Carla Filipa Simdes Henriques

GENDER DIMORPHISM OF MICROGLIA MORPHOLOGY

ADENOSINE AND TESTOSTERONE AS PUTATIVE MODULATORS IN TRANSGENDER MICROGLIA EXPERIMENTS

Dissertation to obtain the Master degree in Biomedical Research, performed under the scientific supervision of
Doctor Catarina Alexandra Reis Vale Gomes and co-supervision of Doctor Antonio Francisco Rosa Gomes Ambrdsio
and presented to the Faculty of Medicine of the University of Coimbra

July 2017

UNIVERSIDADE DE COIMBRA




On the front of the page: Microglia cells from the prefrontal cortex of male (top) and female (buttom)
Wistar rats at PNDO (left), PND7 (center) and PND33 (right). Brain slices were stained for Iba-1 and

microglia cells were tridimensionally reconstructed with Neurolucida software.






GENDER DIMORPHISM OF MICROGLIA MORPHOLOGY

ADENOSINE AND TESTOSTERONE AS PUTATIVE MODULATORS IN
TRANSGENDER MICROGLIA EXPERIMENTS

Carla Filipa Simdes Henriques

Dissertation presented to the Faculty of Medicine of the University of Coimbra. The work was
performed in the Retinal Dysfunction and Neuroinflammation Lab of the Institute for Biomedical
Imaging and Life Sciences (IBILI), Faculty of Medicine, University of Coimbra, under the scientific
supervision of Doctor Catarina Alexandra Reis Vale Gomes and co-supervision of Doctor Anténio

Francisco Rosa Gomes Ambrésio.

University of Coimbra

2017






FACULDADE DE MEDICINA
UNWERSIDADE DE COIVBRA

Retinal Dysfunction &

Neuroinflammation Lﬂb

MICRGPSYN

The experimental work described in the present thesis was performed in the Retinal
Dysfunction and Neuroinflammation Lab, at the Institute for Biomedical Imaging and Life

Sciences (IBILI), Faculty of Medicine, University of Coimbra, Portugal.

Financial support was granted by the Research Support Office (GAI, Faculty of Medicine,
University of Coimbra, Portugal); the Foundation for Science and Technology, Portugal
(PEst UID/NEU/04539/2013); COMPETE-FEDER (POCI-01-0145-FEDER-007440);
Centro 2020 Regional Operational Programme (CENTRO-01-0145-FEDER-000008:
BrainHealth 2020); and Santander Totta.

F C T /V" I@r ‘* & Santander Totta
COMPETE 2 NACI







A minha familia

“Considere a sua origem. Ndo foste formado para viver como os brutos, mas para

seguir a virtude e o conhecimento.”

A Divina Comédia, de Dante Alighieri






ACKNOWLEDGEMENTS






Nesta seccdo empenho-me em homenagear aqueles com 0s quais me cruzo e que

deixam marcas, porque ninguém é completo sozinho.

Agradeco, em primeiro lugar, a minha orientadora, Professora Catarina Gomes, por ter
despertado a minha paixdo pelo tema sobre o qual me debrucei durante este ano.
Encontrei em si um exemplo de trabalho e dedicacdo exaustivos, alguém possuidor de
uma perspicécia e conviccdo absolutamente cativantes, incapaz de ndo se questionar
perante os factos. S&o muitos os ensinamentos que levo comigo, mas aquele no qual
reflito a cada dia de trabalho vem das suas palavras “O trabalho € (quase) sempre
compensado!”. Assim, mais importante do que a recompensa, é a certeza de que fizemos

0 nosso melhor. E um orgulho ser sua alunal!

Ao Professor Francisco Ambrosio, por me ter acolhido no seu grupo, enquanto aluna de
mestrado e, proporcionado as condi¢cdes necessarias a elaboracéo desta tese.

Ao Professor Henrique Girdo, por me ter permitido fazer parte desta familia que é o MIB,
pela energia e alegria que deposita na ciéncia que faz. E um exemplo!

Agradeco também a Filipa Baptista, a Inés Almeida, ao Miguel Pinheiro e & Rita Gaspar,
agueles que acompanharam a minha jornada mais de perto. Foram essenciais 0s
momentos de partilha, discussdo e argumentacdo, que tanto me fizeram crescer

enguanto cientista.

A Helena e a Joana dirijo um agradecimento especialmente doce por me terem
acompanhado durante os primeiros passos deste percurso. Muitas vezes sorrio ao
pensar que eram as minhas irmas na ciéncia. Do mesmo modo que 0s irméos mais
novos almejam alcancar os mais velhos, eu persegui 0 vosso exemplo de dedicagéo e

proatividade.

A Catarina Neves, a Joana Martins e & Raquel Boia, agradeco pela companhia, pela
exigéncia, por nunca permitirem que desejasse apenas 0 alcancavel. Apesar de uma
convivéncia que se iniciou timida, tornaram-se trés das pessoas que mais me fazem

sorrir, trés colegas e amigas.

Ao Rafael, que mais do que um colega € um amigo, agradeco a amizade e o
companheirismo. Aos restantes membros do grupo que fizeram parte desta jornada, ao
Antoénio, a Elisa Campos, a Inés Aires, ao Jodo Martins, a Maria, a Raquel Santiago e ao
Samuel, bem-haja! As horas infindaveis de trabalho s&o tdo mais faceis em boa

companhia! A Susana Bacelar, pela amabilidade e serenidade que sempre demonstrou.

Um obrigada muito especial aos grandes amigos que Coimbra me trouxe, aqueles que

nunca saem do coracdo. Levo-vos sempre comigo pois ndo consigo separar-me de vos!



A Maria Inés, a Ana Sofia, ao Fabio, ao André, ao Miguel, ao Eurico, & Tomas, a Café, e

a Juliana. Quero ver-vos brilhar!

A Catia Antunes e ao Zé Miguel Branco, aqueles que nem a distancia consegue afastar.

E um orgulho caminhar ao vosso lado por tantos anos.

Ao Carlos, agradeco a sua exigéncia que me faz ser melhor, a serenidade que compensa

a minha euforia, as palavras parcas que dizem tudo. Completas-me.

A minha familia, aquele amor incondicional que me proporcionou tudo. Aos meus avos,
Alice e Antbénio, que sempre me incentivaram sempre a seguir 0s meus sonhos. Ao tio
Anténio por nunca esconder orgulho a cada pequeno passo meu. Aos meus pais
agradeco o seu empenho na minha educacédo e a sensatez que me incutiram. Pelo
equilibrio que representam, pelo suporte indispensavel que sdo e pela exigéncia que
demonstraram em todas as etapas do meu percurso académico. Nunca foi demais seguir
0 vosso exemplo! A minha irma Catarina, que caminhou sempre a meu lado, respeitando
as minhas decisfes como se estas fossem as mais acertadas. Agradego exemplo sébrio
€ 0 gesto meigo que te caracterizam, e a tua presenca em todas as minhas conquistas,
gue tomavas como certas antes de se concretizarem. Ao Bruno e a Débora, que entraram

na familia e a completaram. Obrigada familia, porque s6 me ensinaram a sorrir.



