ERs observed atmantear sites in this region
(Almey et al., 201}, striatal ERs are nddcalizedto dopaminergic neurons, but doealizedto
GABAergic interneurons (Almey, Milner & Brak€hapter 4B and to a lesser extent,
cholinergic interneuron@Imey et al., 201 This manuscript extends these findings by
assessing the distribution of ERs in the NAc Shell and Core.

Estrogens modify dopamine activity at multiple stages of dopamine transmission in the
NAc. First, systemi@njections of E2 administered 48hours prior to testing resulted in
significantly lower phasic dopamine release in the NRwmpson & Moss, 1994butan
infusion of E2 into the NAc increased phasic dopamine release within 15 mifbteepson &
Moss, 1994 This suggests that there are opposamgrtermandrapid effects of E2 on
dopamine release in the NA€E2 alsorapidly increases the metabolism of dopaminéicated
by increased levels of DOPAC and HVA in the NAc within 30 minutes of E2 administ(&ion
Paolo, Rouillard, & Bedard, 19892 replacement administered@¥X ratsattenuate
dopamine reuptake in the NAChompson, 1999 providing a potential explanation for the-E2
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inducedincrease irdopamine availabty in the NAc. Additionally, ovariectomy results in
decrease in D2 agonist and antagonist binding which is recovered by E2 replacement,
suggesting that estrogens maintain levels of D2 receptors in th€LldAdry et al., 2002_e
Saux et al., 2006 Some of these effects of E2 in the NAc occur over a long time scale
(+24hours) suggesting that they are mediatelbng-termeffects of E2, while other effects of
E2 occurrapidly (-30min).

Previous experiments using both light microscopy and in situ hybridization have
examined the distribution of ERs in the NAc. Light microscopy and in situ hybridization studies
observe low levels of immutabdlingf or ERU and ERDb in the NAc, e:
(Mitra et al., 2003Shughrue et al., 1998GPERL1 is also observedsomain the NAc at low
levels(Hazellet al., 2009, presumablyocalizedto cellular organelles and the plasma
membrane, as has previously been obsefivedakoshi, Yanai, Shinoda, Kawano, & Mizukami,

2006 Ottoetal., 2008 Estrogens binding at nuclear ERU a
responsible for theong-termeffects of estrogens in the NAc, and GPER1 could account for

some of theapideffects of estrogens in this region. However, the rapid effects of estrogens in
theNAccoul d al so be medi Enereislevitteyice thaf IR mioroscopyE R b

may not be suf fi cimEnRPAlmey etal.h291® ulivastruciuEaRabalysisn d
would determi nemivRfet hamd mERIERIt thedAc, and if so,

what type of neuronal profiles these ERslacalizedto.

These experiments used I mmunoel ectron micr
ERb, and GPER1 in the NAc. There i s ewad dence
subregions of the NAc, the Core and the Sfidl& Hayen, 201}, so these experiments
guantified ERs in these regiossparatelyo determine iER distribution differsn these
subregions of thdl A ¢ . Il nitial experiments demonstrated
observedatnecnucl ear sites in the NAa@uclea sites athoRdr i s al
levels. Following lhis experiment, dudhbelingexperiments were conducted to determine
wh et h eand GPRR1 werlcalizedto cateholaminergic or GABAergic neurons in the
NAc Core and Shell.
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2. Method
2.1 Animals

Adult female (225 250 g; approximately 60 days old; N = 6) Sprague Dawley rats from
Charles River Laboratories (Wilmington, MA) were plagused withad libitumaccess to food
and water and with 12:12 light/dark cycles (lights on 060800). All procélures were
approved by the Weill Cornell Medical College Institutional Animal Care and Use Committee
and were in accordance with the National Institutes of Health guidelines and. The rats used in
these experiments are the same as thoseimsen previos publication on mERs in the STR
andby Williams and colleagug®\imey et al., 2012Williams et al., 201L After arrival, rats
acclimatised to thanimal colony for aveek, and themstrous cycle phase was determined using
vaginal smear cytologfTurner, 1971Williams et al., 2011 Only female rats with two
consecutiveregular, 45 day estrous cycles were included in the study. Tissue from rats in the
diestrus 2 phase of the estrous cycle was analyzed for these experiteentts ofvaginal
smea cytology,used to deterine estrous cycle phaseere verified by meaging uterine
weights and plasmia2 levels from blood samples collected during the perfusion procedure
(Marcondes, Bianchi, & Tanno, 2002
2.2 Antisera

E R UA rabbit polyclonal antiserum (AS409) produced against almost the full peptide
for the native rat ERU (aa 61 througfHhist he
antibody was previously tested for specificity, and recagoth ligand bound and unbound
receptorgAlves, Weiland, Hayashi, & McEwen, 1998kamua, Yamamoto, Hayashi,
Kuroiwa, & Muramatsu, 1992 This antiserum recognizes one major band migrating at ~67kD
(the mol ecul aonimmeoblpts of uterife lyEaRiiner et al., 200L When
tested on i mmu nnpiotein thes AS40D aniibBdy redognized oninor bands

ar

migrating at~110kB( | i kel y the ERU/fusion protein compl

kDa, and minor bands migratingat~45kDa( t he degr adat i ollowingthe duct s

purificaionof ERU from the fusion protein). Preadsor

resulted in no detectable bands in any of these locgfidiser et al., 2001

GPER1 These experiment used a rabbit polyclonal antiserum generated against a synthetic
peptide, CAVIPDSTEQSDRFSSAV (Multiple Peptide Systems, San Diego, CA), derived from
the Gterminus of the huma@PER1receptor(Revankar et al., 2005In Western blots, this
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affinity purified antibody specifically recognizes a-BB band that corresponds to the mature
351-amino acidGPER1polypeptide and does not recognize eithea ERERb (Revankar et al.,
2005. In brains fixed with 4% paraformaldehyde perfusion, immunoreactivity was greatly
reduced when the antibody was preadsorbed with 10mg/ml of purdiedh@nal peptide
(Filardo, Quinn, Bland, & Frackelton, 2000
ER: a rabbit polyclonal antiserum produced against a peptide sequence Hetineiritis (aa
468-485) of the mouse ERfotein was used (Z8P; Zymed Laboratories, San Francisco, CA;
(Shughrue & Merchenthaler, 200This antibody was specificity tested using Western Blot
analyses, which demonstrated a single band migrating at ~60 kDa. Preadsorption of the antibody
with purified ERR resulted in no detectable band at this locadidditionally, this antibody
exclusively labelled profiles containing ERMRNA according to in situ hybridizatiqi€reutz&
Kritzer, 2002 Shughrue & Merchenthaler, 2001
2-Aminobutyric acid (GABA) : A rat polyclonal antiserum was produced against GABA
glutaraldehydenemocyanin conjugates, and was specificity tested using preabsorbtion with
GABA-BSA, eliminatingGABA immunoreactivity(Lauder et al., 1986 Additionally,
immunoreactivity othis antiserunis consistent with the specificity of other BA-antisera
(Lauder et al., 1986
Tyrosine hydroxylase (TH): A mouse monoclonal antiserum against the full length of the
peptide TH in the rat (Immunostar, Inc., Hudson, WI). This antibody has been characterized
extensively in fixed rat brai(Pickel & Chan, 1990 The NAc has both dopaminergic and
noradrenergic neurorigerfoot & Williams, 201}, so catecholaminergic profiles containing TH
could be either dopamine or norepinephrine neurons.
2.3 Tissue preparation

Sodium pentobarbital was used testhetize rats (150mg/kg, i.pAll rats were
perfused through the ascending aorta with: 10ml hea®00 U/ml) in salinefollowed by
50ml of 3.75% acrolein (Polysciences, Washington, PA) in 2% paraformaldehyde and 0.1 M
phosphate buffer (PB; pH 7,4andfinally 200ml of 2% paraform| de hyde i n PB. Rat
were removed, sectioned into four 5mm blocks, and postfixed in 2% paraformaldehyde in PB for
30 minutes. The brains were sectioned coronally at 40um on a vibrating microtome (Vibratome;
Leica) and stored in 30% sucrose and 3bylene glycol in PBat-80°C until

immunohistochemical processi(igilner, Waters, Robinsorgand Pierce, 20)1
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Tissue sections containiniget NAc Shell and Core (Fig JAvere rinsed in PB and coded
with hole punches so that they could be pooled in single containers. Additionally, a section
containing the ventromedial and arcuate nuclehefitypothalamusr the supraoptioucleus
was included iandnmBRb,s ersb f paatEiRRBRY.abk | i ng i s
observed in thesegiors using light microscopyShughrue et al., 1998 aghmaie et al., 2030
so the success of immuabdling could be confirmed at the light microscopic level in
hypothalamic tissue if nabelingwas observed in the NAc. Sections were incubated in 1%
sodium borohydride in PB for 30 minutes to remove any active aldehydsseTthen was
rinsed in PB, followed by 0.1Mris-buffered saline (TBS; pH 7.6), and was incubated for 30
minutes in 1% bovine serum albumin (BSA) in TBS to reducespatific labeling.
2.4 Immunohistochemical Labeling
Experiment 1Free floating tissue sections containing the NAc Core and Shell from 3 rats were
processed for i mmunohistochemical |l ocali zatio
rat were incubatedinamtiabbi t ERU (1:10, 000 dil@dion) or C
dilution) for 24 hours at room temperature, and 4 days at 4°C in 0.1% BSA in TBS. Both ERs
were visualized using the avidbiotin complex (ABC) metho@Milner, Waters, Robinson, and
Pierce, J.P, 20)1Briefly, the tissue was incubated in a 1:400 dilution of biotinylated donkey
antirabbit immunoglobulin (IgG) (Jackson ImmunoResearch Laboeatdnc., West Grove,
PA) in 0.5% BSA in TBS for 30 minutes. Tissue was then incubated in peroxdase
complex (Vector, Burlingame, CA) for a further 30 minutes, aned&inobenzidine (DAB,
Aldrich, Milwaukee, WI) and O in TBS for 6 minutes.
Experiment2l mmunohi st ochemi cal |l ocalization of ERU
on tissue from three rats. Tissue sections we
dilution) or GPERZ1 antisera (Filardo; 1:1000 dilution) for 24 hours at roometetyse, and 4
days at 4°C in 0.1% BSA in TBS. One day prior to processing either TH antisera (1:2000
dilution) or GABA antisera (1:2000 dilution) was added to the diluent.

For immunohistochemical localization this experiment useeepreedding dual labelg
methodgMilner, Waters, Robinson, and Pierce, 2pDThe same ABC method described above
for experiment 1 was used to visualize the ERs. TH and GABA were detected using silver

enhanced immunogold. Briefly, tissue sections were incubated for 2 hours in a 1:50 dilution
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Figure 1. Light microscopic exaination of ERs in the NA®) Depiction of the region

analysed in electron microscopy experiments; the blue region was considered the NAc Core
while the yellow was the NAc SheB) Moderate levels of nuclear, but no extranuclidreling

wer e obser Q)¥ayspase nudeBabelingf or ERb wad3Densbser ved.
extranucleatabeling but no nuclealabelingfor GPER1 was observed in the NAc. Black arrows

= immunoreactive cells/nuclei.
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donkey antirator IgG conjugated to-bm colloidal gold particles (Electron Microscopy
Sciences [EMS], Fort Washington, PA) in 0.001% gelatin and 0.08% BSA in 0.01M phosphate
buffered saline (PBS). Tissue sections then were rinsed in PBS, incubated in 1.25%
glutaraldehgein PBS for 10 minutes, rinsed again in PBS, followed by a brief wash in 0.2M
sodium citrate (pH 7.4). A7 minute Incubation in a silver solution (IntenSE; GE Healthcare)
was used to enhance the conjugated gold particles.
Experiment 3After the complabn of experiments 1 and 2, a thirdiop experiment was
conducted to examirte R bistritbution in the NAc Core and Shell. Experiment 3 followed the
procedures described for experiment 1, except that tissue was obtained from rats in the estrus
phase of theicycle. Briefly, sections containing the NAc were incubated inrardgib bi t ERD
(1:2000 dilution) for 24 hours at room temperature, and 4 days at 4°C in 0.1% BSA in TBS.
Foll owing procedures from the previ ombsotinexper.
complex (ABC).
2.5 Tissue fixation and embedding for ultrastructural analysis

Following immundabeling, tissue sections from all experiments were fixed for 60min
2% osmium tetroxide in PB, dehydrated through a graded series of ethanols and propylene oxide,
and embedded in EMbed 812 (EMS) between two sheets of (Milaer, Waters, Robinson,
andPierce, 201} Ultrathin sections (~70nm thick) including the NAc Slagld Core were
taken (Fig 1A using a Leica UCT ultratome. The tissue was collected ppesarids (EMS)
and was counterstained using Reynoldsdéd | ead c
examined under a Philips CM10 electron microscope with an AMT digital camera. Final
photomicrographs were generated from digital images, where tegghémd contrast were
adjusted using GIMP 2.8. Adjusted images were assehmblgicrosoft PowerPoint 2010.
2.6 Data Analysis

The subcellular di sGPERIbBLbNen aGEERREU &RE ,
localized with either TH or GABA, were examined in the NAc Shell and Core. A profile was
consideredR for immunogoldabelingif it contained two or more gold particles. Two sections
of 54unt wereanalysed for the NAc Shell and the NAc Core, freither the right or left
hemispheres, for each rat in all experiments. For quantification analyses ER labeled profiles in
each section were counted and categorized as: dendrites, dendritic spines, axons, axon terminals,

or glia. The total number of labetigrofiles in the two 54pfareas was calculated, and an
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average was taken across the 3 rats. The number of each type of single or dual labelled profile
was divided by the total number of profiles containinglBRo determine the relative

proportion of eah type of profile. Tissue selected for counting was taken from a depth-of 0.2
1.5um from the plastidissue interface, and only samples that were thin sectioned evenly across
the plastic tissue interface were included in these analyses.