TABLE OF CONTENTS






TABLE OF CONTENTS

TABLE OF CONTENTS

FIGURES AND TABLES LIST ..c.uciiteiiiitniiiiensieiiensieiiensieissssssissssssisssssssssssssssssssssssssssssssssssssssssssnssssssnssssssnnnss XV
ABBREVIATIONS LIST ...ieuiiiiitniiiieniiiieniiisnsisisnsesisssssissssssssnsssstsnssssssnssssssnsssssanssssssnsssssssssssssnsssssnnsssssnne XXV
ABSTRACT ..cciiiiiiiiiiineeetiiiisissssssseessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssans XXIX
RESUIMO ... cuuiuiuertiiiiiiiiinneeeiiiissssssssssssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnsasssssss XXX
CHAPTER 1: GENERAL INTRODUCTION .....cooiiiiirnneenisiissssssnnseesssssssssssssssssssssssssssssssssssssssssnssssssssssssssnssassssssns 1
1.1. MICROGLIA: SCULPTING THE DEVELOPING BRAIN IN A GENDER-SPECIFIC MANNER .....vveeveeeteeereesteeesseeessneenseeenes 3
1.1.1. HISEOIIC OVEIVIBW ...ttt ettt e et e e e sttt e e e e e e et e e e e e e e s ssssenes 3
1.1.2. Microglia origin and colonization of the developing brain ................cccecceeeveeeesieenveeesieeneenne, 3
1.1.3. Microglia morphology throUGROUL life ............ccceeeeeceeeeeeiieeeeeee et s e e e srea e 6
1.1.3.1.  GENDER DIFFERENCES IN MICROGLIA MORPHOLOGY AND NUMBER......cceuveerureesuueesreensreesreeseeesseessenesssesnanes 8
1.1.4. Microglia functions throughout neurodevelopment.............c.ccccueeecceeeeesiiieeesiieeesiieeeeessiaeans 8
1.1.5. Microglia dysfunction: triggering the genesis of neuropsychiatric disorders ........................ 10
1.1.5.1.  THE SPECIFIC CASE OF ANXIETY wuvtesureeueeessressueeessseesseeesssesssseesseessssesssssssseessssssssessssessssesssessssessssessssens
1.2. ADENOSINE A2a RECEPTOR: MODULATING MICROGLIA AND BEHAVIOUR ...c.vvveevveesereesereesareessseesseessessseessenss
1.2.1. Overview of adenosineg ANd itS FECEPLOIS..........cocuverueereiesieeeieeseesie sttt
1.2.2. Adenosine Aza receptor in the developing brain...................
1.2.3. Adenosine Aza receptor modulation of microglia .................
1.2.4. Adenosine Aza receptor modulation of anXiety............ccceeevvevvvveriversveninnnn.
1.3. TESTOSTERONE: SHAPING GENDER DIFFERENTIATION OF BRAIN AND BEHAVIOUR
1.3.1. GeNAer deterMiNGALION ............ceeeeueeeeiiieeeectieeeeeie e st e e ettt e e eette e s steessstteasssaseessanseaessnsseaenns
1.3.2. Gender-specific differ@NtiQlion ...............oceoevueeviieniieeniieseeee ettt
1.3.3. Gender differences in anxiety: the role of teStOSterone............cccceeevvevveerceeerveenieeeseeneenns
1.3.3.1.  STUDIES WITH ANIMAL MODELS ...uvveeuveeessreeueeessseesseeessseessseesseessssessssessssessssesssesssessssesssessssessssesssens
1) ORGANIZATIONAL EFFECTS OF TESTOSTERONE ...uvveeuvetestressseeenseessseeesssesssesessseessesesssesssssesssessssesssseesssessssessssesss
) ACTIVATIONAL EFFECTS OF TESTOSTERONE ...uvvteutterteeestressseeesssessseeessseensesesssesssesesssesssssesssesssssesssessssesssessssees
1.3.3.2.  STUDIES WITH HUMANS. 1. vteeutetetteetetenseesssesesssessseeesssesssssssssesssssesssesssssesssesssssesssesssssesssessssesssseesssees
CHAPTER 2: RATIONALE AND AIMS .....cottiiiiiiiiinnreetiiisisssssnnsesssssssssssssessssssssssssssssssssssssssnssssssssssssssnnssssssssss 23
CHAPTER 3: EXPERIMENTAL WORK ....ccettiiinnniiissnnesiissnnssissssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssss 27

3.1. EFFECTS OF THE GENETIC DEPLETION OF A2aR DURING NEURODEVELOPMENT ON MICROGLIA MORPHOLOGY IN THE

PFC: GENDER SPECIFICITIES veeuvvteeseuereeesurseesasseeesansnesessseesasssessssnssesessssessssssesesssssesssssssessnssessssssssesssssesssssseesssssnnes
3.1.1. ROALIONQIE........ oottt e e e e e ettt e e e e e e e ettt e e e eeessssssbasaaaseessntsasesaaanessnes
3.1.2. 1Y =1 ¢ Lo Yo LTS UUPUR

0t 00t O AN 117 TR

3.1.2.2.  IMMUNOHISTOCHEMISTRY
3.1.2.3.  MORPHOMETRIC ANALYSIS OF MICROGLIA

3.1.2.4.  DATA ANALYSIS. ceuuuutetteeteeeiaututteeeesssasustteatesssassssreeeeesssasssssanesesssssssssesseesssssssssesseeeesssssssssseeeesssssssnnees

3.1.2.5.  TEAM INVOLVEMENT etteteeeieuiterteeeesssasusseeesesssanssnseeesessssssssaseeesssssssssssseesssssssssesseesssssssssssessessssssnnees
3.1.3. REOSUIES oottt e ettt e e e e e ettt e e e e e ae ettt e aeeeesassstsesaaessaassstsanaaaaeassnnes

3.1.3.1.  A2aR KO MICE ADULT FEMALES EXHIBITED MICROGLIA HYPERTROPHY INTHE PFC ....cooviiiiiiiiiieieeeceeeeeeeee e, 35
3.1.4. 10 KXoV KXY o AP PPPPPPPPPPRPRE 38

3.2.  MICROGLIA MORPHOLOGY IN THE PFC DURING NEURODEVELOPMENT: SCREENING GENDER DIFFERENCES............... 41
3.2.1. L0 L Lo 1o =2 SR
3.2.2. 1Y =2 o T SR

K I A S S N Y PP SPPUPRRIN

3.2.2.2.  BEHAVIOURAL TESTS
1) LOCOMOTOR ACTIVITY: OPEN FIELD TEST
1) ANXIOUS-LIKE BEHAVIOUR: ELEVATED PLUS MAZE TEST
III)  SHORT-TERM RECOGNITION MEMORY: NOVEL OBJECT RECOGNITION TEST
3.2.2.3.  IMMUNOHISTOCHEMISTRY ..uuuvrvteeseseseunrreeeeesssssnnrseseessssssssseneeessssssssssseeesssssssssssseessssssssssssessessssssnnees
3.2.2.4.  MORPHOMETRIC ANALYSIS OF MICROGLIA ...eetetiieurrrreetessensunreeeeesssesasraneeesessssssssreeesessssssssseesessssssnnees



TABLE OF CONTENTS]

3.2.2.5.  DATA ANALYSIS. uuttrteeeeeesesurureeeeesesasuerareeesesssansrareeessessasseseeesesssamsssseesesssssssseessesssmsssssseesesssssssseneees 48
3.2.3. RESUILS ..ottt e e ettt e e e e e ettt e e e e e e e s tb s e e e e e e st atsaraaaeeeessssssenaeas 49
3.2.3.1.  MICROGLIA MORPHOLOGY IN THE PFC IS SIMILAR BETWEEN GENDERS IN NEONATES ....uuuuuurunnnennnnnnnnnnnnnnnnnnns 49
3.2.3.2.  MICROGLIA MORPHOLOGY IN THE PFC IS SIMILAR BETWEEN GENDERS AT PND7.....uuuuiiines 50
3.2.3.3.  MICROGLIA MORPHOLOGY IN THE PFC IS SIMILAR BETWEEN GENDERS AT PND33.......... .51
3.2.3.4.  FEMALES ARE MORE DISINHIBITED THAN MALES IN THE EPM ATPND32 .....cceveeviinnnnns ...53
3.2.3.5.  SHORT-TERM RECOGNITION MEMORY IS NOT DEPENDENT ON THE GENDER AT PND31.... .54
3.2.4. DUSCUSSION ...t seee s e s e sese s e s e sese s e ss s s s s s s s s s s s s sssesssasssssssasssssssassssssssssssssssssssssssssssssseses 55
3.3 IMPACT OF NEONATAL INJECTION OF TESTOSTERONE IN FEMALE MICROGLIA MORPHOLOGY IN THE PFC ............... 59
3.3.1. e 10T Lo ] (=2 PP 61
3.3.2. 1Y =3 4 gL Yo PP 61
3.3.2.1.  ANIMALS AND PHARMACOLOGICAL TREATIMENT ....uuuuuuuuuuuunnnnnnnnnnnnnnnnnnnnnnnnnnsnnnnnnnnnnnnnnnsnnnnnsnnnnnnnnnnnnnnnnnnn 61
3.3.2.2.  BEHAVIOURAL TESTS tetteeiieuururereeesesassuerareeesssssansssseeesssssanssssssesessssmsssseesessssssssssessesssssssssseesesssssssssneees 62
3.3.2.3.  IMMUNOHISTOCHEMISTRY w.utttvetteeesasuuerueeeesseasanssaseeesssasonssssesessssssmssssssesesssssssssessessssmsssseesesssssssnssssees 62
3.3.2.4. MORPHOMETRIC ANALYSIS OF MICROGLIA ..eeeeieiuurrrreeeeeeeieutrreeesesesssssrseeesesssssssssseesessssssssseesessssssssssenees 62
3.3.2.5.  DATA ANALYSIS. uuuuuuuuuuurunurunnensnnnnnsnnnnnnnnnnnnnnnnnnnnnsnsnsnssnnsnssnnsnssnnsnsnsssnnnnsnnnnsnnnsnnsnnnnsnsnnnsnnnnnnnnnnnnnnnnnnn 62
3.3.3. ROSUIES ettt ettt e et e e e e e e e et e e e e e e e s e s e seeeasessessasssasseasaesesssssssssesesesssessseseseses 64
3.3.3.1.  NEONATAL FEMALE ANDROGENISATION DID NOT ALTER MICROGLIA MORPHOLOGY IN THE PFC AT PND33 ...... 64
3.3.3.2. NEONATAL FEMALE ANDROGENISATION DID NOT ALTER LOCOMOTOR ACTIVITY, BUT REVEALED A TREND TO AN
ANXIOLYTIC EFFECT INTHE PFC AT PND32 .oeiiiiiiiiieitteee ettt e e e e settte e e e e e e sttt e e e e e e s seanetaaeaeessennnntanneasssessnnses 66
3.3.3.3. NEONATAL FEMALE ANDROGENISATION DID NOT ALTER SHORT-TERM RECOGNITION MEMORY AT PND31........ 67
3.3.4. DUSCUSSION ...ttt eeeeee et e s e s et et e s et e se s s se s e s e sssssssssssesssssssssssssssssssesssesssssssssssesssssssssesessssses 69
CHAPTER 4: GENERAL CONCLUSIONS.......ceveeiiiiiiiiieneeniieerineennnssssssssssesnnssssssssssssnnssssssssssssnnnsssssssssssnnnnssssns 73
4.1. GENERAL CONCLUSIONS. ..vvvvvvrererssesesesesesesessssssssssssssssesssssssssssssssssssssssssesssssssesessseseseeemererteememee 75
4.2. FUTURE PERSPECTIVES...iieieeeieieeeeeeeieseeeseeeeeseseeeeeseseseeesesesesesesesesesesesesesesesesesessseseessesesesssseeseseseseseeseeenens 77
CHAPTER 5: REFERENCES .......ccctttiuuiiiiiiiiiinnniiiiiiiiiiemmssiiisiiimesmsssssssimmssssssssssssssssssssssssssssssssssssssssssssssssssssss 79
CHAPTER 6: SUPPLEMENTARY DATA ....oiiiiiueiiiiiiiiinnnnsissisiiimmssssssssssiimssssssssssssssssssssssssssssssssssssssssssssssssssssss 929