The type of neunoal profile was determined using the description of ultrastructural
morphology from Peters et §PetersPalay and Webstet991). Dendrites were large profiles
(usually between 1.0 and 2.0 um) that contained regular microtubule arrays and were sometimes
contacted by terminals. Dendritic spines were sfoallally between 0.3 and 0.4 um),
sometimes contained a spine apparatus or budded from dendritic shafts and formed synaptic
contacts with axon terminals. Axon profiles were less than 0.2um in diameter, contained a few
small vesicles, and did not form syisas within the plane of section. Axon terminals had a
crosssectional diameter greater than 0.3um and contained numerous synaptic vesicles, and
sometimes formed synapses with other neuronal profiles. Glial profiles were recognized by their
conformation tadhe boundaries of other profiles, and their lack of microtubules. Finally, soma
were identified by their extremely large size, a lack of microtubules and high numbers of cellular
organelles. All sections were assessed for nui@éating but soma were nancluded in the
guantification analysesjncethey typically occupypproximatelyhalf of the area counted for
analysis, reducing the overall number of ERorofiles. Contact between neuronal profiles refers
to symmetric and asymmetric synapses, and appositions. Asymmetric synapses were identified
by their thicker postsynaptic density, while symmetric synapses had thin, eguahgost
synaptic densitiefAppositions were any contact between profiles that was not a synapse, as

indicated by the absence of synaptic density in the plane of section.

3. Results

3.3Single labeling for ERs

By light microscopy, densePER1and low levels of nucled R U ERRare localized to the

NAc Core and ShelLight microscopyobservednoderatenuclear labeling o r (FHgRIB)and

very low nucleatabelingforEREFig1C)i n t he i n the NAERR I n contr e
GPERZIR was observed throughout the neuropil of ¥, but there vas no nuclear labeling

for GPER1 (Fig 1D)



111

By EM, extranucl ear ERU i s Edusmumoreactivitvas t he NA
observed in all types of neuronal processes and glia in the NAc Core an(s&hdlables 1 and

2). Semiquantitative analyses showed that 35% B[R profiles in the NAc Core were axons,

and 38% of RAR profiles in the NAc Shell were axofBigure 2D) imRUnoreactivity

was discrete and was affiliated with the plasma membrane and/or clusteralbfesicles in

axons (<um in diameter). Anal yses -IRproflestheNmMonst r a
Core and 44% f  HRRpkbfilesin the NAc Shellwerein axon terminal§Figure 2A) Axon

terminals in the NAc had crosscsienal diameters thatere ~0.31.5um, and contained

numerous small synaptic vesi cl esmmundrBa¢tiviyand oc
was commonly found in clusters of reaction product around SSV and was occasionally

associated with the plasma membrane, sometimaese proximity to synapses.

Peroxidasdabelingf or ERU was al so observed at posts
Dendritic shafts alRprofilesintende fNoArc 7C 08 % ,olfRa nElR (6 . 7 ¢
profilesin the NAc Shel(Figure 2C) Additionally, ERJ i mmu n o wasalsotinfraquently
observed in dendriltRi cisipitrhes NAT. TWRinttfe NEmRW 3. 3
Shell was localized to dendritic spingsgure 2D) In the dendritic shafts, peroxidase reaction
product was often affiéited with the mitochondrial and plasma membranes, and microtubules. In
dendritic spines, immunabdlingf or ERU someti mes accumul ated i |
also observed on the plasma membrane, particularly nearthe yosta pt i ¢ densi ty.
frequently observed neasymmetricsynapses, where it was seen both prel post
synaptically.-l®@aa®oinona&lImy nakElRdesdjtesapsed ont o
Immunolabei n g f wassomEdRrdes observed in neuronal perikarya, associated with
mitochondria or other cellular organelles, and sometimes associated with the plasma membrane.
Lastly, 10R8%not hERNAc CdR irtheeNAdShdl weéedobserved E R U
in glial cells (Figure 2B), primarily at the plasma membranes.

ByEM,extramc | ear ERDB i s obser v eAdthduhlrastruoteral ISNGIERBC o T e ¢
immunoreactivitywas observed at extranuclear sites in all neuronal profiles and in glial cells in

the NAc Core and Shelsee Tables 1 and.ZRR immunoreactivity was mosbmmonin

axons, where it constituted 49% of the total HRIprofilesin the NAc Core, and 45% of total

E R{IR profilesin the NAc Shell (Figure 3C). In axons, immusdzelingwas discrete and was
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Tabl e 1
ERVERan@PERI stribution in neuronal profiles ar
Receptor ERU ERR GPER1
_ % 7.8 4.4 9.2
Dendrites
# SEM 17.0 +4.9 4.7 +1.8 13.7 +3.9
. % 55 0.9 2.0
Spines
# SEM 12.0 +5.0 1.0 +0.6 3.0 +1.5
% 35.1 49.1 40.2
AXons
# SEM 76.0 +10.1 | 52.0 +11.8 60.0 +7.0
% 40.5 39.0 33.0
Terminals
# SEM 87.7 +12.4 | 41.3 +4.1| 49.3 +1.3
% 10.9 6.6 15.6
Glia
# SEM 23.7 +3.2 7.0 +1.0| 23.3 +2.9
% 100 100 100
Total
# SEM 216.3  +18.2 | 106.0 +9.1| 149.3 +9.9
The percentage of total I, &ngdgrohel egt aadpaonddbe
erjolbrservedmdbOareda of t he Nucl eus Accumbens Cor



Tabl e 2

ERERANGPERI stributiohil aglniaaa diom atlh e rMdAcC

Receptor ERU ERR GPER1
% 5.8 8.1 6.7
Dendrites
# SEM 12.3 2.4 8.0 +3.1 10.3 +0.9
. % 3.3 1.7 3.9
Spines
# SEM 7.0 +4.0 1.7 +0.3 6.0 +25
% 37.9 45.6 41.7
AXons
# SEM 81.0 4.0 45.0 +7.6 63.7 +9.6
% 44.1 36.5 34.1
Terminals
# SEM 943 35 36.0 +2.9 53 +6.4
% 9.0 8.1 135
Glia
# SEM 19.3 +2.2 8.0 +1.7 20.7 +1.5
% 100 100 100
Total
# SEM 214.0 +2.3 98.7 195 152.7 +1.3
The percentage of total l,L&ngrohel esraesdpandbe
erjoobrservedmdarea of t he

Sbel Busr Agedmbhensss

r
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Figure 2. Electron micrographs show examples ofiE#®ntaining profiles in the Nc Core and
Shell. ER}R is observed inA) a two axon terminals (TER), one that forms a synapse with an
unlabeled dendritic spine (uSP), in the NAc C@at the membrane of a glial process (GL) in
the NAc CoreC) a dendite (DEN), where it is associated with the membrane of a
mitochondrion (mit), the cell membrane, and microtubules in the NAc $)adl;dendritic spine
(SP) that forms a synapse with@amabeled terminal (UTER), arah axon(AX) in the NAc

Shell.Black arow, Immunoperoxidase for HRScale bar 500 nm
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localized to the plasma membrane or clusters of small vesiclesniERihoreactivityalso was

found in axonterminalsyhi ch account ed f dRproffesiftheoNAc Goltee t ot a
and 36% of -IRprdadilesinthe MAc ShelfFigure 3). Axon terminals ontaining

ERR immunoreactivitgontained numerous SSVs and occasional mitochondria, but did not

contain dense core vesicledsRBimmunoreactivitywas found in clusters of reaction product

associated witemall synapticvesiclesand was sometimes affiliated with mitochondria and the

plasma membrane.

ERRBimmunoreactivitywas also observed infrequently at postsynaptic sites. Four
percdét of t hiIRprofieswerded eEnRIbr i t es i n t he NRmofil€&or e, ar
weredendrites in the NAc SheFigure B). ErRMunoreactivitywas almost never observed
in dendritic spines, accounting for 0.9% of immia@lingin the NAc Core and 1.7% of
immundabelingin the NAc Shell. In dendritegnmunoreactivitywas typically associated with
the plasma membrane or with mitochondria. HR[perikaryawererarely observed in theAc
Core or ShellFinally, ERBIR glial cellswereinfrequently observed7 % o f  tlRhpeofilds R b
i n the NAc Cor elRaprofitbsindg NAcfShetwhregliagFgbore 3A). In glial
cells, labeling was discrete and was localized primarily at the plasma membrane.

By EM, GPERL1 is observéa the NAc Core and Shelmmunoperoxidasi&belingfor GPER1
was alsabserved throughout both the NAc Core and Shell (see Tables 1 and 2ab€Ehisy
was associated with neurons and glia, and was
andER most GPERAR profiles werepresynaptic; GPERIR axons accounted for 40% of
immundabédling in the NAc Core and 42% of immuladdling in theNAc Stell (Figure 4A and
D). Axons containing GPERIR were small (<®um) and almost always unmyelinated. The
labeling in axonal profiles was usually discrete, and often associated with the membrane and
small clusters of vesicles. GPERR axon terminals accoted for 33% of the total GPER1 in
the NAc Core and 34% of GPERL1 in the NAc Shell (Figure 4C). Axon terminals containing
GPER1 immunoreactivity ranged from @l3um, and contained numerous small synaptic
vesicles and occasionally mitochondria, where labelas frequently observed. GPER1
immunoreactivity was also occasionally observed in close proximity to synapses.

Low levels of GPER1 immunoreactivity were also observed in post synaptic profiles.
GPERZIR dendritic shafts constituted 9% of toGIPERZLIR profiles in the NAc Core, and 7%
of total GPERAIR profiles in the NAc Shell (Figure 4C). There were low levels of GPER1
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Shell.A) ERb-IR is observed in a terminal (TER), where itdsalizedto a mitochondrion (mit),
small synaptic vesicles, and the plasma membranB-IERs also associated with the membrane
of a glial cell (GL) in the NAc ShelB) the membrane and microtubules afendrite (DEN) in

the NAc CoreC) an axon (AX)Black arrowy Immunoperoxidase for ERScale bay 500nm.
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immunoreactivityin dendritic spines: 2% of GPERR profilesin the NAc Core and 4% of
GPERZIR profilesin the NAc Shel(Figure 4C) In the dendritic shaft&;PER1was typically
associated with the plasma membrane, but also was affiliated with microtubules and
mitochondrial membranedn dendritic spines, GPERieroxidase reaction product accumulated
in the spine head, and was asatex with the plasma membrane, particularly near the post
symaptic density. Although GPER@munoreactivitywas observed both pre and post
synaptically, it was rare for GPRR terminals to synapse onto GPERRLspines.
Immunogeroxidase for GPER1was obsered in neuronal perikarya, where it was commonly
associated with organelles, including mitochondria and Golgi b¢iigsre 4B) Finally, 16%
and 14% of GPERIR profileswereobserved in glia in the NAc Core and NAc Shell,
respectively; théabelingin glial cells was discrete, and wealized primarily tahe plasma
membrangFigure 4A and B)

3.2 Experiment 2: Dual labeling for ERs and TH

Il n dual |l abell ed sections, immunoreacti vit
similar proportions to that seen in experiment 1. However, there was higher total labeling for
GPERL1 in this dual labeling study compared to the single labeling expe(seeniables-B).

In agreement with previous studigesack & Pickel, 199, immunogold labeling for TH was
observed throughout the NAc Core and Shell in axons and axon terminals. TH immunoreactivity
was most commonly observedtarminals that were 0.B.5um diameter and contained

numerous closely packed round small synaptic vesicledRTidrminals sometimes formed
symmetric synapses with dendrites and dendritic spines. TH immunolabelling was also
infrequently observed in unmyeated axons (0-0.2um diameter).

There were low levelsofebocal i zati on between TH and bot
NAc (See Tables 3). HRaxdanhiverebBlsodH Ror and 1-R%ob6f ER
axon terminals contained TH immunoreactivitythie NAc Shell there were slightly higher
levelsofcel ocal i zati on bet we e-IRabidsoxzon@inei FIH 7 % of E
i mmunoreactivity, and 11% o fTH-RRRRbure®Amand&L). ni ng a
Co-localization of GPER1 and TH was aldoserved in the NAc Core and Shell. In the NAc
Core, 7% of GPERIR axons also contained TH immunoreactivity and 12% of GRERAxon

terminals also contained TH immunoreactivity. In the NAc Shell 2.8% of axons labelled for
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Figure 4. Electron micrographshow examples of GPERDntaining profilesn the NAc Core

and Shell. GPERf&hmunoreactivityis observed inA) an axon (AX) and associated with the
membrane of a glial process (GL) in the NAc SHR)la soma where it is associated wablgi
bodies. GPERifnmunoreactivityis also associated with the membrane of a glial cell (GL) in the
NAc Core;C) a dendrite (DEN), where it is associated with the membrane of a mitochondrion
(mit), a dendritic spine (SP) and vesicles in an axon terminal (TER), in the Nelc[3hin two
axons in the NAc Cordlack arrowy Immunoperoxidase for ERScale bay 500nm.
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GPER1were alsolH-IR, and 14.2% of all GPERIR axon terminalsvereTH-IR (Figure 5B

and D). These findings demonstr dilRprdflbsant a s ma
the NAcare catecholainergicneurons

3.3 Experiment 3: Dual labeling for ERs and GABA

The proportions of both ERU and GPER1 obse
comparable to those observed in the single label experiments, increasing confidence in these
findings. Again, the total number of GPERR profiles were higher in this experimehan in
the single label experiment (see Table 1, 2 and 4), but were comparable to the total number of
GPERZIR profiles observed in the dual labeling experiment with TH (see Table 3 and 4).

Immunogold labeling for GABA paralleled previous findings, WBABA immunoreactivity
most commonly observed in terminals, dendrites, and perikarya of neurons in ti{B&llac
Donne et al., 199 an Bockstaele & Pickel, 1995GABA immunoreactivity was also
occasionally observed in axons and dendritic spines, but this was infrequent.

Therearenoder at e | evels of colocalization betw
in the NAc. Col ocal i z aRwasmostwammony ebservedRilJ and GA
dendritic shafts in both the NAcIR@oadrite and She
shaftswere GRAer gi ¢, and i n t hIR ddddkies aBhoertainedss0BA of ER
i mmunoreactivity (see Tabl e 4; Figure 6A). Co
frequently observed i-RteaninalintheeNAaone and 37% 0of4 7 % o f
E R4R terminals in the NAc Shell also contained GABR (Figure 6B). Lower levels of
colocalization between ERU and GABA i mmunorea
spines. ThretRparkoanatioft ERUNARaxd®inte NAccand 2 %
Shell were GABAer gi c-IRdéndritidshires imtberNAg Core &nd 8% of E R U
E RAR dendritic spines in the NAc Shell also contained GABA immunoreactivity. Glial profiles
containing i mmunolabel ling f ofrequehtRUnitre3fdndGABA w
5 % o f-IR BliR &lso containing GABA immunoreactivity in the NAc Core and Shell,
respecti vel y. wasdcdasionallp obseived yn somi Edhtaining GABA

immunoreactivity, although these profiles were not idetliinquantification analyses.

Levels of colocalization between GPER1 and GABA in the NAc Core and Shell was also
observed. GPER1 immunoreactivity was most frequently colocalized with GABA
immunoreactivity in dendritic shafts; 52% of GPEMRLdendrites in the N& Core and 36% of
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Table 3
E RU @PRER1distribution in profiles containing TH in the Nucleus Accumbens

ER« or GPER-1 + TH in Nac Core ER« or GPER-1 + TH in NAc Shell
GPER-1+ GPER-1+
Receptor ER« GPER-1 ERc+ TH ™ ERa GPER-1 ERa+TH ™
% 94 1137 - - 10.5 13.1 - -
Dendrifes
# ISEM | 197 412 | 200 45 - - 203 103 310 431 - -
*% 4.0 21 - - 45 30 - -
Spimes
i +SEM 83 +0.3 53 +1.2 - - 87 07 7.0 +1.5 - -
% 333 354 1.25 6.6 38.1 404 72 28
Axoms
# 1SEM | 300 197 203 +29 1.0 1038 6.0 1.6 740 103 957 1538 53 +0.7 27 +12
% 332 299 63 12.2 285 31.8 11.4 142
Terminals
# 3ISEM | 693 412 | 763 478 | 43 04 | 93 424 | 553 434 753 4117 63 413 107 453
*% 15.2 10.2 - - 185 10.7 - -
Glia
i +SEM | 31.7 +5.2 26.0 +5.0 - - 36.0 20 253 +1.2 - -
% 100.0 100.0 26 6.5 1000 1000 60 57
Total
# 1SEM | 209.0 1150 2550 +7.6 53 +0.4 16.7 4.9 1943 197 236.7 +13.5 11.7 +1.6 13.7 +6.9

The percentaget oneumboetralo fl,a&RNkp rpotf@flicice $ espondi n
erroobrer ved mnar6@0060ODCame Sievdraged across rat
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FiguEéeeBtitron mlcr'o4gmraphs shbﬁvw-';w:é\ljb‘&}r'ﬁ:ﬁélﬁdzsR1of pro
i mmunor eadt iTwirtoysi ne Hyduoxyldans ¢tih(feT NNAc Cor e atr
A)l mmunoreaERi si agsboirat ed vwistidenldersa | hi tsyantapn drc
catachol emi nTfeeERghattesmadphcént to BYPERLabel e
i mmunor easctoicviattyyd with synaptic vesicles cl os
catechoteménmirgal s (-F&ER¥chahdmbner g®)ERM ®&r mi nal

catecholaminergic terminal ( TER) in close pro
(UDEINN)GPERINMuUNnoOr eaascstoicvMiattyed wi th synaptic vesi ¢
terminal ( TER) ,Blarcdk , arr maowwnmro p(eA XX idtaess,ea rfroaw ER;

i mmunogolSlc a@log H@AH. nm
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Tabl e 4
ERland GBERfLri bution in profiles containing GA
ERa or GPER-1 + GABA in NAc Core ERa or GPER-1 + GABA in NAc Shell
GPER-1+ GPER-1+
Receptor ERa GPER-1 ERa+ GABA ERa GPER-1 ERa+ GABA
GABA GABA
% 43 44 533 51.8 4.7 4.4 50.0 356
Dendrites
# 4SEM | 100 420 | 283 432 53 418 | 146 412 23 H9 290 +25 46 4 103 H.7
% 33 4.0 4.8 13.6 42 1.0 3.0 8.7
Spimes
# 1SEM | 70 +15 73 +1.2 03 +H3 1.0 +0.8 83 +03 7.7 H).7 07 H.8 0.7 H.7
% 37.5 36.8 34 32 39.1 36.8 1.7 13
Azoms
# 1SEM | 79.0 +29 240 +1.5 27 +1.7 3.0 +1.6 713 +32 757 +23 13 H4 1 +)
[ 431 437 46.7 40.7 40.8 437 37.2 33.8
Terminals
# ISEM | 90.7 432 843 423 423 144 343 45 80.7 158 76.0 +10.6 300 165 257 432
% 11.6 11.1 27 5.0 11.1 11.1 4.5 28
Glia
# ISEM | 243 32 | 200 +21 0.7 H).T 1.0 H).4 22.0 +1.5 237 +3.4 1.0 +1.2 0.7 H.3
% 100.0 100.0 244 233 100.0 100.0 19.1 18.1
Total
# ISEM | 2103 156 237.0 152 513 22 553 H03 1976 +7.3 2120 +7.0 377 H1 383 4135

The percentage of total IR profiles, the number of IR profiles, and the corresponding standard

error observed in ~6000pum area of the NAc Core and Shell, averaged across rats.
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GABA-IR in the NAc Core and Shell. A) ERR is associated with microtubules and the plasma
membrane of a GABAergic dendrite (DEN). B) BRR associated with synaptic vesicksd

the membrane near a synapse in a GABAergic terminal (TER). C) GRE&Skociated with
synaptic vesicle in a GABAergic terminal (TERD) a GABAergic @ndrite (DEN) with a spine
(SP) Black arrow Immunoperoxidase for ER;hite arrow immunogold for GABAScale bay

500 nm
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GPERZ1IR dendrites in the NAc Shellere GABAergic(see Table 4; Figurelj. Cdocalization
was also observed in axon terminas41% of GPERZIR axon terminals in the NAc Core, and
34% of GPERAIR terminalsin the NAc Shell also contained GABAmunoreactivity (Figure
6C). Lower levels of clocalizationwere observed in spines witl3% of GPER1IR dendritic
spines in the NAc Core ar®®o of the spines in the NA8hell also containing GABA
immunoreactivity Low levels of céocalizationwere observed between GABAd GPERL1 in
axons, with 36 of GPER1IR axons inthe NAc Core and only 1% of GPERR axonsin the
NAc Shell also containing GABAmmunoreactivity. Finally,dw levels of ctocalizationof
GPER1 and GBA werealso observed in glia in the NAB% of GPERZIR glia in the NAc
Core and3% of GPERZIR glia in the NAc Shell also contained GABAmMunoreactivity
GPERlimmunoreactivitywas observed ilGABAergic soma but againthese were not included

in quantification analyses.

4. Discussion

Ultrastructur al anal ysi s democalgzddioat es t hat
extranuclear sites in the NAc Core and Shell of female A¢ttsough these receptors are
observed at allypes of neuronal profilemnd in glig the majority are observed at presynaptic
sites.The distribution othe ERs in the NAc Core and Shedl very similar, indicating that ERs
do not differ between these subregions oftide. Additionally, theseexperimentsndicate that
a very | ow propor t ilaaizedid catdElhinergiccheu®i=adal ar e
moderate proporton & RU and Qdedizdio GABAergic neurons in the NAc.
4.1 Methodological Considerations

Methodological considerations are discussed in detail in previous publicgiomsy et
al., 2012 Milner et al., 200} Briefly, the immuntabdling methods used here lead to excellent
preservation of cellular morphology allowing for discretealizationof antigengLeranth C.,
1989. All tissue sections were identical in size and were taken near the pksie interface to
prevent differences in antigen penetration from affecting the results of these expefiviieets
etal.,201). | mmunor eact i viGPERIfisaliscreRddvery thiR plane od n d
section is examined, so a lack of ER immunoreactoatys not demonstrate that these profiles
lack ERs. For the same reason, the prolgtuf detecting both peroxidase and gold

immunomarkes in the same plane of sectjgrarticularly for small profiles, is decreased. As a
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result, the semiquantitative analyses presented heli&elyeconservative, underestimating the
number of ERs and ¢hfrequency with which these receptors are localizeddfilgs containing
TH or GABA.

42ERU is observed at extranuclear sites
ERU was the most frequently observed ER in
labelingexperimentsweres mi | ar, obser vi ng -IRdPospgwaptacb| e | ev el

labelingwas slightly lower in the NAc Shell than Core, but in general, these analyses indicate
that ERU distribution does not wasobkeivedialbet ween
typesof neuronal profiles and in glial cells in both the NAc Core and Shell, differing from

previous light microscopy experiments that obseelativelylow levels of nuclear labeling for

ERU i n (Mireeet aN,R@03Shughrue et al., 1998This discrepancy is likely due to the
increased resolution of el ectron -IRprafilesoscopy,
observed in this experiment.

Al thougiR BmRY observed in all types of neur
commorty localizedtopr esynaptic profiles, axons and axon
axons may simply reflect the transportation of this pemeto terminals, but these binding at
receptors on axons can affect the transmission of action potentials and protein t(@port
Sittl, Fleckenstein, & Grafe, 2010erdier, Lund, & Kolta, 2008 ERU i n axon t er mi
positioned to affect the transportation of vesicles to the syneyseh has been observed in
hippocampaheurongHart, Snyder, Smejkalova, & Woolley, 2007 ERU in ter minal s
positioned to affect theelease of transmitter from terminakovidinga mechanism for the
finding that E2 increases péia dopamine release in the NAthompson & Moss, 19924997).

ERU was al so | ocal i z epthestbotwabaatfcequentlyeobsereedid dendr
these possynaptic profilesin addition to being localized teeurons 10% of ERU i s al
observed at the membrane of glial cells. Estrogen is involved in glial mediated neuroprotection
(Arevalo, Santossalindo, Bellini, Azcoitia, & Garcigsegura201QSpence & Voskuhl, 2032

and these membrane associated gfeside a mechanism for this effect. Thesperiments

o b s e r v pricharily & Extranuclear sites, which corresponds to previous findinye STR

(Almey et al., 2012).
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43ERD is observed at extranucl ear sites

These anal yses twdsafmeuromaldprofiteRr &d in glial eellslin both
the NAc Core and Shell. ERDb was observed appr
suggesting that bi tessieffe ondransniisBidn invthe NAc,chlthbughv e
experimentswithRU and ERB agoni sts ar-synaptidabelingfdr t o c on f
ERb was slightly | ower in the NAc Core than S
ERDb distribution does not differ between subr
moder at e | ev el s-IRinfthe NActwhiehmitfecsifvm previous Ryht
microscopy findings showingnlyl ow | evel s of nucl ear (Mitrabtel i ng
al., 2003 Shughrue et al., 1998Again, this discrepancy is likely due to the increased resolution
of electron microscopy.