XVi



FIGURES AND TABLES LIST






FIGURES AND TABLES LIST

FIGURES LIST

FIGURE1 COLONIZATION OF THE DEVELOPING CNS BY MICROGLIA. ....ccciiiiriieieeeeeecininnneeeeeesesnnnnnneeas 5
FIGURE2 PHYSIOLOGICAL GENDER DIFFERENCES IN MICROGLIA MORPHOLOGY, INFLAMMATORY
SIGNALLING AND GENE EXPRESSION BETWEEN BRAIN REGIONS THROUGHOUT
NEURODEVELOPMENT: A TIMELINE. ..ceiiiiiiiieieeeeee et 8
FIGURE 3 REPRESENTATIVE IMAGE OF THE MOUSE BRAIN IN THE ANALYSED SECTION. ....ccccvvevvvvinnnnnn. 33
FIGURE 4 ILLUSTRATIVE SCHEME SHOWING THE TRIDIMENSIONAL RECONSTRUCTION OF RAMIFIED
MICROGLIA CELLS. 1rrtieeiiitttteeeeeeesssattsteeeeaaesssastsaeeeeaeesssanststeeeaeeeassansstnneeeaesssannrnsnnnneeeens 34
FIGURES A2aR KO MALE MICE EXIHIBITED THE NUMBER AND THE LENGHT OF MICROGLIA PROCESSES
SIMILAR TO THOUSE IN A2aR WT MALE MICE IN THE PFC AT PND90. ......covvvviviiivieeiiieenens 36
FIGURE6 A2aR KO FEMALE MICE EXIHIBITED HIGHER NUMBER AND LENGTH OF MICROGLIAL PROCESSES

PER ORDER IN THE PFC THAN A2aR WT FEMALE MICE AT PND9O..........cocviiiiiiiiieeeiiin, 37
FIGURE 7 REPRESENTATION OF THE OPEN FIELD ARENA. ....ceiiiiiiiiiieee e, 44
FIGURE 8 REPRESENTATION OF THE ELEVATED PLUS MAZE. ....cccciiiieeeeeeee e, 45
FIGURE9 REPRESENTATION OF THE ARENAS FROM THE NOVEL OBJECT RECOGNITION TEST. ............. 45

FIGURE 10 SCHEMATIC REPRESENTATION OF THE REGION FROM THE PFC WHERE MICROGLIA CELLS WERE
ACQUIRED FOR 3D RECONSTRUCTION. ...etuitttiitteitteettiiestetsnesstersnesstsessesssesesnsessnessseees 47

FIGURE 11 ILLUSTRATIVE SCHEME SHOWING THE TRIDIMENSIONAL RECONSTRUCTION OF MICROGLIA AT

FIGURE 12 SCHEMATIC OVERVIEW OF THE ANALYSIS OF BEHAVIOUR AND MICROGLIA MORPHOLOGY OF

WISTAR RATS UNDER PHYSIOLOGICAL CONDITIONS. .. .uuuuuuuuuunnnnnnnnnnnnnnnnnsnnnsnnesannsnsnns 48
FIGURE 13 MORPHOMETRIC ANALYSIS AND STATISTICS OF MICROGLIA IN THE PFC AT PNDO. ............. 49
FIGURE 14 MORPHOMETRIC ANALYSIS AND STATISTICS OF MICROGLIA IN THE PFC AT PND7. ............. 51
FIGURE 15 MORPHOMETRIC ANALYSIS AND STATISTICS OF MICROGLIA IN THE PFC AT PND33. ........... 52

FIGURE 16 ANALYSIS OF LOCOMOTOR ACTIVITY AND ANXIOUS-LIKE BEHAVIOUR IN OPEN FIELD (OF) AND
ELEVATED PLUS MAZE (EPM) TESTS. .o itiiiiiieeee e, 53
FIGURE 17 ANALYSIS OF THE SHORT-TERM RECOGNITION MEMORY IN MALES AND FEMALES. ............... 54
FIGURE 18 PHYSIOLOGICAL GENDER DIFFERENCES IN MICROGLIA MORPHOLOGY BETWEEN BRAIN REGIONS
THROUGHOUT NEURODEVELOPMENT: A TIMELINE ... uvttteereeeeeisntnteeeeeeesssnnenneeeeeessssnnnenneees 58
FIGURE 19 SCHEMATIC OVERVIEW OF THE PHARMACOLOGICAL TREATMENT OF FEMALE WISTAR RATS AND
MICROGLIA MORPHOLOGY AND BEHAVIOUR ANALYSIS......ccccttrieeeeeeeeiiiinrneeeeeeessesinsneeeeaeeens 61
FIGURE 20 EFFECT OF NEONATAL ANDROGENISATION OF FEMALE WISTAR RATS IN MICROGLIA
MORPHOLOGY IN THE PFC AT YOUTH. ..eittiitiiiiiei e ees ettt e e s et e e e e e s aeaannnn s e e e s eeaannnn s 65
FIGURE 21 EFFECT OF NEONATAL ANDROGENISATION IN THE LOCOMOTOR ACTIVITY AND THE ANXIOUS-LIKE
2TV T 67
FIGURE 22 EFFECT OF NEONATAL FEMALE ANDROGENISATION IN SHORT-TERM RECOGNITION MEMORY.68
FIGURE 23 ANALYSIS OF LOCOMOTOR ACTIVITY IN OPEN FIELD (OF) TEST AND ANXIOUS-LIKE BEHAVIOUR

IN THE ELEVATED PLUS MAZE (EPM) TEST....tttiiiiiiiee ettt steee et et e s sbeeee e 103

XiX



FIGURES AND TABLES LIST]

TABLES LIST

TABLE1  CLASSIFICATION OF MICROGLIA MORPHOLOGY THROUGOUT NEURODEVELOPMENT IN THE RAT
HIPPOCAMPUS . ..o s s e e e s e e e s e e e res 7

SUPPLEMENTARY TABLE 1 SUMMARY OF THE MORPHOMETRIC ANALYSIS OF THE NUMBER OF MICROGLIA
PROCESSES IN THE PFC FROM MALE AND FEMALE A2aR WT/KO MICE AT PND9O............ 101

SUPPLEMENTARY TABLE 2 SUMMARY OF THE MORPHOMETRIC ANALYSIS OF THE LENGTH (uM) OF
MICROGLIA PROCESSES IN THE PFC FROM MALE AND FEMALE A2aR WT/KO MICE AT PND90.

SUPPLEMENTARY TABLE 3 SUMMARY OF THE MORPHOMETRIC ANALYSIS OF THE NUMBER AND LENGTH (uM)
OF MICROGLIA PROCESSES IN THE PFC FROM MALE AND FEMALE WISTAR RATS AT PND7.102
SUPPLEMENTARY TABLE 4 EFFECT OF NEONATAL ANDROGENISATION OF FEMALE WISTAR RATS IN

MICROGLIA MORPHOLOGY IN THE PFC ATPNDS33. ..ot 102

XX



PUBLICATIONS






PUBLICATIONS

Publications

M. Pinheiro, C. Henriques, R. Gaspar, H. Pinheiro, J. M. Duarte, A. F. Ambrésio, C. A.
Ribeiro, R. A. Cunha, C. A. Gomes. Microglia morphology across the brain in A;aR KO
mice: gender specificities. (manuscript in preparation)

Poster Presentations

C. Henrigues; J. Duarte; H. Pinheiro; R. Gaspar; |I. Almeida; P. Patricio; A. Mateus-
Pinheiro; N. Alves; B. Coimbra; S. Henriques; C. Cunha; C. A. Ribeiro; N. Sousa; R. A.
Cunha; A. J. Rodrigues; L. Pinto; A. F. Ambrésio; C. A. Gomes. Chronic blockade of
adenosine Aza receptors: gender-specific reprogramming of microglia morphology
in the PFC. XV Portuguese Society for Neuroscience meeting. Poster presentation. 25-26

May 2017, Braga, Portugal.

M. Pinheiro, R. Gaspar, H. Pinheiro, C. Henriques, J. M. Duarte, R. A. Cunha, A. F.
Ambrésio, C. A. Gomes. Portraying gender differences in microglia morphology
across brain regions. XV Portuguese Society for Neuroscience meeting. Poster
presentation. 25-26 May 2017, Braga, Portugal.