E Rb alsamimarily observed presynaptically, in axons and axon terminals. Similar to
ERU, ERB in axons could affect the trHCGamsmissi
etal., 201QVerdieretal., 2008 and ERD i n a x oedtotfecttime relemdesf i s p
transmitter fromterminal n t he NAc. ERbB i s also observed at
dendrites and dendritic spines, albeit at much lower levels. There were also glia in the NAc
c ont ai nIR,mdicatlhdrtbat binthg at these receptoesuld also contributéo estrogerns
effects on gliaimediated neurotransmissi¢revalo et al., 2010 These experiments observed
ERD al nusigely at exkranuclear sités the NAc,which corresponds to previous findings
that estrogesirapidly altetransmission in the NA@Le Saux et al., 200G hompson & Moss,

19949).
4.4GPERL1 is observed at extranuclear sites

GPERL1 was also observed at all types of neuronal profiles in the NAc Core and Shell. To
the best of our knowledge, this is the first paper to reapatGPERL is prevalent in the NAc, as
previous light microscopy experimerabserve relativelJow levelsof GPERL1 in this region
(Hazell et al., 2000 These receptors weobserved at extranuclear sites using light microscopy,
which was confirmed by ultrastructural analysis. The semiquantitative analyses of the single and
duallabelingstudies indicate that the distribution of GPER1 does not differ between subregions
of theNAc. However, there was a discrepancy between single and dual labeling studies; these
studies observeimilar proportions of GPER1 immunoreactivitythe various types of neuronal

processedyutthe singldabelingexperimenbbserved ~25% less GPERR profilesthan the
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two duallabelingstudies. There ar@number of potential causes this discrepancylt could
result from thdact thatsections in the singlabelingstudy may have been from slightly deeper
in the tissue sectioreducing antibody peneability. Alternately, a difference in counterstaining
of tissuecould be responsible for the differencesulting in darker background in the single
labeling study and greater difficulty observing peroxidase reaction product. Since the total
number ofprofiles observed is very similar between the two dual labeling studies, it is
hypothesized that these studies are the most accapatsentation of total GPER1the NAc,
suggesting the GPE Rrevalanoedthi€Bgibn have simil ar

Like ERU and ERB, GPER1 is observed primar

Core and Shell. GPERL1 in axons and axon terminals is positioned to affect the propagation of
action potentials, protein transportation and the release of neurotrarsimaterterminalgCarr

et al., 2010 Thompson & Moss, 1994/erdier et al., 2008 GPERZ1IR was also observed in
postsynaptic profiles in the NAc, including dendritic shafts and spines, but this occurred much
less frequently. Glia in the NAc Core and Shell w&éor GPER1, suggesting that estrogens
effects on gliaimediated neuroprotection could also occur through binding at this receptor
(Arevalo et al., 2010Spence & Voskuhl, 2032

These single | abeling experiments clearly

localizedto extranuclear neuronal sites in the NAc, and that levels of these receptors do not
differ between the Core and Shell subregions of the NAs. postulated that there are similar

l evels of ERU and GPER1 i n obchuerngNaX as frequently | e
as the other ERs. As discussed aballdhreeERs were observed in gliavhich could explain

how estrogens contribute to ghiadediated neuroprotectioAdditionally, amilar to findings in
theSTRand hi ppocampus, RIAR tbmmdalRd&ssociated with Bé E
membranes of mitochondria in dendrites, terminals, and soma. Binding at ERs associated with
mitochondria could contribute to estrogens effects on cellular metabolism observed in neurons
and glia(Araujo, Beyer, & Arnold, 2008Razmara et al., 2008E2infused into the NAcapidly
increases phasic dopamine releggbompson & Moss, 1994nd increases D2 receptor binding
without affecting D2 mRNA, suggesting tltaesechanges in D2 receptor density occur via
binding at membranassociated receptofse Saux et al., 2006Binding at the membrane
associated ERU, ERD, or GPER1 obserE2d in

inducedcharges in transmission in the NAc.

ERD

t

h e
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45Low |l evels of ERddlizedtodateGhBl&iRergic mauens in the NAc

The dual labeling analyses used in these experiments demonstrated that a low proportion
o f #RRabld GPER4R werelocalizedto profilesc ont ai ni ng TH. ed®mihU was ¢
TH more frequently in the N&Shell (~7% of all ERR profiles) than in the NAc Core (~3% of
profiles), but there was no difference in GPERIbcalizationwith TH in the Core and Shell
(~7% of profiles). The highest level oflocalizationb et ween bot h ERU and GPE
observed ircatecholaninergicterminals;if these neurons are in fact dopaminergiodinghere
could account for the rapid effects of estrogemp@synapticdopamine transmission in the NAc
(Thompson & Moss, 1994997).
4.6Moderate levels of RU and G Pde®idedt@a@ABAergic neurons in the NAc

These analyses demonstrated thatlativelyl ar ge pr oporti owereof ERU
localizedto GABAergic neurons in the NAc Core and Shell. There weremi | ar I|l-evel s o
GABA colocalizationand GPERAGABA cdlocalizationin the NAc Core and Shell, although
colocalizationo f HRRabd GABAIR was slightly lower in the NAc Shell than in the NAc
Core. The greatest pr topabzationwith GABAfwasBiRéivedim d GPER
dendritic shfis,as ~50 % of ERRJderadnitas weBePGABAErgicA substantib
proportioncolocalizationwas observed in axonterminals as ~40% of ilRRU and G
terminals were GABAergid_ow levels of ctocalizationb et ween ERU/ GPER1 and
observe in axons and dendritic spines, likely duepant, to the low levels of GABA
immunoreactivityobserved in these profiléRickel, Towle, Joh, and Chan, 1988) Fi nal | vy, El
and GPER1 were infrequentlycalizedto GABA-IR glial cells. These findings afearly
demonstrate that some of the ERU and GPER1 in
and glia. Ths parallekfindings intheSTR, whi ch observed ERU and GPE
dendrites and terminals (Almey, Milner and Brakbapter 4B. Taken tgether, this previous
study and the current experiments suggyeshilarities in thalistribution ofmERS in theSTR
and the NAc (aka the ventral strian).

Little research has examined the effect of estrogens on GABA in the NAbebut
presence of R thd GPER1 in GABAergi terminals suggests that estrogens calitt GABA
availability. Changes in GABA transmission in the NAc affect dopamine availalkdégreasing
GABA transmission by antagonizing GABAeceptors increas@hasicdopamineaeleasgXi

and Stein, 1998and modafinil and neurotensimduced changes in dopamine release in the
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NAc aremediated by GABAFer r ar o, Tanganelli, O6Connor,
1996;Tanganelli,O 6 C o nReroaro, Bianchi, Beani, Understedt and F1894).In the STR
estrogens rapidly (<1hour) decreases extracellular G&BAet al., 2006Schultz et al., 2009

t he di st r i bdGPERAG are sinfilar iR tREJSTR and NAc, so research should examine
whether estrogens also rapidly decrease GABA availability in the NAc. Togédtbee, findings
suggest that E2 may indirectly increase dopamine availability in the NAc by reducing GABA
trarsmission Additionally, TH terminalsoften synapse ontendrites of spiny interneurons in

the NAc, which are presumed to be GABAer(iesack & Pickel, 1990 The ERU and
observed in GABAergic dendrités these experimentse ideally positioned to alter

transmission at these synapses. This provides a second mechanism through which estrogens

could altercatecholaminergic transmission in the NAc.

GP
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CHAPTER 6:
MEDIAL PREFRONTAL CORTICAL ESTRADIOL RAPIDLY ALTERS MEMORY
SYSTEM BIAS IN FEMALE RATS: ULTRASTRUCTURAL ANALYSIS REVEALS
MEMBRANE -ASSOCIATED ESTROGEN RECEPTORS AS POTENTIAL
MEDIATORS.

Anne Almey, Elizabeth Cannel, Kyla Bertram, EdwEildrdo, Teresa A Milner, & Wayne G
Brake
Citation: Endocrinology (2014); 155(11): 442432.
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Preface:

Following the success of the electron microscopy experiments in the STR and NAc it was
important to extend the findings to the PFC, examining the distribution of ERs in that region. In
addition, it was important to determine whether binding at membraaeiaiesl receptors
rapidly altered behaviour, yet little research has addressed this. To provide an unequivocal
demonstration that estrogens have rapid effects on neurotransmission to induce rapid behavioural
c h a n g eestradiol (E2X) was infused direcilyto the PFC, instead of using systemic
administration. Additionally, a behavioural test that could be completed within 20 minutes of the
E2 infusion was chosen; E2 could not alter production of protein this rajpicy the most rapid
changes in protein productigexpression of immediate early genhtke at least 30 minutes to
occur (Sokolova, Shtark, Lisachev, Pustyl dénya

assess the effects of E2 infusions in the BR@hultiple memory system bias.

Multiple memory system bias was chosen over other cognitive processes examined in this
thesis for two reasons. First, tests for perseveration and reversal learning take at least 1 hour,
often longer in the case of reverkadrning, which is tested across two days. Thus, there could
be some ambiguity as to whether any effects of E2 infusion observed in the test results were
caused byongtermor rapideffects. The LI test (Chapter 2) takes under 30 minutes, but for E2
to affect the expression of LI it must be administered prior to the conditioning session, not the
test session (Nofrey, Ben Shahar and Brake, 2007). Additionally, contradictory results
surrounding the effects of E2 on LI indicate that this behaviour mightrbeydarly sensitive to
the timing/dose of E2 administered (Arad and Winer, 2010a and 2010b; Nofrey, Ben Shahar and
Brake, 2007; Quinlan et al., 2010). Multiple memory systems are consistently altered by E2
administration, with elevated plasma levels ofds2ociated with a bias towards place memory
(Korol, 2004; Korol et al. 2004; Korol and Kolo, 2002; Quinlan et al., 2008; 2013; 2014). Also,
the structure of this task is such that the ability to perform to criterion can be assessed prior to the
probe tridto ensure that the infusion of E2 to the PFC did not affect the ability to navigate the

maze, just navigation strategy.

Similar to other cognitive processes examined in this thesis, multiple memory system
bias is also affected in schizophrenic indiatiu Specifically, individuals with schizophrenia

exhibit deficits in spatial navigation, but intact egocentric navigation (Spieker, Astur, West,
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Griego and Rowland, 2012; Weniger and Irle, 2008), which correspond to abnormal
hippocampal and prefrontal ¢mal activation (Baare, van Oel, Hulshoff, Schnack, Durston,
Sitskoorn and Kahn, 2001; Ledoux, Phillips, Labelle, Smith, Bohbot and Boyer, 2013).

However, for this experiment we did not examined multiple memory systems in the context of an
animal model oBchizophrenia, nor did we administer any HAL to assess the effects of HAL
administered alone and in conjunction with E2 on navigational strategies. Although these
experiments would also be very interesting, an initial experiment to determine whetheh&2 in
PFC had any effect on multiple memory system bias was reduefece introducing additional

pharmacological manipulations
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Abstract

High plasma levels of estradiate associated with use of a place memory system over a

response memory system. We examined whether inf&stmgto the medial prefrontal cortex

(mPFC) or anterior cingulate cortex (AC) could affect memory system bias in female rats. We

also examined theltrastructural distribution dERs ERU, ERB, and GPER1 i n
female rats as a mechanism for the behavioural effects of E2 in the mPFC. Each rat was infused
bilaterally with either E2 (0.13ug) or vehicle into the mPFC or AC. The majority of E2Gn

rats used place memory. In contrast, the majority of mPFC vehicle rats and AC E2 or vehicle

rats used response memory. These data show that mPFC E2 rapidly biases females to use place
memory. Electron microscopi ¢ nd @RERYaseilosalizédde mo n s t
in the mPFC, almost exclusively at extranuclear sites. This is the first time that GPER1 has been

| ocalized to the mPFC of rats, and the first
extranuclear sites in the rat mPFC. The nigjaf receptors were observed on axons and axon
terminals, suggesting that estrogens gltesynaptid¢ransmission in the mPFC. This provides a
mechanism via whickRs could rapidly alter transmission in the mPFC to alter PFC dependent
behavious, such a memory system bia§he discrete nature of immulabeling for these

membraneassociated ERs may explain the discrepancy in previous light microscopy studies.
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1. Introduction:

Several strategies can be used when solvin
memory, which involves specific (holtman,r eRBiptomhsi
& Kal i 3h,mela9ndiéng a r at wi | | |l earn to al ways tu
memory refers to the use of distal cues aroun

compil ed intad hatcagsniutsievde tnd@ pnlanvai ng aetke avimi tt ehle9 4n
and Mc Whmhmiatled & Mc Dpnmalpdb,sed0Ghat that response

strategies are supported by two independently
hi ppocampasl tshyosutgehmt t o process information abo
when using place memory. The second memory sy
believed to -rsuppomrse siteaarudiursg; i n this form of
habit ual response when presented with a sti mul

some cases the effectioeasedsbyfdiosaialaiysg etmh e a
Hi rsh, and. White, 1989)

I n females these memory systems are sensi:t
revi euse®@i n, Hoehne, WXodwoilde. 2 08 £Br aekset,r 02g0eln3
are high, female rats are(Kbrated& Khkdwaagld,2008e

Mal i n, Bor den,L eBa,s;bQQi0 4 ato ugfte ranll.a,n 20113l ., 20!
contrast, when estrogen | evels are | ow female
(Korol & Kkdroagl 20t@2ailnl,an2 0e@4 ianl. g n 2@0tl Balj ect2 @08
E2d2 nto the dorsal hi ppocampus has been found t
i nt &TtRhmp ai r r e s pZounrskeo vlsekayr, n iSreg).i oT, h e&s eK orreosl u, | t2s0
increases in systemic estrogens bias femal es

acting in the hippocampus. Lowertbwaelds afees

response memory.

The hippocadipRiasv ea nrde dihper oc amthPHQC sjoect i 0 3sS poec
that this area may influeWtietéh& MuDpualsdof2
Neurons in the prelimbic and infralimbic regi
switch from place to response memory, but not
conti n@Recvcbi &s ShapiThese200@di ngs suggest that

determining whether place or response memory
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contribute to mPFCsyomne mfodbmamlse m@wiEs2 wietphl alcoe me
switch from a response to place memory when d
infused into the mPFC, while females admini st
regardl ess of dopami (Qai ar taang o rRiagt] oLddbissiexatcrhatp
Brake®uiLh results support -iandruocleed fboira st hteo waPrFd(
pl ace memory.