Oral Communications

C. Henrigues, J. Duarte, H. Pinheiro, R. Gaspar, A. F. Ambrésio, Catarina A. Gomes.
Gender determination of microglia morphology in the prefrontal cortex: born
similar, age differently. XLVII Meeting of the Portuguese Society for Pharmacology. Oral

communication. 2-4 February 2017, Coimbra, Portugal.

C. Henrigues; J. Duarte; H. Pinheiro; R. Gaspar; |. Almeida; P. Patricio; A. Mateus-
Pinheiro; N. Alves; B. Coimbra; S. Henriques; C. Cunha; C. A. Ribeiro; N. Sousa; R. A.
Cunha; A. J. Rodrigues; L. Pinto; A. F. Ambrésio; C. A. Gomes. Chronic blockade of
adenosine Axa receptors: gender-specific reprogramming of microglia morphology
in the PFC. XV Portuguese Society for Neuroscience meeting. Oral communication. 25-
26 May 2017, Braga, Portugal.

XXxiii






ABBREVIATIONS LIST






A2nR
Amy

BDNF
BSA

CNS

DAPI
DEX

E#
EPM
ER

CG
GW#
GNX

HBSS
Hip
HPA

Ibal

KO

Adenosine Aza receptor

Amygdala

Brain-derived neurotrophic factor

Bovine serum albumin

Central nervous system

4',6-diamidino-2-phenylindole

Dexamethasone

Embryonic day #
Elevated plus maze

Estrogen receptors

Glucocorticoids
Gestational week #

Gonadectomy

Hours
Hank’s balanced salt solution
Hippocampus

Hypothalamic-pituitary-adrenal axis

lonized calcium-binding  adaptor
molecule 1

Intraperitoneal

Knockout

LPS

NOR
NT

OB
OF
OovX

PBS
PFA
PFC
PND#

RT

SEM
Str

Tfm
TP

VH

WT

YS

3D

ABBREVIATIONS LIST

Lipopolysaccharide

Novel object recognition

Non-treated

Olfactory bulb
Open field

Ovariectomy

Phosphate buffered saline
Paraformaldehyde
Prefrontal cortex

Postnatal day #

Room temperature

Standard error of mean

Striatum

Testicular feminization

Testosterone propionate

Vehicle

Wild-type

Yolk sac

Tridimensional

XXVii






ABSTRACT






ABSTRACT

Stressful events in the prenatal and in the early life periods have been associated
with the genesis of neuropsychiatric disorders. Importantly, personalised therapeutics are
essential in these disorders, since some of them possess gender specificities in the
genesis, clinical presentation and therapeutic efficacy. Microglia, the resident immune
cells of the central nervous system, have been implicated in the pathophysiology of these
disorders, namely anxiety. For instance, in a previous study from our group, we reported a
gender-specific morphological rearrangement of microglia cells in a model of chronic
anxiety with developmental genesis (prenatal exposure to glucocorticoids). Moreover,
these cells present a gender-specific morphology at adulthood, under physiological

conditions.

Adenosine A.a receptors (A:aR) are well described modulators of microglia,
proposed as therapeutic targets in neuropsychiatric disorders. The modulation of A2aR
promotes morphologic alterations in these cells, which are widely associated with their
function. In our model of chronic anxiety with developmental genesis, the chronic
blockade of these receptors normalized microglia morphology and ameliorated anxious-
like behaviour in males, but not in females. Moreover, this modulation of AR at
adulthood per se promoted a gender-biased effect: an atrophy in microglia morphology
and an increase in anxious-like behaviour in females, without affecting males. These
gender specificities in the modulation of microglia morphology and in the presentation of
anxious-like behaviour in this animal model led us to hypothesize an hormonal influence
underlying this process. A protective role was suggested for testosterone since, in males,
an ontogenic surge of this hormone at the day of birth is responsible for the

masculinisation of brain and behaviour.

The present thesis pursues three main objectives: to further clarify the gender-
biased modulation of microglia morphology by A:aR, to screen the time window of
appearance of gender differences in microglia morphology in the prefrontal cortex (PFC),
and to disclose the role of testosterone in the presentation of anxious-like behaviour and

associated morphological reassignment of microglia in the PFC.

In Section 3.1., we analysed microglia morphology in the PFC from A2aR knockout
mice, in order to assess whether the absence of expression of this receptor early in
development promotes a gender-specific morphological rearrangement of these cells. The
lack of expression of A;aR in these animals promoted an hypertrophy of microglia
morphology in the PFC of females, but had no effect in males. Thus, we can report the

same gender-effect previously described by blocking A:aR at adulthood. However, in

XXXi



ABSTRACT

females, the morphological rearrangement of microglia occurs in opposite fashions,

according to the developmental stage of interference.

In Section 3.2., we analysed microglia morphology in the PFC from Wistar rats,
screening for the surge of gender differences in these cells, from the early
neurodevelopment (PNDO and PND7) until youth (PND33). We did not observe
differences in microglia morphology in the PFC between genders until PND33. However,
when we analysed the performance of these animals in the elevated plus maze test, a test
that measures anxious-like behaviour, we were able to report a higher “disinhibition” of
females at that age. In this section, we determined that the differences previously
described in microglia morphology in the PFC may arise between PND33 and PND90.
Moreover, we concluded that behavioural gender differences surge before the differences
in microglia morphology are observable.

In Section 3.3., we mimicked the neonatal peak of testosterone that occurs in
males by injecting testosterone in females, and analysed microglia morphology in the PFC
and anxious-like behaviour at PND30. We observed that the neonatal androgenisation did
not alter microglia morphology in the PFC of females at PND33, however this was able to
partially masculinise their behaviour: we reported an intermediate phenotype between
males and females in anxious-like behaviour. These results led us to conclude that the
neonatal peak of testosterone in males is necessary, but not sufficient to fully masculinise

anxious-like behaviour.

This work highlights the imperative role of gender in the neurcimmune
development. It would be valuable to consider gender in pharmacological research, since
differences in anxious-like behaviour are already observable at youth and can be partially
reversed by male hormones. In the future, gender-directed therapeutics may increase the

effectiveness of drugs, reducing these public health problems and improving lifestyle.
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RESUMO

Eventos indutores de stress que ocorrem cedo no desenvolvimento tém sido
associados a génese de doencas neuropsiquiatricas. Terapéuticas personalizadas sao
essenciais nestas doencas, atendendo a especificidades de género que algumas destas
apresentam nha sua génese, apresentacao clinica e resposta a terapéutica. As células da
microglia, células imunes do sistema nervoso central, tém sido implicadas na
fisiopatologia destas doencas, nomeadamente na ansiedade. Por exemplo, hum estudo
anterior do nosso grupo, observamos alteragcbes morfoldgicas destas células, que séo
dependentes do género, num modelo de ansiedade crénica com génese no
desenvolvimento (exposicdo pré-natal a glucocorticéides). Além disso, estas células
apresentam um dimorfismo morfolégico dependente do género na idade adulta, em

condicdes fisioldgicas.

Os recetores Az da adenosina (A2aR) sdo moduladores bem descritos das células
da microglia, que tém sido propostos como alvos terapéuticos em doencas
neuropsiquiatricas. A modulacédo destes recetores promove alteracdes na morfologia da
microglia, que se associam a sua fungdo. No modelo de ansiedade crénica com génese
no desenvolvimento, o bloqueio cronico dos AxaR reverte as alteragdes morfolégicas e o
comportamento de tipo ansioso em machos, mas ndo em fémeas. Esta modulagéo dos
AzaR na idade adulta, por si s6, promove um efeito dependente do género: uma atrofia na
morfologia da microglia e um aumento do comportamento de tipo ansioso em fémeas,
sem afetar nenhum destes parametros em machos. Estas especificidades de género na
modulacdo da morfologia da microglia e na apresentacdo do comportamento de tipo
ansioso neste modelo animal levaram-nos a colocar como hipétese uma influéncia
hormonal neste processo. Foi, assim, sugerido um papel protetor da testosterona nos
machos, atendendo a ocorréncia de um pico ontogénico desta hormona no dia do

nascimento, que é responsavel pela masculinizagdo do cérebro e do comportamento.

Os principais objetivos da presente tese sdo: ajudar a clarificar a modulacéo
especifica de género que ocorre na morfologia da microglia pelos A2xR, clarificar a janela
temporal de surgimento das diferencas de género na morfologia da microglia no cértex
pré-frontal (CPF), e avaliar o papel da testosterona na apresentacdo do comportamento

de tipo ansioso e do rearranjo morfolégico da microglia que lhe esta associado no CPF.

Na Seccédo 3.1., analisamos a morfologia da microglia no CPF de ratinhos que
ndo expressam o0 AxaR, a fim de verificar se a auséncia da expressdo do mesmo cedo no
desenvolvimento promove um rearranjo morfolégico destas células de um modo

dependente do género. A auséncia da expressdo do A2aR promoveu uma hipertrofia da
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morfologia da microglia no CPF de fémeas, mas ndo teve efeito nos machos. Deste
modo, observdmos o mesmo efeito do género previamente descrito aquando do boqueio
farmacoldgico do recetor na idade adulta. Contudo, nas fémeas, o rearranjo morfolégico
da microglia ocorreu em sentidos opostos, em funcdo do estado de desenvolvimento

aguando da intervencao.