The mechanisms by which estrogens coul d al
these effects on multiple memor ydisnyg taetmsb atelma
nucl ear ampads snoedanRast@endel i cit rapid changes in cel
in proteihnpredmstobnthe cl assical ERs, previ
results on the disitmithlue i mMFO.f NMhstseERedieps od
i mmunoreactivity ((Ca&r) d@omaddzthreCanPIFECs-Dd gui@a, )sci a
200K i t ze,r ,am2d Ol20BEM il emwed ccr ddrcitti zvdanyd 2 MB R A
(Shughrue & Mer)thenhhbamMPFC B2060fiemal e rats. Ho w
demonstrate moteRait e 1 ke NhBrrtGa puEeRréMa sal, . Ha2 &Q &
Janssen, Rapp,), &QmWNMbdbrmodeomdmRNAOve| shef MERC of
Mitra e}l dhese2G@Q3dies observe theasndFERs excl
One possible reason for the discrepancy in pr
electron microscopy (EM), is not sensitive en
This assertion is suppourtaeld &nyaltyhsei s ilthedti enogt st he
i mmunoreactivity at the @ahb mé nhb iwhnec2n di Ost hneo t
observed with | i glCarndiGnnmee s cep;Kalin,zredde Rt09 2
Mont ague ;&Sthuaglhr,ue2 ®0 Mer;Wahregt &dta). & I'How2/®IQ furt
research is needddntbE&Emdoarail byeweeeker aBERcl ear
mPFC of female rats, and-di ¢ ciofwvREEPeEHR lgiast ealisfo t h
present in the rat mPFC.

This experdmebhedwas deher mine whether estr
female rats towards use of place memory when
admini stered chronic | ow E2 replacement were
t he ean or cingul ate cortex (AC). The AC was se

i mmedi ately dorsal to the mPFC, so any effect
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di ffusion to dorsal regions malcomg nf lusi oasn wlf a
vehicle, in counterbalanced order, i mmediatel
completed using either place or response memo
rats in the diestirmmumpdlasteecldReanhdeo@PYEMIe, waansd v

examined using EM.

2. Method
2. E2xperi mmPRECland memory systems bias

Ani mahss experi ment uBewl 8yY rfatmal (eClsarrlaga ef
Constant, QC. Cana@l®g drmadr rwiewhmdhuesdRd? t4®n twielr es pr:

after which they were individually housed. Th
l' ight cycle, with |ights off at 9:00 am. Stan
until the start of the experiment when food r

experiment were approved by thmi tCo@ee oirmdi ac dJaon
with the guidelines of the Canadian Council o

Surgery and hormon8umadenrnestwateooaonducted
previ(Quwismlyan pgQuianll.an,20Rp3d hhej sCai2sOsled, & Br ake
Cannul ae were implanted (Plastics One, Roanok
cyclodextrin vehicle. For the mPHRQAG.dlrnomyp ,MLc 0=0
N 1.5min andB®¥mm from skull surface (Paxinos
group, the stereotaxic coordinatesl.wer ebur iAR

the same pr o®©O&XKuiree ,a rsaitnsglwe reeathbampi aoat sdoBsubc

at the nape of the neck with a silastic capsu
MO, USA) in cholesterol (Sigma). These i mplan
l evel s, similarngothevedi esbbeserpldsdyoéttak. g
2012 This | ow plasma | evel of E2 has previousl
M. G. Quinl;Mn &6t QuUinpl)20E68K| aWwi ng 2008 procedu
al |l oomeed week to recover before training began.

E2 encapsulated in cyclodextrin and the cy
cerebrospinal fluid i mmediately before the te

using injectors that extendedfdu%i omsbewgoedonlke
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at a r alt/emionf, Oaf5t er which the injectors were |
drug diffused. This dose of E2 has been shown
brgdwmr kovsky)et al ., 2007

Appratus, modi.f iTeedaipnliunsgy meazse conducted usin
previousl(Museaicni pudanll.a,n 2eQd Banll.a,n 2eQd Banll.a,n,2 0 0 ¢
Radiotis, G., Lachapelle,) IDyriCagstsreai Mi. ng &t Bi

the probe start arm wsasbapéedchmaedeo{(Figréapu|]tan
the expanbmenked the probe arm anmabé®om&e@d ¢t h
rientationr aien-magevie( Riog tihBe) .t At t he end of ea

)

or the foodsrEewaod (&KepsBpgg and Froot Loops
arms to mask any odmazeuewses Tdireowendvetrtee exxdaom t
the maze, and testing took place under il | umi

Procedulrthee training and testing phases of t
extensi velQuienll saenwhe@u ieanll .a,n Z201Bali ef | Q008 at s wer
restricted and mai nAfteaeidniendg awe i9g0h% ,o0 fa ntdh etirra ifnreed
that was consistently | ocated in one of two g
during each ptlraiceld time trhaet swaassr t arm and per mit
The -t ntefr i ntéddrsweaxl. WRags slWwere trained daily un
eight out of ten correct trials for three con

The day afttean ntedecrate®raon, either E2 enca
eg/ mL:1L78B%, 95% cycl odextrin) ep/rmlc)y cwasd eixnt fru sne d

bilaterally into the mPFC or AC. Al rats wer .
vehi cloe)derand fects were controlled by counter
infusion, each rat underwent 10 trials; rats
for these tlttinmilal, Afthermahe Ww&sweirnO0r miedu tf gt
bet ween the infusion and the probe trial. Dur
that had been baited during the training phas
contrast, i f thegaalt arnm,e rtehde rtenbey ompegpkoisng et he s
during training, the rat was considered to be
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FiguAMalz.e orientationB)Mazeée ngr itermmt ati in@n tdunil g
tdetermine what memory system is being used t
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trial, rats were retrained until they reached
training. Then they were infused again with e

administered prior to the first probe trial,

Hi st oHoolglyowi ng behavioral testing, rats wer
cannula placements, and then they wezendiewgapi
i sopentane80@ndBrsaiomedwarte sl i cd&dn,coarod arhd iyn toe
on slides for confirmation of placements.

StatisticalThAsakyxpesi ment is a within subj

treatment (E2 or vehicle) as the withi-n facto
parametric statistical techniques weréenused t
memory system use under E2 and vehicle treatm
proportion of rats wusing each strategy follow
and AC groups. Andwedrdes croanipiuoct eadrsdt banaltroegviotd ee ih e
for each Mc Nklmairn),an2al O4s i s
2 . Experi méintr structural analysis of ERs in th

Animals. Six adult female Sprague Dawley rats from Charles River Laboratories
(Wilmington, MA), approximately 222509 on arrival, were paltoused withad libitumaccess
to food and water and with 12:12 light/dark cycles, with lights on at 6:00am. Tissue from rats in
the diestrus phase of the estrous cycle was analyzed for these experiments. Rats in the diestrus
phase were used because this phase of the cyclsponds to the low E2 replacement
administered in the behavioural experiment. All procedures were in accordance with the National
Institutes of Health guidelines and approved by the Weill Cornell Medical College Institutional
Animal Care and Use CommittéEhe rats used in these experiments are the same as those used
by Williams et al(Williams et al., 2011and Almey et al(Almey et al., 201

Antisera.For ERU identification, a rabbit polyc
againstthd u | | peptide for the nat i vieespedaficity RS was s
antibodyhas previously been demonstrated by binding teE2Hmmunoblots, and
preadsorption control®lves et al., 1998T. A. Milner et al., 2001Okamura et al., 1992 For
localizationo f ERDb , a rabbit pedagansta peptile sequnendemthe@ m pr .
termi nus of ERDb (ZBFf Zymeddabaatories,é&5an Frasciscd, CFughrue
& Merchenthaler,2000 Thi s anti body has been shown to be
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analysis (~60 kDa), double label with mRNA using in situ hybridization, preadsorption control
and absenceoflabelig i n fi xed brai n s ec(CliewziKritdem; om ERb Kk
2002 Shughrue & Merchenthaler, 200Mor eover , ERB i mmunoreacti vit
fluorescent protein in Esr2 transgenic miteA. Milner et al., 2010 Finally, to visualize
GPERL this experiment used a rabbit polyclonal antisgremerated against a synthetic peptide,
CAVIPDSTEQSDVRFSSAV (Multiple Peptide Systems, San Diego, CA) derived therg
terminus of the human GPER1 receptor, which was suppliee FilardogRevankar et al.,
2005. The specificity of this antibody has been shown on Western blots and in preadsorption
controls(Filardo et al., 2000Hammond & Gibbs, 20)1

Tissue preparation Rats were perfused, and brains were prepared for imatugling
of mPFC tissue (Fig 2F) as described previo(Alyney et al., 2012T. A. Milner, WatersB.,
Robinson, D., & Pierce, J.P, 201 Additionally, inall experiments that involved
immundabelingf or ERU or ERbB, a tissue section cont a
of the hypothalamus was included in the immunohistochemical procedure as a positive control.
Abundant ERU an deséRrbtheseadyiefKritzer 2003, scethe success of
immundabédling could be confirmed prior to processing the mPFC for EM.
Immunohistochemical labeling and tissue fimatand embeddingd-ree floating tissue sections
containing the mPFC from three of the six rats were each processed for immunohistochemical
|l ocalization of ERU, ERB, or GPERibbiBr iERU vy,
(1: 10, 000 ¢Li2000) oriGEPERL (1:100® for 24 hours at room temperature, and 4
days at 4°C in 0.1% BSA in TBS. Sections were then incubated in 1) biotinylated donkey anti
rabbit immunoglobulin (IgG; diluted 1:400; Jackson ImmunoResearch Laboratories, Inc., West
Grove PA) in 0.5% BSA in TBS, 30 minutes; 2) avidbiotin complex (Vector, Burlingame,
CA), 30 minutes; and 3) 3:@aminobenzidine (DAB, Aldrich, Milwauke&VI) and HO: in
TBS, 67 minutes.Following immunolabelling, tissue sections were fixed in osmiunhexided
in plastic and sectioned and collected on grids as described pre\ialmsby et al., 2012

Sections through the mPFC were examined under a Philips CM10 electron microscope
with an AMT digital camera. The subcellular distribution of each ER wasieea in two

sections per rag 5,832pM area of each section were counted in each section and categorized
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as: dendrites, dendritic spines, axons, axon terminals, or glia, using establishe{ReteEsa

1991), see Almey et alAlmey et al., 2012for a specific description of profiles identification.

The total number of labelled profiles was averaged across the three rats. Tissue selected for
analysis was taken from a depth of-Q.8um from the plastidissue interface, and only samples

thin setioned evenly across the plastic tissue interface were included in analyses. Soma were not
included in the quantification analyses, as they frequently occupy more than half of the area
analyzed, reducing the overall number of-ERprofiles observed. Finghotomicrographs were
generated from digital images, where brightness and contrast were adjusted using GIMP 2.8.

Figures were assembled in Microsoft PowerPoint 2013.

3. Resul ts
S3.Elxperi mBRECland memory systems bias
Hi st oTThoegyst udiyt he®anrats, but 3 rats were

e

reached criterion, so 29 rrmetlsd wWerme @iBriFClpuwd eAdC) i.

Cannul a placements in the mPFC and the AC of
regions (Fig 3A, B) .

Behaviour. After a microinfusion of E2 into the mPFC, 86% of rats used place memory
and 14% used response memory; followmigroinfusions of vehicle to the mPFC 29% of rats
used place memory while 71% used response memory (Fig 3A). This difference in memory use
following E2 and cyclodextrin infusions was statistically significant (McNemarpes().008),
demonstrating thatZadministered directly to the mPFC of female rats induced a bias towards
use of a place memory. The odds ratio indicates that use of place memory was 15 times higher
following an infusion of E2 than it was following an infusion of vehicle. The loegftfect size
was 1.56, which demonstrates that this is a large dHiéein, 2004.

In contrast to the findings following microinfusions into the mPFC, E2 or vehicle
infusions into the AC elicited comparable behavioural effects. When E2 was infused to the AC
13% of the rats used a place memory and 87% of the rats used response merntenly; siiren
vehicle was infused into the AC 20% of rats used place memory while 80% of rats used response
memory (Fig 3B). Analysis with a McNemar test revealed no significant difference in memory

use following infusions of E2 or cyclodextrin to the AGwelTodds ratio was 0.62 indicating that



143

Medial Prefrontal Cortex
A 100

a0

80
70

B Response
&0

50
40 12

30

20 Fai
A

o - 4
0

E2 Vehicle

OPlace

Percentage of rats

Anterior Cingulate Cortex
B 100

90
20

70
W Response

O Place

&0
50

40

Percentage of rats

30
20

10

2|

E2 Vehicle

FiguPer8entage of rats that used a plate or r
E2 or vAhihel eneidn al pr &ftrhaen taanlt eadarotrex ianamgdul at e
number of rats per group is shown on the bar,

beside the graph.