Na Seccdo 3.2., analisamos a morfologia da microglia no CPF de ratos Wistar, em
vérias fases da vida dos animais, procurando identificar 0 momento em que surgem as
diferencas de género nestas células, desde cedo no desenvolvimento (dia pés-natal,
DPNO e DPN7) até a juventude (DPN33). Nao observdmos diferencas de género na
morfologia da microglia no CPF até ao DPN33. Contudo, quando analisamos o
desempenho destes animais num teste que avalia comportamento de tipo ansioso,
observdmos uma maior “desinibigdo” das fémeas naquela idade. Assim, concluimos que
as diferencas de género na morfologia da microglia previamente descritas no CPF
surgirdo entre os DPN33 e DPN90. Concluimos também que as diferencas de género no
comportamento surgem antes que as diferencas na morfologia da microglia sejam

observaveis.

Na Seccdo 3.3., mimetizdmos o pico neonatal de testosterona que ocorre nos
machos através da inje¢cdo desta hormona em fémeas, e analisdmos a morfologia da
microglia no CPF e o comportamento de tipo ansioso ao DPN30. Observamos que a
androgenizagdo neonatal ndo modificou a morfologia da microglia no CPF das fémeas ao
DPN33; contudo, masculinizou parcialmente o seu comportamento: observdmos um
fenétipo intermédio entre o comportamento de tipo ansioso de machos e de fémeas.
Concluimos que o surgimento neonatal de testosterona que ocorre nos machos é
necessario, mas nao suficiente para masculinizar completamente o comportamento tipo

ansioso.

Este trabalho evidencia o papel imperativo do género no desenvolvimento
neuroimune. Ter em consideracdo 0 género seria uma mais valia para a investigacdo em
farmacologia, tendo em conta que as diferencas no comportamento de tipo ansioso sao ja
visiveis na juventude e que podem ser parcialmente revertidas por hormonas masculinas.
No futuro, terapéuticas direcionadas para o género poderdo aumentar a eficacia dos

farmacos, minimizando problemas de salde publica.
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1.1. Microglia: sculpting the developing brain in a gender-

specific manner

1.1.1. Historic overview

In 1856, Rudolf Virchow coined the term “neuroglia” as the non neuronal elements,
an amorphous structure embedding the neuronal elements (reviewed in Tremblay et al.
2015). Michael von Lenhossek (1895) created the term “astrocyte” to name the cellular
element of the neuroglia, intending to emphasize that glia were non neuronal brain cells
(reviewed in Tremblay et al. 2015). Two years later, Ramén y Cajal recognized the
existence of other cell type that is neither a neuron nor an astrocyte (Ramon y Cajal,
1897). In 1899, Franz Nissl was the first to describe Stabchenzellen, rod cells now known
as a form of activated microglia. Nissl characterized these cells as reactive neuroglia and
proposed them to be able to migrate and phagocytose (Nissl, 1899). In 1913, Cajal
observed poorly stained non-astrocyte glial cells that he named the “third element” of the
nervous system, by performing the gold chloride sublimate method developed by himself.
These cells were morphologically different from the “first element” (neurons) or the
“second element” (astrocytes) (Ramoén y Cajal, 1913). Pio Del Rio-Hortega, a disciple of
Cajal, created new staining techniques, as the ammoniacal silver carbonate method,
which allowed him to separate the “third element” described by Cajal in two different cell
types: microglia (or mesoglia) and oligodendrocytes (first described as interfascicular glia)

(reviewed in (Tremblay et al, 2015)).

1.1.2. Microglia origin and colonization of the developing brain

Microglia colonize the central nervous system (CNS) early in neurodevelopment.
The most recent hypothesis for the origin of these cells support that they are the only
resident macrophages entirely derived from primitive macrophages originated in the extra-
embryonic yolk sac (YS) (Figure 1) (Ginhoux et al, 2010; Schulz et al, 2012; Kierdorf et al,
2013; Gomez Perdiguero et al, 2014; Hoeffel et al, 2015; Sheng et al, 2015).

The circulatory system plays an important role in the CNS colonization by YS
macrophages (Ginhoux et al, 2010). In the mouse embryo, haematopoietic and
endothelial precursor cells expressing vascular endothelial growth factor receptors
migrate from the primitive streak to the proximal YS to form the blood islands around
embryonic day (E) 7 (Jones, 2011). The primitive hematopoiesis takes place in the YS

also around E7, which corresponds to the first trimester of preghancy in humans,
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contributing to the production of macrophages and erythrocytes (Moore & Metcalf, 1970;
Palis et al, 1999; Bertrand et al, 2005).

Ginhoux and colleagues showed that the specification of YS microglia in mice
occurs between E7.0 and E7.5, in a fate mapping study performed between E6.5 and
E10.5. Briefly, the authors followed haematopoietic precursors expressing the enhanced
yellow fluorescent protein reporter gene: mice expressing the tamoxifen-inducible MER-
Cre-MER recombinase gene under the control of the endogenous promotors of runt-
related transcription factor 1 (Runx1) were crossed with a mouse strain that expresses the
Cre-reporter under the promotor Rosa26, being the recombination induced by the injection
of 4-hydroxytamoxifen in pregnant females (Ginhoux et al, 2010). Around E9.5 microglia
pass through the leptomeninges and lateral ventricles, penetrate the rudimentary brain
and distribute along the cortical wall in both directions at dissimilar velocities and rates of
proliferation and maturation, depending on the region and on the developmental stage
(Ginhoux et al, 2010; Arnoux et al, 2013; Swinnen et al, 2013). YS precursors undergo a
process of maturation in the blood islands and cephalic mesenchyme, becoming mature

macrophages in the neuroepithelium at E10.5 (Roumier et al, 2008; Mizutani et al, 2012).

The primitive haematopoiesis decreases until E10.5, when it starts being gradually
replaced by the definitive haematopoiesis which occurs in the aorta, gonads and
mesonephros regions (Ginhoux et al, 2013). Progenitors resulting from the definitive
haematopoiesis transiently establish themselves in the fetal liver between E11.5 and the
day of birth, when they start being produced by the bone marrow (Hoeffel & Ginhoux,
2015). Controversially, Askew and colleagues recently suggested that fetal liver-derived
monocytes that infiltrate the brain, that peak at postnatal day (PND) 3, are rapidly
depleted by apoptosis, not contributing to the final microglia core (Askew et al, 2017).

There are no available data concerning these developmental events in rats.

Regarding the number of microglia cells, in mice, in the first two postnatal weeks it
increases and gradually decline (50%) from the third to the sixth weeks, stabilizing their
density after that (Nikodemova et al, 2015). The maintenance of microglia numbers

throughout life is dependent on a process of self-renewal (Hashimoto et al, 2013).
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Figure 1 Colonization of the developing CNS by microglia. CP: cortical plate, M: meninges, NCx:
neocortex, V: ventricle. Adapted from (Mosser et al, 2017).

Casano and colleagues (using a zebrafish model) reported neuronal apoptosis to
drive the entrance and positioning of microglial precursor cells into the developing brain,
since enhanced brain colonization by microglia was observed when neuronal cell death is
increased and the opposite was observed when it is decreased. Moreover, these cells are
attracted to the brain through a nucleotide-mediated chemotaxis (Casano et al, 2016), the

same “find me” signal emitted by apoptotic cells, adenosine triphosphate (ATP).

Schwarz and co-workers reported that male Sprague-Dawley rats possess higher
number of microglia cells than females during the early postnatal period (PND4).
However, from the late development (PND30) onwards, the opposite was observed
(Schwarz et al, 2012).

Doorn and colleagues quantified microglia in different brain regions from adult
male Wistar rats, by performing fluorescence-activated cell sorting for microglia cells, and
measured the levels of expression of established microglial markers. In a decreasing
order, the authors counted microglia cells in the olfactory bulb (OB), the substantia nigra,
the hippocampus (Hip), the striatum (Str) and the amygdala (Amy). Regarding gene
expression, no regional differences were observed in the levels of mRNA of common
microglia markers, as ionized calcium-binding adaptor molecule 1 (lbal) or CD11b.
However, for instance, CD68, a marker for microglial activation, presented a higher
expression in the OB comparing to the Str, Hip and Amy and in Str comparing with Amy,
and the pro-inflammatory cytokine interleukin-18 (IL-1p) presented a higher expression in
the OB comparing to Str (Doorn et al, 2015).
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In the adult mouse brain, microglia are not uniformly distributed, being the most
populated areas the Hip, olfactory telencephalon, basal ganglia and substantia nigra, the
average populated areas the cerebral cortex, thalamus and hypothalamus, and the less
populated ones the cerebellum and much of the brainstem. In the cortex, the number of
microglia cells was similar to that in the whole brain. When dissecting this brain region, the
authors counted a similar number of microglia cells in frontal, cingulate, parietal, occipital

and sensorimotor cortex, and a lower number in the occipital cortex (Lawson et al, 1990).