144

there was close to an equal chance of rats using a place and response strategy in the E2 and
vehicle group. The logitd effect size, wa®.28, which is a small effe¢Klein, 2004.
3.2Experiment 271 Ultrastructural analysis of ERs in the mPFC
Light microscopy. By | i ght microscopy, nor nEkRb ear or
labelingwas observed in the mPFC (Fig. 2AandC However, abundant nucl
| R a n-R wEr<een in the ventromedial and arcuate regions of the hypothalamus,
indicating that immunohistochemistry was successful (Fig 2B and D). In contrast, SRER1
was observed in the cytoplasm, but notlei, of perikarya throughout the mPFC (Fig 2E).
ERU, ERB, and GPER1 are observed primarily at
EROt the ul tr as4dRwasptesentnlall typesofeduronalpRddsses
and gliainthe mPFC (Fig. 4). Sempiuant i t ati ve analysis (Table 1
| R was in axons (41.7%) and axoni &@matmd-lR)a,l SERQ2
was typically discrete and was affiliated with the plasma membrane or clusters of small vesicles
(Fig 4A and C). Axon terminals had cross sectional diameters that ranged freth8tih8 and
contained numerous small synaptic vesicles (38¥d occasionally mitochondria, but no
densec or e vesi cl es-IRwhasfoundénrclusiers arbuad, SS\E RFig 4A), at the
plasma membrane, and occasionally associated with mitochondrial membranes. In addition to
presynapti c -IRlabelmevas observed in @eRddtic shafts (~8.3%) and dendritic
spines (6.7%). In the dendritic shafts, peroxidase reaction product was often affiliated with the
plasma membranes and microtubules (Fig. 4D), and was occasionally observed at mitochondrial
memlr anes. | n d e nlR actumilated is the spieeshead, BN Was observed on the
plasma membrane particularly neartheostn a pt i ¢ dRwas foundyat both fEeR U
andposs ynaptic profiles forming adRaromerminalsc sy nay
synapsed-l & 6pi BERUY .-IR Wwas nbsdrvedyin gliaEppotiles (14.4%; Fig. 4B).
E R PAt the ultrastructural level ERIR was observed almost exclusively at
extranuclear sites in neuronal and glia profiles (Big-able 1) ERZIR was most commonly
localized in axons (28.8%) and axon termir(@8.9%). In axons, ERIR was typically found
throughout the profiles (Fig 5B). Bxon terminals, ERBR was observed in clusters of reaction
product associated with SSV and was sometimes affiliated with the plasma membrane (Fig. 5C).
ERMZIR was also in dendrites (9.6%) and dendritic spines (10.7%). ERN reaction product filled

dendritc profiles but often was densest near the plasma membrane. In dendritic spir&s ERN



Table 1

Distribution of mERs in the mPFC

Receptor ERU ERR GPER1
% 8.3 8.4 12.9
Dendrites
SEM 10.7 +0.3 5.7 +1.2 36.3 +2.3
_ % 6.7 9.4 6.0
Spines
SEM 8.7 +0.9 6.3 +0.9 17.0 +2.3
% 41.7 25.3 36.7
AXxons
SEM 53.7 #4.1 17.0 +15 | 103.7 +6.2
% 28.8 33.2 29.3
Terminals
SEM 37.0 +25 | 223 +2.3 82.7 +4.8
% 14.5 18.3 14.4
Glia
SEM 18.7 +32 | 123 +2.0| 407 +2.0
% 100 100 100
Total
SEM 1287 +43 | 673 +2.3| 282.3 +9.2

Percentage of totanhmunoreactive profiles, and number of IR profiles and the corresponding

standard error, observed in a ~6000qnen of the medial prefrontal cortex, averaged across rats.
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Figure 4. Electron micrographs showingexamplesof profilesc ont ai ni ng ERU
immunoreactivity (IR) in the mPFC. These photomicrographs show IRf8)ERU i n an axc
(AX) and in a terminal (TER), where IR is observed at small synaptic vesicles and on the

membrane of a mitochondrion (mB) E RAR associated with the membrane dflial cell

(GL) C) E RAR filling an axon (AX)D)| R for ERU in a dendrite, ob:

membrane and asso@dtwith microtubulesBar, 500m.
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Figure 5. Electron micrographs showingexamples of profiles containingmmunoreactivity

(1 R) finthe nMPRMThese photomicrographsshad) ERb i n an axon ( AX)
dendritic spine (SP) that forms an asymmetrical synapse with an unlabeled terminal B)TER)

E R bnmunoreactivityfilling an axon profile (AX)C) E R immunoreactivityassociated with

vesicles and the plasma membrane of an axon terminal (DEBPER1 in a glial cell that is in

apposition to an unlabeletindritic spine (uSP)Bar, 500rm.
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typically accumulated in the spine head, and was frequently observed at the cell membrane near
the synapse (Fig. 5A). ERR was occasionally observed in the perikarya where, it was

observed at the plasma membrane and associated with organelles (not sh&wi. was
observed in terminals and dendriticlRspines th
terminals were not obs e-IRsmnesERMER also wag frequgntya p s e s
observed in glia profile (20.9%; Fig. 5D).

GPERL1 Immunoperoxidase labiah for GPER1 was observed throughout the mPFC (Fig. 6;
Table 1). Li ke ERU a nIRwdsRrbsynaptih axonmangl axoni t y o f
terminals accounted for 36.7% and 29.3% of the GPER1 labelled profiles, respectively. In axons,
GPER1IR was usudy discrete, and often associated with the plasma membrane or small

clusters of vesicles (Fig. 6C and D). In axon terminals GPIER&as most commonly clustered

on groups of SSVs or at the plasma membrane (Fig 6A). GPERIso was observed at post

synapic sites: dendritic shafts constituted 12.8% of total GPERL1 labelled profiles, and dendritic
spines constituted 6.2% of the total IR profiles. In dendritic shafts, GER/AS typically

associated with the plasma membrane, but also was affiliated witbtatiales (Fig. 6D), and
mitochondrial membranes. In dendritic spines, GRHERfieroxidase reaction product

accumulated in the spine head, and was associated with the plasma membrane, sometimes in the
perisynaptic zones (Fig 6B). Neuronal perikarya wiPER IR were also observed. Labeling

was exclusively in the cytoplasm where it was discretely affiliated with endoplasmic reticulum,
mitochondria, and the plasma membrane (Fig 6C). Although GPERAS observed both pre

and postsynaptically, and was @ observed close to the synapse in terminals and spines, it was
rare for GPERAR terminals to synapse onto GPERRLspines. Finally, GPERIR was

observed in glia profiles (14.4%); the labeling in glial cells was discrete, and was observed at the

plasmamembrane.

4. Discussion

An infusion of E2 to the mPFC, but not th
towards the use of place memory to solve an a
thatEBRnd GPER1 are alll presendar adintoesst ierx ctlhu

providing a mechanism via which E2 in the mPF
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Fi gur eEléectron micrographs showing examples of
(I'R) for GPERIhesetpbomBmMCcr cAQ)GRPRR abeswcl Rt fe
with small synaptic vesicles in a terminal (T
and spine (uSP) that B)GPER IR na sassoganimett e d cwistym atpt
membr amdenadfridi ¢c spine that is formingC)a synap
FGPER1 in a soma (SOM) where it is |l ocalized
membr ane of mitochondria (mitX)GPERI IiRk fammr a&h
(AX¥X)nd in a dendrite (DEN), whemdke tihe icelals smemka

Ba b Onth.
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4 Elxperi mPRECland memory systems bias

Wit hout additional i ntracortical E2 admini.
had chronic |l ow E2 serum | evels, via subcutan
bias towards usdKorfolr e&s pkdodson | meEdidd2ay G., QuiiOMl an
al . )). 2P®I8l owi ng i nj eotdiexrn rofn,t hetwetiidlheyr ¢dhel
still predominantly used a response strategy
with previous studies, which show that respon

with silastncacapsglaM on&.| Qwue Inl)afmdEeZ 18| of 20
female rats in the estruKophlhdse)ofalt he 20Yctl e,
Estrogens in theatnPFtCovodracpd Alesssh me moe gt i ngl
E2 administered directly to the mPFC biases f
of fers new insight into how systemic E2 influ
86% of rats that receivededana i mliface ont rodt &€y ,t
strong evidence that systemic E2 is acting, a
pl ace strategy use. This finding parallels p
of E2 @arteedasmsachi a bias toMardls etMalod., pQRuacnd an
etl .a ).200th& infusion of E2 to the AC did not al
response memory following an infusion of E2.
on mul tipl e memargyy essy ssit mahuacts @dE,2c h damges 1 n pl ac:e
specific to the mPFC, and do not generalize t

recognized here that estr oSgleRhos ianlfslou eanccte imme ntohr

bi @sar kovsky;Zur kad v. s, k y2)0e0t3i anlc.e, th®eI¥le ar e reciopr
bet ween the regions there may be interactions
hi ppocampuemabus uhcsear. Additionally, the
and testing was ~10 minutes, so the effects o
beapidesulting fromsksiocdiang datE2me mltreprieor s .

When thefrebhel ppesent study are considered
seems possible that E2 in the mPFC influences

—+

his region. Dopamine projections treat  mevdmRBC
esser extent, f(Hemdbhedsub&t GndDoereng me, 200

— —

ransmission in the mPFC is influenced by E2,
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with | ower basal | ev Dlazezi f aapdmbDa@a@er nl ehel P
dopamine i n mRPORUQ ohnotmoegtlewnaaln.ee, RI&hards., Wu, &
Additionally, findings from this | ab indicate
response memoryytwhaenpadmenmemered either a D
either sWsi eamia@d@apdBry adli.r,ect | yQuinnloan heRandPIF&Ct i s,
Lachapelle, XRli4s3Thi & Brpkeiment parallels suc
E2 to the mPFC also induce a switthk Wwrom  esp
systemic |l evels of E2. Together, these findin
which changes of dopamine transmiisssdwcned n t he
inhi bition of dopamine avai agbmni sty brasiaatds
of place strategy.
4 E2xperi médntr s tructural analysis of ERs in th
These experiments demonstrated that, at th
are localized to extranuclear sites in neurondl glial profiles in the mPFC of female rats.
Although ERs are observed at all neuronal profiles, the majority of ERs are observed on axons
and terminals, suggesting that estrogens alter transmission in the mPFC via presynaptic
mechanismsAdditionally, when results for the three ERs amnsidered together it is clear that
GPER1 is the most common ER in the mPFC of female rats, since GPERL1 is twice as abundant
as ERU, and 4 times more abundant thannERbBb (s
the mPFC occur predominantly through binding
would also affect transmission in the mPFC. These microscopy results contribute to an
explanation of how E2 rapidly alters transmission in the mPFC to affect mensteyslias.
Methodological ConsideratonsTo det er mi ne whet her ERU, ERI
found in the mPFC, the present study used an immunoperoxidase label and preembedding
methods, which result in excellent cellular morphology that allows for discretelksudc
localizationof antigengLeranth C., 198P To ensure that any differences in number of labelled
profiles were not due to differences in antibody penetration or sample size, all tissue samples
analysed for quantification were identical in size taken from near to the plastic/tissue
interface. This methodology tends to underestimate the absolute number of peroxidase labelled
profiles(Leranth C.,1989 | R f or ERU, ERb and GPER1 are di s

labelingwithin cellular profiles does not demonstrate that these profiles lack ERs. Thus, the
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guantification analyses presented here are conservative, and likely underestimate the actual
numbers of profiles containing these ERs.

ERU, ERB and GPE Rcusivly a exmabuglear sites th the mPFC
ERU, ERB, and GPER1 in the mPFC are exclusive
observed at the plasma membrane in all types of neuronal profiles and glial cells. This finding
contrasts some previousght mi croscopy and in situ hybridi
and ERD, or observe ERU a rGhrddadGbmeeeta.|2000i vel y a
Kritzer, 2002 Shughrue & Merchenthaler, 200However, this study is in agreement with other
research that demonstrates immiabdlingf or ERU in the mPFC of monk
(Montague et al., 2008Vang et al., 2010 and moderate levels BfRb mMRNA i n t he mP|
mice (Mitra et al., 2003 The difference between the present study and previous studies is likely
because of the greater sensitivity and resolution of EM; in this experiment, light microscopy was
not sufficient to observe any ext eciamaofcl ear ER
discrete membrare s s o c i at e d-IREMte mMRFCdTo BUR Knowledge this is the first
time GPERL1 has been localized to the mPFC of the rat. At the ultrastructural level, GPERL1 is
observed at the plasma membrane and in the cytoplasm aivaeoronal profiles,
corresponding to previous research examining the distribution of GEHRO et al., 2006
Filardo & Thomas, 20L12Vlatsuda et al., 2008

All ERs are predominantly localized to presynaptic sites in the mPFCAt the
ultrastructural | evel, the hilQprdiilestaremaxonsor t i on
and terminals, which parallels previous findings in primé@féang et al., 2010 This indicates
that estrogens in the mPFC likely alter neumdraission via prsynaptic mechanisms, such as
vesicle formation, immobilization, and/or release of neurotransmitter from the terminal. ERs
observed in axons might reflect transportation of these receptors from the soma to the terminal,
but these receptorsay also have effects on protein transport or the transduction of
electrochemical signal€heung, 1990Verdier et al., 2008 Additionally, the presynaptic
receptors observed in terminals may be important in the local control of transmitter release, as
estrogens have been shown to decrease dopamine availability in the(BdédzCet al., 2007
ER-IR is observed exclusively at extranuclear sites in the mPFC, which is in congruence with
previous findings that have localizedgheceptor to extranuclear sites in other brain regions,
such as the hippocampus a@itiR of rodentgAlmey et al., 2012T. A. Milner et al., 2001and
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thePFCof primate§Wang et al., 2010 Binding at these receptors on the plasma membrane

could rapidly aker transmission in the mPFC, which provides a possible mechanism for

estrogensd rapid effects on multiple memory s
In addition to ERs beinfpcalizedto presynaptic sites, they were also observed at post

synaptic sites, on dendrites and demglspines, indicating that estrogens in the mPFC also have

some post synaptic effects on transmission in
presynaptic profiles, it is interesting that
labelingi n s pines was often denskbelnginspgnesvwa3anly whi | e

half of that observed with ERDb (~6%).-This su
synaptic effects in the mPFC, such as altering the cells permeability toriaffscting the
activity of second messenger cascades.

ERs are localized to glia and to mitochondrial membranessP ER 1 , ERU, and E
are alllocalizedto the plasma membrane of glial cells and mitochondrial membranes in the
mPFC. This parallels observat®from our previous study examining ER distribution in the
STR(Almey et al., 201p Estrogens are known to mediate glreduced neuroprotection
(Arevalo et al., 2010Liu et al., 201}, in part through binding at GPERiu et al., 201). Thus,
thelocalizationof all three ERs to glia contributes to an explanation of how estrogens affect
glial-mediated neuroprotection. Estrogens have also been implicated in mitochondrial
functioning and cellular metabolis(Araujo et al., 2008Razmara et al., 2008The observation
of ERs on mitochondrial membranes provides a mechanism for esirafysred alterations in
cellular metabolism. Additionally, GHEL is observed at the endoplasmic reticulum in the
mPFC, paralleling findings in COS7, HEC50, and CHO cell cult(@®&® etal., 2008, and the
hippocampal formatiofFunakoshi et al., 20Q0®/atsuda et al., 2008GPERL1 is likely localized
to this organelle because regulatory steps in the biosynthesis of GPER1 occur at the endoplasmic
reticulum(Filardo & Thomas, 2012

These ultrastructural findings contribute to an explanation of the mechanisms via which
E2 in the mPFC biases female rats towards use of place memory. ERs in the mPFC were
observed almost exclusively at extranuclefass indicating that estrogens would have rapid
effects on neurotransmission in the mPFC. This corresponds to the behavioural findings
presented here, that E2 acts rapidly in the mPFC to induce a bias towards use of place memory to

navigate an environment The maj ority of ERU, ERD, and GPE!
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terminals in the mPFC, and it is possible these axons and terminals are dopaminergic. It is
hypothesized that the HAduced shift towards used of place memory is caused by E2 altering
dopamirergic transmission in the mPFC. This would provide a mechanism via which systemic
estrogens could alter dopamine availability to affect many behaviours, including multiple
memory system bias. Dulalbelingstudies should be conducted to determine whether these ERs

are in fact localized to dopaminergic neurons in the mPFC.
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CHAPTER 6:
GENERAL DISCUSSION



156

The behavioural experiments in this thesis demonstrate that estrogens affect some
dopaminedependent cognitive processasl facilitate the behavioural effects of the
antipsychotic drugdAL. The expemnents in Chapter 2 of the thesis examined the effeat® of
low and high E2 replacemerone and in combination witHAL, on LI. Results confirmed the
hypothegsthat E2 replacement aboles$l| in female rats, and that male rats perform similarly
to females receiving no E2 replacement. Additionally these experimentsafgomedthe
hypothesis that estrogens facilitate the e§f@fHAL to restorell. In Chapter 3 these findings
were extended to two other cognitive procespesseveration and reversal learnifige results
of Chapter 3 paidlly supported the hypotheses; unexpecté&flyreplacement alone has
effect onperseveration or reversal learningAMPH sensitized female ratbut E2 replacement
facilitates HAL to reduce perseveratiand the latency to achietieereversal learningriterion
Finally, the behavioural experiment in Chapter 6 confirmed the hygisttieat an infusion of E2
into the PFC biassfemale rats towards use of place memory to navigate in their environment.
This finding is one of thérst to demonstrat¢hatbinding at mERs rapidlgltersbehaviour.The
behavioural experiments in this tieprovide evidence for botbng-termandrapid effects of
estrogens osomedopaminedependent cognitive processes. Additionally, these experiments
demonstrate that estrogen facilitate the effects of HAL, which has implications for the treatment

of schizophrenia in females.

The electron microscopy experimeinighis thesigprovide visual confirmation th&Rs,
ERU, ERDb, aevbsen@dPdEdxttanuclear sisesd on glian the terminal regions of
the mesocorticolimbic and nigrostriatal patlywdn Chapter 4, it was hypothesized that
ultrastructural analysis would observe mERthe STR; the results of these experiments
validated this hypothesis, demonstrating that all tEfegare observed exclusively at
extranuclear sites in the STRhe esults ofthe dual labelling experimenits Chapter 4A did not
fully support the hypotheses, aERsare notlocalized to dopaminergic neurons in the STR.
However, these dual labelling studies support the hypothesis that a proportion of ERs are
localized to cholinergic neurons in the STdRdthe experiment in Chapter 4B confirmed the
hypothesis that mERs arechdized to GABAergic neurons in the STR. Chapter 5 examined the
distribution of ERs in the NAc Core and SheHlJidatingthe hypothesis that there are mERSs in
the NAc.These experiments provitienited support for the hypothesis that mERs in the NAc are
localized to dopaminergic neurons, since a low proportion of naEERsbserved in
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catecholaminggic neurons, and confirmed thgpothesis that mERsetocalized to GABAergic
neurondn the NAc Core and Shekinally, the electron microscopy experimenthapter 6

used the same immunolabelling techniques at Chapters 4 and 5 to examine the ultrastructural
distribution ofmERSs in the PFC; this experiment vatigldh the hypothesis that theneanERS in

the PFC, providing a mechanism for the rapid effect ahatiple memory system use this

region The electron microscopy experimentghis thesis provide the first evidence for mERSs in
the terminal regions of the mesocorticolimbic and nigrostriatal pathways, providing a potential
mechanism for some of tle#fects of estrogens on dapine transmission and dopamine
dependent behaviour§.hese experiments correspond to previous light microscopy findings that
observed moderate levels of nucl&fs in the substantia nigra and ventral tegmental area, and
low levels of nuclear labeling in the STR, NAc, and PFC (Brailoiu et al., 2007; Hazell et al.,
2009; Mitra et al., 2003; Shughrue & Merchenthaler, 20Dl¢.cognitive effects of estrogens

likely result from a combination of tHeng-termeffectsresulting inchanges in protein

expression, via nuclear ERs and mERs, and the rapid effects resulting in changes in membrane

permeability and vesicular trafficking, via mERs.
1. The effects of estradiol on cognition

The experiments in this thesis examined the effeEE2 on cognition IOVX female
rats. More specifically, four cognitive processes were examined in this thesis: selective attention,
multiple memory system bias, reversal learning, and perseveration. The effects of E2 on these
four measures of cognitioraried, as higher levels of estrogens reduced selective attention and
biased female rats towards use of place memory to navigate their environment, but had no effect
on perseveration or reversal learning. Therewogossible reasons for these variefiets of
E2 on cognition.

The most likelyexplanation for the differing effects of E2 on differengnitive
processes observedtims thesiss AMPH sensitization; all rats in the reversal learning and
perseveration studies warpeatedly administereimphetamine prior to testing, while rats in
theLl and memory system bias experiments were not. This change in experimental protocol was
made following the.l study to increase the ecological validity of the reversal learning and
perseveration experiments, sifEgIPH sensitizatiorof locomotor activityinducessomeof the

cognitivesymptoms associated with schizophrdifi@atherstone et al., 200AMPH
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sensitization of locomotor activitgsults in lasting changes in dopamine transmission, which are
hypothesized to be responsible for Hehaviourachangesn rodents thaparallelthe cognitive
symptoms of schizophrenia. Briefly, sensitization to psychostimulant drugs increases stimulated,
but not basal, extracellular dopamine le@scker, 1990aBecker & Rudick, 1999Thompson

& Moss, 1994. Similarly, repeated administrations AMPH resultin increased stimulated

glutamate in the NAc and STRIcFarland, Lapish, & Kalivas, 2003There is some evidence
suggesting thatepeated administrations AMPH areassociated witlstimulated extracellular
dopamine in the PFC, which could contribute to the increase in glutamate in the NAc (for review
seePierce & Kalivas, 1997 SinceAMPH has robust and loAgsting effects on dopamine
transmission in the NA, STR, and PFC, this may mask more subtle changes inrdopaumsied

by E2 replacenent. In sum, in the experiments presented here, E2 affected selective attention and
multiple memory systems, but not perseveration or reversal learning, potentially because all rats
in the perseveration and reversal learning experiments were amphetansitized.

A second reason why high E2 replacement only affected some of the cognitive measures
examined in this thesis iIis that estrogensd ne
Previous research, including the results of this thesis,estgghat estrogens may have greater
effects inthe PFC than they do in the NAc or STRndings frommultiple studies indicate that
there are higher levels of both nuclear and membrane associated receptors in the PFC than in the
NAc or STR(AImey et al., 2014Almey et al., 2012Hazell et al., 2009Mitra et al., 2003
Montague et al., 200&hughrue et al., 1998suggesting thastrogens would elicit greater
effectson transmission in the PEChis is of interest because evidence suggests that the PFC
plays a critical role in multiple memory systdaias switching between the different memory
systemgAlmey et al., 2014Dahmani& Bohbot, 201%Rich & Shapiro, 200p Additionally, the
PFC is also important for LI, as lesions of the orbitofrontal cdi$ekiller& Weiner, 2004,
depletion of catecholamines in the P@®Ison, Thur, Marsden, & Cassaday, 2)Hnhd
reduced transmission at the GABPeceptor in the PF(Piantadosi & Fbresco, 201pall
disrupt this behaviour. In contrast, deficits in reversal learning caused by excessive perseveration
are mediatedhoreby the STR and NA¢Ersche et al., 20),land the PFC to a lesser extent
(Mala et al., 2015)Thus, the E2 replacement used in this experiment could have affected LI and

multiple memory system bias because these behaviours are more susceptgygotoons in
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prefrontal cortical transmission, and E2 theoretically has greater effects on transmission in the
PFC.

Despite differing effects of E@n thecognitive processess®ssed in this thesi&?2
consistently facilitates the effectsidAL, increasingHAL & efficacy to reduce deficits Id,
reversal learning, and perseveration. Currently there is no known mechantbm ifderaction
betweerE2 andHAL, but the effects of E2 on the distributiand affinity stateof D2 receptors
likely contribute HAL is anantagonistor the D2 receptor, meaning it binds to this receptor,
preventing dopamine from binding to activate the receptor. Ovarieasnitsin significant
decreases in D2 receptor binding in the NAc and STR, which are prevented/recovered by E2
replacemenfLandry, Levesque and Di Paolo, 2002; Le Savarissette and Di Paolo, 2006)
Therefore, E2 could be facilitating the effectdH#L by maintining D2 receptors, providing
binding sites foHAL, allowing this drug to elicit its effects @opamine transmission. A second
potential mechanism for the interaction between E2Hid are E2induced effects on the
affinity state of the D2 receptor. D8ceptors are reported to have a high affinity and low affinity
state; the low affinity state is functionally inactive, meaning that binding at the receptor has no
effect(Samaha, Seeman, Stewart, Rajabi and Kapur, 2P0&Yyious research indicates t&2t
redacement significantly increastige proportionof D2 receptors in the low affinity state
(Levesque and Di Paolo, 1988xperiments are currentbynderwayto confirm that estrogens do
indeed alter the affinity state of these receptors. E2 replacenandecrease theimber ofD2
receptors irthe high affinity state, essentially having the same effetiAls, reducing the
number ofD2high receptors available to bind dopamine and alter dopamine transmission.
Furthermore, it is possible that AL interactions occur via a combination of these two
mechanisms, with E2 maintaining levels of D2 providing binding siteslAdr, but decreasing
the affinity state of the D2 receptor to decrease the effects of dopamine binding at these

receptors.
2. Clinical implications

The experiments this thesis were run exclusively with rodents, however, they do allow
for somespeculatiorsurrounding the treatment of schizophrenia in woriiée. results of thél,
perseveration, and reversal learning experiments suggest that estrogens increase the efficacy of

HAL to improve some of the cognitive deficits associated with schizophrenia. In fact, the
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optimal dose oHAL differed across estrogen replacement groupggesting that plasma
estrogen levels should be considered when determilusgs of antipsychotic drugSlinical

studies demonstrate thdAL and othemantipsychotianedicationgeduce positive symptoms of
schizophrenia in women movéhen administered ioonjunction with oral or transdermal E2
(Akhondzadeh et al., 200Bulkarni et al., 2014Kulkarni, et al., 2012 Theexperimentsn this
thesissuggest that adjunctive estrogen treatments may also facilitate antipsyclditiatroe to
ameliorate cognitive symptoms of schizophrenia. Antipsychotic treatments are not particularly
effective at treating the cognitive symptoms of schizophrgfeafe, Silva, Perkins, &

Lieberman, 1999, and these cognitive symptoms are the best predictor of functional outcomes
(Bowie & Harvey, 200§ so any ajinct treatment that improves treatment of the cognitive
symptoms of schizophrengould be implemented in clinical treatment regimes. Adjunctive
administration of E2 is effective in both female and male pat{&utkarni et al., 2011

Kulkarni, Hayes, et al., 20)}2and improves symptoms ireatment resistant individuals

(Kulkarni et al., 2013 suggesting that E2 could improve the response to antipsychotic
medication for the majority of individuals withis disorder However, the results presented in
this thesis dmonstrate that the optimal doseHAL differed across estrogen replacement
groups, and suggest that the combinatioHAE and E2 dose must be carefully titrated, since

excessive doses can have detrimental cognitive effects.