In humans, the developing brain cortex is colonized by amoeboid microglia, which
are thought to come from the YS, passing through the pial surface, ventricles and choroid
plexus at gestational week (GW) 4.5, and cross the blood vessels at GW10. A limited
number of amoeboid microglia is observed at GW4.5 (Andjelkovic et al, 1998). Fetal
microglia appears in clusters located in highly vascularized regions (Rezaie et al, 2005),
whose size and number increase from GW9 to GW14. A second entrance via the
vasculature occurs at GW12-13 only in the white matter (Monier et al, 2007; Verney et al,
2010). At GW7, microglia progressively colonize the cerebral wall of the telencephalon
from the outside, beginning at the ventricular zone and moving to the deep cortical plate,
in parallel with the white fiber tract development (Monier et al, 2006; Rezaie et al, 2005;
Verney et al, 2012). During microglia progression towards the cortical plate, there is a
decrease in their density and these cells acquire a ramified morphology, similar to that
observed at adulthood (Pogledic et al, 2014). Microglia morphology will be discussed
bellow. Mitteloronn and co-workers described regional differences in the number of
ramified microglia cells in the brain in a cohort of patients aged between 21 and 92 years
old. In a comparison between the grey and the white matter, the authors examined
different brain areas and reported a higher number of microglia cells in the white matter
(Mittelbronn et al, 2001).

Concluding, besides gender differences in the overall number of microglia cells in
the developing brain (Schwarz et al, 2012), these cells also colonize the brain in a region-
specific manner (Ginhoux et al, 2010; Arnoux et al, 2013; Swinnen et al, 2013;
Nikodemova et al, 2015). In fact, studies in mice, rats and humans show regional
differences concerning microglia morphology, number and gene expression (Lawson et al,
1990; Mittelbronn et al, 2001; Doorn et al, 2015).

1.1.3. Microglia morphology throughout life

While colonizing the CNS, microglia undergo a process of differentiation. Dalmau

and colleagues were the first to characterize microglia morphology in the developing rat
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Hip (Table 1). The authors described four different morphological presentations of
microglia: type 1 to type 3 amoeboid microglia and primitive ramified microglia, in the
prenatal rat Hip (Dalmau et al, 1997). Then, in the postnatal rat Hip, they described five
different morphological presentations of these cells, types 2 and 3 amoeboid microglia,
primitive ramified microglia, resting microglia and reactive-like microglia (Dalmau et al,
1998).

Table 1 Classification of microglia morphology througout neurodevelopment in the rat
hippocampus (adapted from (Dalmau et al, 1997, 1998)).

Classification Shape Cell processes | Measuring (um) Appearance Morphology
Amoeboid Roundish or L2 VD
None 15-40 From Ed14 CIRC L e
microglia type 1 lobular
Amoeboid None, occasional From Ed19 to PND9 &
Round 15-20
microglia type 2 filopodia Scarcely @ PND12
Amoeboid Filopodia and/or From Ed14 to PND9
Pleomorphic 20-50 s 0
microglia type 3 pseudopodia Some @ PND15 R
Primitive Scantly developed From Ed19 to PND12
ramified Elongated processes showing 50-110 Some @ PND15 and s ) .-'
microglia a beaded shape rarely @ PND18 o
Some @ PND12 B N
Resting Oval to Fully developed T e L7
85-100 From PND15 to - -
microglia roundish processes o
PND18 A
Reactive-like Large, plump, Retracted, coarse From PND9 to -,
40/50-80 5
microglia round to oval processes PND18

Following these studies, only comparative studies regarding gender or regional
differences in microglia morphology were performed, using a dichotomic characterization,
in accordance with the presence or absence of microglial processes. Recently, we
described morphometric characteristics of microglia in the prefrontal cortex (PFC) from
Wistar rats (Caetano et al, 2016), detailed in Section 1.1.3.1.

In humans, microglia already colonized the brain parenchyma by GW16 and the
characteristic ramified morphology is already observable at GW18 (Monier et al, 2006).
This morphological maturation comprises the same stages as in rodents, with a parallel
decrease in amoeboid and increase in ramified microglia, which display thin long

processes (Harry, 2013).
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1.1.3.1. Gender differences in microglia morphology and number

Despite the similarities in microglia between genders and brain regions concerning
gross microglia morphology and intervention in inflammatory processes, microglia
colonization and maturation are gender- and region-specific (Figure 2).

d: 1 mic o ;
- d: 1 2x ameboid mic f: 1 mic
S POA Hip, Amy, Ctx.
g (Lenz etal., 2013) @: 1 mic (thick and thin, long processes)
o Ctx.
g Q: 1 transient mic J: 1 ameboid mic Q: 1 mic @: 1 mic (thick, long processes)
8 PVN, Hip, Amy Hip, Amy, Ctx. Hip, Amy, Ctx. Hip, Amy
8’ (Schwarz et al (Schwarz et al. (Schwarz et al. (Schwarz et al., 2012)
] 2012) 2012) 2012)
= T

\_‘

d: | P2X5 and P2Y4 311 P2X4
@: 1 TNFaq, IL-1, IL-6, IL-10 3=9: TNFa, IL-1B, IL-6 and IL-10
(Crain et al., 2009) (Crain et al., 2009)

d: 1 chemokines (CCL20 and CCL4) -
0: 1 IL-1B, IL-1Ra, IL-1R, CCL22, CCR4 || &1 P2X4 and P2X7

Inflammatory signaling
and gene expression

Hip, Cix o cer
Q: 1 CXCLO P @: 1 inducible nitric oxide synthase
= Amy (Crain and Watters, 2015)

(Schwarz et al., 2012)

Figure 2 Physiological gender differences in microglia morphology, inflammatory signalling and gene
expression between brain regions throughout neurodevelopment: a timeline. The abbreviations on
scheme mean: amygdala (Amy), C-C chemokine receptor type 4 (CCR4), cerebellum (Cer), chemokine (C-C
motif) ligand # (CCL#), chemokine (C-X-C motif) ligand 9 (CxCL9), cortex (Ctx), hippocampus (Hip),
hypotalamus (Hyp), interleukin # (IL- #), interleukin-1 receptor antagonist (IL-1Ra), microglia (mic), humber
(#), P2X purinoceptor # (P2X#), P2Y purinoceptor 4 (P2Y4), paraventricular nucleus (PVN) of the Hyp,
preoptic area (POA), similar to opposite gender (=), tumor necrosis factor alpha (TNFa). The arrows represent
higher (1) and lower (|) number or expression than in the opposite gender, males (3) and females (?). Based
on (Crain et al, 2009; Schwarz et al, 2012; Lenz et al, 2013; Crain & Watters, 2015).

Concerning gender differences in microglia morphology, our group performed, for
the first time, a morphometric analysis of microglia cells from the PFC of Wistar rats at
PND90. We observed that females possess a higher number of processes and longer

processes per order, compared to males (Caetano et al, 2016).

1.1.4. Microglia functions throughout neurodevelopment

In a traditional view, microglia cells were largely associated with their functions in
the inflammatory processes underlying diseases (Wolf et al, 2017). When exposed to an
8
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injury, microglia release pro- and anti-inflammatory cytokines and neurotrophic factors and
engulf cellular debris (Chen & Trapp, 2016), taking both classical pro-inflammatory
activation (called M1) and alternative anti-inflammatory activation (called M2) which
function in concert (Kigerl et al, 2009). After an inflammatory stimulus, these cells can
display opposite functions (e.g. displace synaptic terminals (Chen et al, 2014) or prompt
synapse formation (Cristovao et al, 2014)). These functions of microglia cells can be
driven not only by chemotaxis, but also through the direct contact with neuronal
processes. Wake and colleagues showed that the brief contact between microglia and
neurons leads microglial processes to enlarge and promote the elimination of the synaptic
structure (Wake et al, 2009).

From 2005, microglia have been more consistently associated with the sculpture
and maintenance of the healthy brain, since two studies described microglia processes to
be highly motile and sensitive to fine changes in the surrounding environment
(Nimmerjahn et al, 2005; Davalos et al, 2005). Nimmerjahn and colleagues observed that
microglial processes are highly dynamic under physiological conditions at adulthood,
using two-photon microscopy. The permanent extension and retraction of microglial
processes allows microglia to survey the whole brain parenchyma every few hours (h)
(Nimmerjahn et al, 2005), to detect and answer to subtle variations in the surrounding
environment in a manner dependent on purinergic receptors (Davalos et al, 2005).
Moreover, other molecules were reported to be involved in this process, such as
complement protein receptors, cell adhesion molecules and inflammatory cytokines and
chemokines (reviewed in (Rock et al, 2004)), as well as the fractalkine receptor, C-X3-C
motif chemokine receptor 1 (CX3CR1), whose ligand is fractalkine, produced and
released by neurons (Pagani et al, 2015; Sheridan & Murphy, 2013). In fact, microglia
express receptors for all neuronal neurotransmitters and neuromodulators, reinforcing

their monitoring role (Kettenmann et al, 2013).

Regarding the interaction of microglia with other cell types, it does not occur
exclusively in the injured brain. Tremblay and colleagues also described microglia to
briefly contact with synaptic structures in the adolescent mouse visual cortex, under

physiological conditions, by in vivo imaging (Tremblay et al, 2010).