Since preclinical and iclical studies suggest that estrogens facilitate the effects of
antipsychotic drugs, this should be implemented in treatment practices. The addition of estrogen
administration to schizophrenic women would be particularly beneficial, since antipsychotic
treatments cause anovulation, infertility, and significant reductions in plasma levels of estrogens
(for review, sed3argiota, Bonotis, Messinis, & Angelopoulos, 2D1Briefly, the common
feature of antipsychotic drugs is antagonism of D2 receptors throughout the bodynmé€iad
receptors on laotroph cells in the pituitary. Dopaminéding at these pituitary D2 receptors
provides tonic suppression of prolactin release; when antipsychotic drugs block these D2
receptors this leads to an increase in prolactin levels, vdmschpt reproductive endocrine
systemgDickson & Glazer, 1999 Consequently, it is relatively common femalesprescribed
antipsychotics to have loplasmadevels of estrogens, meaning that their medication is less

effective than it could be if these women had normal reproductlicity. There is an impetus
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to translatehe preclinicafindingspresented heri@to clinical practice, since adjunctive

treatment with estrogens could significantly improve the efficacy of antipsychotic medications
3.mERs in the STR, NAc, and PFC

The experiments in this thesis demonstrate that there are mERSs localized to the STR,
NAc, and PFCThe mERs in the hippocampus, STR, NAc, and PFG@lanest neveobserved
using light microscopy, indicating thakectron microscopy is a better techniquevisualizing
MERSs in neuronal tissue. These ultrastructural analyses complement previous light microscopy
andin situ hybridization experiments; together they map the distribution of nuclear ERs and
MERs, providing a more complete picture of how estrogéest neurotransmission through

long-termandrapid mechanisms.

The results of the electron microscopy experiments in Chap&rgdvide the first
descriptions of the wultrastructur al distribut
innervated rgions. These results indicate that these receptors have very similar distributions in
the NAc CoreandShell, suggesting a homogeneous distribution of receptors throughout the
NAc. Furthermoret he di stri buti on of mERU and GPER1 we
suggesting that these receptors are distributed fairly homogeneously across these two regions.
Technically the STR and NAc are both part of $kréatum which is subdivided into theorsal
striatum (STR aka. caudate putamen) and the ventiatiush (NAc; for review se&oorn,

Vanderschuren, Groenewegen, Robbins, & Pennartz,)) 20bdre are notable differences

between these regions of the striatum, including the fact that dopamine innervation to the STR

and NAC come from separate pogidas of dopamine neurons, the substantia nigra and ventral
tegmental areaespectively(Voorn et al. 2004). However, the results presented in this thesis

indicate that the distribution of mERs is relatively consistent throughout the striatum. The one
exception to this homogeneity is the distribu
the STR.n contrast the distribution of mMERs differs between the striatum and the PFC; in the

PFC GPER1 is observed more frequeatidgmE RU i s obser veahinthe STR f r e qu
and NAc. Additionallythere are differences in mER distribution between strniand

hippocampus, aslectron microscopy research in the hippocampus indicates a greater proportion

of MERs are observed at postsynaptic sites. Thus, the distribution of mERSs is not consistent in all

regionsreceivingdopamine afferentslthoughdistribution inthe STR and NAc are similar
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mERU, mERbB, and GPER1 inalrbminregiohsexaminednlthis ubi qu
thesis in that they are observed at all types of neuronal prdfikesdrites, dendritic spines,
axons and axon terminalaihd glial cells in the STR, NAc Core and Shell, and PFC. However, in
all three of these brain regions the majority of mERSs are at presynaptic sites, either axons or axon
terminals, indicating that estrogens primarily affect presynaptic transmissiors@rdggonsAn
example of this can be seen in Figure 1, which depictdthes t r i buti on of mERU,
GPER1in the PFCthe majority of all three of these receptors are localized to presynaptic
profiles, either axons or axon terminalgtle is knownabout the specific effects of binding at
mERSs in presynaptic neuronal profiles. Howevei, ndi ng at mERU associ at e
synaptic vesicles in terminatg the hippocampusas shown tanobilize transportation of
vesiclesto the synaps¢Hartetal., 2000 Bi ndi ng at mERU, mERB, and
NAc, and PFC could have the same effect as in the hippocaprpusptingthe trafficking of
vesicleso the synapsm terminals Additionally, these receptors are positioned to affect
propagation of axon potential and the release of transmitter into the synaptic cleft; future studies

should examine how binding at mERSs alters presynaptic transmission.

Contrary to our itial hypothesis, mERs in the STR and NAc are likely not localized to
dopaminergic neurons. I n the STR al most no co
GPER1i IR profilesand TH immunoreactivity, and in the NAc Core and Saalinall
proportiono f  BriR BGPER1 IR profiles also contaifH. The TH containing neurons in the
NAc could be dopaminergic, so it is possible thairell proportion of mMERs are localized to
dopamine neurons in this region, but TH containing neurons in the NAc could also be
noradenergic. Since the distribution of mMERs in the STR and NAc is relatively homogeneous,
and mERs are not localized to dopaminergic neurons in the STR, it is hypothesized here that the
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Figure 1. Representation of estrogen receptor localization togme postsynaptic profiles in

the prefrontal cortex. Estrogen receptors were most commonly localized to axons and terminals
in the prefrontal cortex, depicted alongside the pyramidal neuron, aedalgerobserved in
dendrites and dendritic spines at lower levels, depicted on the apical dendrite of the pyramidal

neur on. Low |l evels of nuclear | abeling for ER
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TH neurons in the NAthat contaimnERs are n@drenergic. Further research is needed to

confirm this using specific immunomarkers for dopamine and noradrenaline neurons, such as
dopaminebetahydroxylase or phenylethanolamihemethyltransferase, respectivélyorang,

Amara, & Simerly, 199% Regardless, thergportion of mERs in THR neuronsn the NAc is

very low, suggesting that mERs in the NAc and STR have minimal effects on dopamine through

binding at receptors on catecholaminergic neurons.

The results of the experiments presented in this thesis suggedtt t he maj or ity
and GPER1 are localized to GABAergic neurons in the STR and NAc (Fig 2 and Fig 3). This
distribution of mERSs suggests that estrogens in the STR and NAc indirectly affect dopamine
transmission by altering GABAergic transmissionhiade regions. There are a select few studies
that support this hypothesis. As discusabdve estrogens rapidly affect the transportation of
vesicles to the synapse in the hippocampus; tlubssrved in GABAergic neurons,
demonstrating that binding atBRs affects presynaptic GABAergic transmissiothe
hippocampugHart et al, 2007). Additionally, a systemic injectioinE2 rapidly decreases
GABA availability in the STRHu et al., 2006Schultz et al., 2009which indicates that
binding at mERSs in the STébuld decreas&ABA availability. Multiple studies have shown
that antagonizing GABA in the STR and NAc increases tonic DA availabiidgrmark et al.,

2011 Smolders et al., 1995; Whitehead et al., 20@hjch suggests that HEAduced decreases

in GABA could caus¢he E2inducedincrease in dopamine availability observed in these
regions (Becker 1990; Becker, 1999; Becker and Rudick, 1999). It is not clear how changes in
GABA availability in the STR and NAc affect dopamiaeailability, one theory is that GABA

binds to presynaptireceptors on dopaminergic terminals in the STR/NACc, increasing dopamine
release (Adermark et al., 2011). Alternativellyanges in GABA®gic transmission in the

STR/NAc could alter activity in glutamatergic projections from the STR/NAc to the substantia
nigra/ventral tegmental arezgausing increased activity in the substantia nigra leading to an
increase in dopamine relea3éese EAnduced changes in GABA affect rotational behavior
(Schultz et al., 2009which is known to be dopamerdependent, providing the first evidence

that estrogens affect dopamidependent behaviours by decreasing GABA transmission.
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Figure 2. Representation of estrogen receptor localization withingrd postsynaptic profiles

in the dorsal striatumAlthough estrogens are known to increase dopamine release in this area,
almost no estrogen receptors were observed on dopamine terminals. Thus, estrogens are likely to
affect dopamine release via changes in presynaptic transmission of GABA or cholinergic

neurons.
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Figure 3. Representation of estrogen recepbaalizationin pre and postsynaptic regions in

the nucleus accumbens. There are low levels of estrogen receptors associated with dopaminergic
terminals, so estrogens could affect dopamine transmission directly by binding at these receptors.
Additionally, amoderate r oporti on of ERU and GPER1 are obs
and dendrites; estrogens could indirectly affect dopamine release through postsynaptic

changes in GABAergic transmission.
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4. The role of mERs in E2induced changes in cognition

There is an abundance of research indicatingERatare associated with the membrane,
as these receptors have been localized to the membrane using fracti@®iatias and Szego,
1980) can be activated by EBSA that does not css the cell membrari@heng and Ramirez
1997) and occuin the presence of transcription blockélly et al 1980, Minami et al 1990,
Nabekura et al 1986Additionally, there is strong evidence that estrogens can have rapid effects
on cellular transmission, initiating seabmessenger cascades, increasing intracelluldf CA
(Coleman and Smith 2001, Fu and Simoncini 2008, Yang et al 2&0@&)activating mGIuR
receptorgMeitzen et al 2013)However there is still relatively little evidence for rapid
behavioural effects of &sgen.

The vast majority of studies examining the cognitive effects of estrogen administer
hormone replacement 224 hours prior to behavioural testing, and in expenisigvith naturally
cycling ratsphase of the cycle is typically determined ~12hours prior to testing. This has been
the common practice, sincetegyens were thoughd havelong-termeffects, requiring long
periods of timeto occur(i.e. hours, not minuteshe ELISA analyses in Chapt 2 suggest that
plasma levels of E2 in the high E2 graigrreaseto levelsobservedn the low E2 group by the
time behavioural testing ocaa Thus, any differences between high and low E2imnatse LI,
reversal learning, and perseveratexperimats presented heoan be primarily attributed tihe
long-termeffects d E2. Themethodological choicef administering E2 ~16 hours prior to
testingmakes these studies comparable to previous research in this lab and the field, bat does
allow for anexamination of theapid effects of estrogens on these behaviours. Fstudées
should administer E2 3@in prior to testing to determine whether estrogens also have rapid
effects orLI reversal learning and perseveratiém contrast, since the Low and High E2
replacement groups have Iphasmaevels of E2 from the subcutaneous capsuld&erdnces
observed between tliE2 replacement groups and the No E2 replacement group are likely
mediated by both theng-termandrapid effects of E2. Vith this experimental design it is not
possible to determine whether-E®luced behavioural changes are the result of binding at

nuclear ERs or mERs.

There are a limited number of studies that have specifically investigated the rapid

cognitive effects of estrogens in females. Chapter 6 of this thesis describes an experiment
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conducted to specifically assess the rapid effects of E2 on multiple memory systems. This study
showedhat microiriusions of E2 in the PFGias female rats towardsei of place memoriyn

under 15min(Almey et al., 2014). This demonstrates mERs in to the PFC are functional, since
binding at them rapidly alters navigational strategies. There are a select few other publications
which also demonstrate the rapid behavibaffects of E2. Becker and colleagues have
conducted numerous experiments demonstrating that E2, administered >30min prior to testing
alters rotational behaviour (Becker, 1990; Schultz.e809), demonstrating thegtpid E2-

induced changes in dopamihave behavioural consequences. Additionally, E2 administered
immediately following training in an object recognition task improves memory performance
when tested 4 hours later; this effect is not observed if E2 is administered 45min following
training, sggesting that E2 rapidly affects memory consolidation (Inagaki et al., 2010).
Additionally, systemic injections of E2 rapidly improve both social and object recognition
memory, andffect thats mediated by binding at GPER&ryin, Phan, Gabor, and Chadker
2013;Gabor, Lymer, Phan, and Choleris, 2QI8)ere is additional evidence for rapid effects of
estrogens on behaviour in males, as systemic administration of E2 rapidly (15min) increases
sexual behaviours (Cross and Roselli, 1999; Kaufman, KellyRasélli, 2014) and aggression

in males (Trainor, Finy, and Nelson, 2008). To the best of our knowledge, this represents the

extent of research examining the rapid effects of estrogens on cognition.

It is clear that administration of E2 can have rapid effects on behaviour, but the vast
majority of experiments examining the effects of E2 on cognition exclusively examiloathe
termeffects of estrogens. Thelemgtermeffects of estrogen occur thrglu binding at nuclear
ER and mERs, since binding at boypes of receptorsan result in changes in protein
production in cells. However, there is a paucity of research examining the rapid effects of
estrogens on cognition.sdutlined in Chapter 1, thers a large body of research demonstrating
that estrogens rapidly affect transmission in numerous regioténdang at mERsHowever
little research has furthered these findings by showing that these rapid estichgsed changes
in transmission trandi@ into changes in behaviour/cognition. Future research is needed
examining the rapid behavioural effects of estrogens. Investigation into potential interactions
betweernongtermandrapideffects of estrogens are required, since there is some evidence to
suggest that tlie may be opposing consequencethefong-termand rapideffects ofE2
(Thompson and Moss, 1994).
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