In what concerns to neurons, in the early development, microglia regulate the
number of neuronal precursor cells through phagocytosis (Cunningham et al, 2013).
Moreover, these cells induce neuronal cell death during the programmed neuronal
apoptosis (Wakselman et al, 2008), digest dying neurons to avoid the dispersion of
degradation products (Peri & Nusslein-Volhard, 2008) and prune synapses and actively
phagocytose them (Paolicelli et al, 2011). The selection of synapses to be eliminated is
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poorly understood, but one hypothesis is that the weaker and less efficient ones are
eliminated, perhaps to “protect” the stronger ones (Schafer et al, 2012b). The tagging of
weaker synapses for removal was also hypothesized (Stephan et al, 2012). During brain
development, the C1q protein, an initiator of the complement cascade, is up-regulated and
localized at synapses. Mice lacking Clg or the downstream chemokine C3 have
deficiencies in synapse elimination (Stevens et al, 2007) and mice lacking the receptor for
C3 (CR3) in microglial cells possess higher number of spines, suggesting that synaptic
pruning may be impaired (Schafer et al, 2012b). Thus, the hypothesis of tagging synapses
for elimination was reinforced and proteins involved in the complement cascade, namely
Clq and C3, are important for the engulfment of pre-synaptic terminals. Furthermore, that
engulfment of pre-synaptic terminals is related with lower neuronal activity (Schafer et al,
2012a; Li et al, 2012).

1.1.5. Microglia dysfunction: triggering the genesis of

neuropsychiatric disorders

In microglia, morphology and function are strongly associated (Hinwood et al,
2013; Kreisel et al, 2014), since their highly dynamic processes are responsible for
surveying functions and the pruning of synapses (Paolicelli et al, 2011). An harmonious
conversation between microglia and neurons is essential for a healthy brain, as previously
discussed. Thus, deficiencies in that crosstalk lead to weak synaptic transmission,
decreased functional brain connectivity and behaviour abnormalities (Zhan et al, 2014).
The referred permanent deficiencies in neuronal circuits are associated with the genesis
of neuropsychiatric disorders, such as autism spectrum disorders (D'Mello & Stoodley,
2015), schizophrenia (Ferrarelli et al, 2015), depression (Yirmiya et al, 2015; Rial et al,
2016) and anxiety disorders (Caetano et al, 2016).

Prenatal and early-life stressful events may amplify the susceptibility to develop
these neuropsychiatric disorders (Sousa, 2016). This amplification occurs due to an
increase of the levels of steroid hormones, namely glucocorticoids (GC) (Smith & Vale,
2006), whose premature rise during development activates the fetal hypothalamic-
pituitary-adrenal (HPA) axis, which promotes earlier tissue differentiation resulting in a
malformed organism (Fowden et al, 1998).

Regarding endogenous GC, cortisol in humans and corticosterone in rodents, they
are released by the adrenal glands in response to the circadian rythm or under stressful
conditions (Smith & Vale, 2006; Chung et al, 2011). The fetus possesses lower levels of

GC comparing to the circulating levels in the mother, what can be explained by the
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conversion of GC in inactive metabolites by the placental enzyme 113-hydroxylase 2,
whose expression decreases at the end of gestation (Mesquita et al, 2009). In the late
pregnancy, the intrauterine levels of GC raise and induce fetal maturation (Thorburn et al,
1977). The endogenous levels of GC are strongly regulated by the HPA axis: the
hypothalamus produces and releases corticotropin-releasing hormone that stimulates the
pituitary gland to release adenocorticotropic hormone into the circulation, inducing the
synthesis and release of GC by the adrenal glands. A negative feedback regulates the
HPA axis: when there are elevated levels of GC in circulation, they bind to receptors in the
brain to normalize their own production (Waffarn & Davis, 2012).

Concerning the required levels of GC for a normal development, women at risk of
preterm delivery are treated with synthetic GC, such as dexamethasone (DEX). However,
this treatment has long-term effects on HPA axis regulation of the fetus, as observed in

both humans and animal models (Nagano et al, 2008)

1.1.5.1. The specific case of anxiety

Stressful stimuli in different stages of neurodevelopment may trigger the genesis of
neuropsychiatric disorders, namely anxiety, with measurable effects in microglia. Some of
these studies used well described animal models related to anxious-like behaviour
measures, but others manipulated directly microglia cells trying to correlate their

morphology and function with behavioural outcomes.

For instance, in a model of chronic anxiety with developmental genesis (in utero
exposure to DEX at E18 and E19), our group correlated alterations in anxious-like
behaviour with a gender-specific morphological remodelling of microglia in Wistar rats. We
described long-term effects, observable at PND90, of the prenatal stressful stimulus in
increasing the anxious-like behaviour in both genders and in microglia morphology in the
PFC in a gender-specific manner: an hypertrophy in males and an atrophy in females
(Caetano et al, 2016).

Also in the neonatal period, an inflammatory stimulus can influence long-term
anxious-like behaviour. Claypoole and co-workers (2017) studied that hypothesis through
neonatal injection of lipopolysaccharide (LPS), an inflammatory trigger present in the
membrane of the Gram-negative bacteria, in two different bred strains of rats that display
low or high anxious-like behaviour. At PND7, under physiological conditions, males
presented a higher density of microglia than females in the Hip, but when exposed to LPS,
females experienced an increase in that density. Regarding anxious-like behaviour, high

line animals express significantly more ultrasonic vocalizations comparing to low line
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animals, independently of LPS exposure. At adulthood (PND70 to PND100), neonatal
exposure to LPS increased anxious-like behaviour in low line rats, but decreased in high
line rats. Yet, low line animals showed lower anxious-like behaviour than high line ones
and animals exposed to LPS display lower anxious-like behaviour than control ones. In
parallel, another group of animals was exposed to 3 days of a stress paradigm, starting at
PND180, and the authors described that high line animals presented higher anxious-like
behaviour than low line ones and males presented higher anxious-like behaviour than
females. Concluding, neonatal inflammatory stimuli triggered anxious-like behaviour in a

line and gender dependent manner (Claypoole et al, 2017).

To further explore the role of microglia in the early post-natal period, Nelson and
Lenz injected clodronate liposomes in rats at PND2 and PND4, leading to microglia
depletion for two weeks. This promoted a decrease in anxious-like behaviour measures in
the elevated plus maze (EPM) test in males and females at youth, but only in females at
adulthood (Nelson & Lenz, 2017a).

At adulthood, stressful stimuli are also able to modify both anxious-like behaviour
and microglia morphology. Wohleb and colleagues exposed male C57BL/6 mice (6 to 8
weeks old) to a social disruption stress protocol (Avitsur et al, 2001) and evaluated
microglia morphology and anxious-like behaviour. After the social disruption stress
protocol, these animals presented increased anxious-like behaviour, measured through
light/dark preference test (Kinsey et al, 2007), as well as alterations in microglia
morphology that became hypertrophic, but with shorter and thicker processes in the
medial Amy, PFC, and Hip (Wohleb et al, 2011).

Altogether, these data lead us to speculate about the involvement of microglia in
the genesis and pathophysiology of anxiety. Despite the dimorphic brain among genders,
it is intriguing how in utero exposure to synthetic GC promotes opposite gender-specific
morphological fine-tuning. Moreover, this contradictory morphological remodelling of
microglia parallels an anxiogenic effect similar among genders. If the morphological
rearrangement of microglia is a cause or a consequence of anxiety surge still unclear.
When the anxiogenic stimuli occur in the postnatal period, it also changes microglia
morphology and anxious-like behaviour. An interesting question for discussion is the
interaction between the developmental stage in which the animal is exposed to stressful
stimuli, its gender and genetic background, as well as other environmental factors that can
trigger the genesis of anxiety. More studies are needed to reveal the molecular

mechanisms behind these queries.
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1.2. Adenosine Aoa receptor: modulating microglia and

behaviour

1.2.1. Overview of adenosine and its receptors

Adenosine is a neuromodulator and homeostatic regulator in the brain that belongs
to the family of purines and is produced by all cell types, including microglia (Ribeiro et al,
2002; Gomes et al, 2009, 2013; Cristovao et al, 2014; George et al, 2015; Caetano et al,
2016). Adenosine has four metabotropic (G-protein coupled) receptors: A1, Aza, Az, and
As receptors (Fredholm et al, 2001). The expression of these receptors differs between
brain regions (Ribeiro et al, 2002) and their distribution varies during development,
stabilizing at adulthood (Shaw et al, 1986). Microglia express all adenosine receptor
subtypes (Daré et al, 2007).

1.2.2. Adenosine Aza receptor in the developing brain

Adenosise Aza receptor (AzaR) is distributed in the brain (Fredholm et al, 2005) and
mostly located in synapses (Rebola et al, 2005a). During pregnancy and early postnatal
life, the expression of this receptor varies, indicating important roles during
neurodevelopment (Adén et al, 2000). In rats, the expression of A,aR mRNA in the brain
was first found at E14, raises during development, reaches a maximum at PND7 and
decreases from PND21 until adulthood, with exception of the Str, where this expression
persists in high levels (Weaver, 1993; Adén et al, 2000; Johansson et al, 1997).

Besides the important roles of A2aR during brain development, as the control in the
migration speed of some GABA neurons that is delayed by prenatal A;sR blockade (Silva
et al, 2013), its activation in the adult brain was described to modulate processes such as
synaptic transmission and plasticity (Sebastido & Ribeiro, 2009). A2aR is highly expressed
in neurons in the Str, but less expressed in the Hip, cerebral cortex and glia
(Svenningsson et al, 1999). Interestingly, the expression of this receptor was increased in
the cortex, Hip and Str of aged rats (Cunha et al, 1995).

In the context of an injury, the levels of expression and the density of AR
increase in both neurons (Rebola et al, 2005b) and glial cells (Yu et al, 2008; Gomes et al,
2013). Moreover, the purinergic system is differently modulated according to the injury

stimulus, promoting opposing answers by microglia cells (George et al, 2015).
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1.2.3. Adenosine Aza receptor modulation of microglia

Gyoneva and co-workers showed A2aR to be involved in the control of microglia
morphology, since its activation was described to promote an atrophy of these cells
(Gyoneva et al, 2009).

Studies using LPS to prompt neuroinflammation showed A2aR to be involved in the
process and to modulate microglia morphology and the expression of inflammatory
mediators. For instance, Orr and colleagues described the exposure to LPS promoting an
increase in the levels of adenosine, which binds to A:aR and converts ramified in
amoeboid microglia due to the retraction of their processes (Orr et al, 2009).

Our group explored the ability of A2aR in modulating the levels of brain-derived
neurotrophic factor (BDNF), in an in vitro study. We described that LPS-induced activation
of A2aR, which increases the density of this receptor, promoted a transient decrease in the
levels of BDNF. This decrease was prevented by the blockade of A2aR and by adenosine
deaminase, an enzyme that removes endogenous adenosine (Gomes et al, 2013).

In other study using male Wistar rats, Rebola and colleagues reported the
exposure to LPS to increase inflammatory mediators as IL-18 leading to neuronal
dysfunction, namely decreased synaptic plasticity, an effect attenuated by the blockade of
AzaR. Importantly, this study points AzaR activation as essential for LPS-induced
neuroinflammation, since its blockade prevented the recruitment of activated microglia

and the increase in the levels of IL-1p in the Hip (Rebola et al, 2011).

Using the same selective antagonist of A;aR, we reported that the chronic
blockade of A;aR at adulthood promotes a gender-specific morphological rearrangement
of microglia in the PFC of Wistar rats. That blockade of AzaR lead to an atrophy in
microglia morphology only in females. The model of chronic anxiety with developmental
genesis promoted gender-specific morphological alterations in microglia, more precisely
an hypertrophy in males and an atrophy in females. However, the chronic blockade of

Az2aR was able to revert that effect only in males (Caetano et al, 2016).

1.2.4. Adenosine Aza receptor modulation of anxiety

The involvement of A;aR was described in neuropsychiatric disorders (reviewed in
(Gomes et al, 2011)). The manipulation of this receptor was proposed as a therapeutic
target (Cunha et al, 2008), since antidepressant effects were described for both the

pharmacological blockade and the genetic depletion of A;aR (Yacoubi et al, 2001).

Concerning anxiety, the literature is still controversial about the effect of the

pharmacological blockade of this receptor. Both pharmacological blockade and genetic
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depletion of AaR were reported to be anxiolytic in animals exposed to an anxiogenic
protocol, the chronic unpredictable stress. In that context, A;aR manipulation was
proposed not only as therapeutics, but also as preventive (Kaster et al, 2015). Under
physiological conditions, A2aR knockout (KO) mice developed increased anxious-like
behaviour in both the EPM and the Light-dark box tests, (Yacoubi et al, 2000; Berrendero
et al, 2003; Kaster et al, 2015).

Yacoubi and colleagues modulated AzaR, not only by pharmacology, but also
through a genetic approach. The authors showed that both acute and chronic
administration of caffeine, a non-selective antagonist of A;aR (Fredholm et al, 1999), is
anxiogenic, as well as the acute treatment with a selective agonist of A2aR, as tested in
the EPM test in male mice. Contrastingly, acute and chronic blockade of A2aR through the
administration of the selective antagonist did not affect anxious-like behaviour.
Concerning the genetic approach, A2aR KO mice display increased anxious-like behaviour
compared with wild-type (WT) ones. Moreover, the chronic administration of caffeine
promoted lower variation in anxious-like behaviour measures in A2aR KO mice than in the
WT ones (Yacoubi et al, 2000).

Most of the studies concerning neuropsychiatric disorders and the modulation of
AzaR are performed in male rodents. However, mood disorders affect females more than
twice, comparing to males (Kessler et al, 2005; Bekker & van Mens-Verhulst, 2007).
Taking this into account, our group explored the effects of the chronic blockade of Az2aR in
both genders. We observed that this treatment at adulthood is anxiogenic in female, but
not in male Wistar rats. Additionally, in a model of anxiety with developmental genesis
(prenatal exposure to DEX) we described the AzaR blockade at adulthood to be anxiolytic
in males, but not in females. Moreover, we correlated gender-specific morphological
remodelling of microglia in the PFC with the increase in anxious-like behaviour in animals
exposed to DEX; however, when treated at adulthood, only in males microglia morphology
underwent a recover, recapitulating what happens with anxious-like behaviour (Caetano et
al, 2016). Importantly, this study highlighted the involvement of A;aR in the
pathophysiology of anxiety, not only in a microglial coupled way, but also in a gender-

specific manner.

In humans, the consumption of caffeine, a selective antagonist of A»aR, has been
reported as both beneficial (Smith, 2009; Santos et al, 2010; Lieberman et al, 1987; Fine
et al, 1994; Amendola et al, 1998) or damaging (Greden et al, 1978; Gillland & Andress,
1981; James & Crosbie, 1987). Panic and phobic disorders, the most frequently
diagnosed anxiety disorders, are highly associated with significant psychosocial morbidity
(Markowitz, 1989; Schneier et al, 1994). In panic disorder, patients possess high
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sensitivity to caffeine, whose consumption seems to be more associated to generalized
anxiety symptoms than to those related to phobic disorder (Boulenger & Uhde, 1982). In
social phobics, caffeine consumption is similar to the general population and this
psychostimulant drug did not increase the severity of anxiety symptoms. Conversely, after
oral administration of caffeine both individuals with panic disorder and control ones
displayed similar electroencephalographic activity (Uhde, 1994). On the other hand, the
consumption of caffeine in extremely high doses, or in individuals with anxiety disorders,
is prejudicial. Briefly, the consumption of extremely high doses of caffeine was associated
with increased anxiety and mood disorders (Cappelletti et al, 2015).

Regarding genetic studies exploring AzaR role in anxiety, there are two single
nucleotide polymorphisms, rs2236624 and rs5751876, reported as risk factors for
increased anxiety (Hohoff et al, 2014).
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1.3. Testosterone: shaping gender differentiation of brain and

behaviour

Neuropsychiatric disorders have gender-specific genesis, clinical presentation and
answer to therapeutics. For instance, mood disorders affect females more than twice
comparing to males (Kessler et al, 2005; Bekker & van Mens-Verhulst, 2007). Moreover,
females present an increased prevalence of mood disturbances, anxiety and depression,
in periods of hormonal fluctuations, such as puberty, perimenstrual, post-partum and
menopause periods (Douma et al, 2005; Solomon & Herman, 2009). This suggests the
involvement of gonadal hormones in the pathophysiology of these disorders, with male
hormones appearing to possess protective effects. In fact, males have about tenfold
higher concentrations of testosterone than women, although women are more sensitive to

testosterone (reviewed in (Durdiakova et al, 2011)).

1.3.1. Gender determination

Gender determination is the processes by which the genes located in sexual
chromosomes determine whether an individual will develop testes or ovaries, early in
development. Males possess in the Y chromosome a sex-determining region (SRY) gene,
which up-regulates the testis determining factor. In the presence of SRY gene, the
individuals develop testes and in its absence they develop ovaries (Goodfellow & Lovell-
badge 1993). Following the gender determination, it occurs the process of differentiation
by which other tissues experience male or female phenotypes (reviewed in (Lenz et al,
2012)).

1.3.2. Gender-specific differentiation

Testosterone is primarily synthesized in the gonads and adrenal cortex in both
genders. Then, peripheral testosterone transposes the blood brain barrier and directly
acts in the brain. In male rodents, an ontogenic peak of testosterone occurs at the day of
birth (Konkle & McCarthy 2011). In male primates, that surge of testosterone occurs from
the end of the first gestational trimester and during the second gestational trimester, with a
novel surge at birth (Forest et al. 1973; Gendrel et al. 1980; Reyes et al. 1973).

The brain is also a source of estrogens since in some regions it possesses the
enzymes necessary to synthesize estradiol from cholesterol or steroidal precursors,

leading to a process named de novo synthesis (Baulieu et al, 2001; Melcangi et al, 2008).
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Cholesterol, the precursor of all steroid hormones (reviewed in (Ghayee & Auchus,
2007)), is transported from the cytoplasm to the inner mitochondrial membrane, were
steroidogenic enzymes are located to synthesize neurosteroids (reviewed in (Sierralta et
al, 2005; Miller, 2013)).

In male rodents, testosterone is converted into estradiol by p450 enzyme
aromatase, an enzyme highly abundant and active in the brain during the gonadal
androgen surge (George & Ojeda, 1982; Roselli & Resko, 1993). The action of estrogens
on estrogen receptors (ER) triggers two processes in the male developing brain,
masculinisation and defeminisation, which promote male-typical behaviours (McCarthy,
2008). These processes occur at slightly different developmental windows (Wallen &
Baum, 2002) and are controlled by different mechanisms downstream to estradiol (Todd
et al, 2005). For instance, masculinisation and defeminisation of brain circuits are driven
by estrogens action in two different ER (Kudwa et al, 2006). More detailed information
regarding the molecular mechanisms of androgens and estrogens at their receptors can
be found in (Bennett et al, 2010).

In females, the absence of that testosterone surge drives the two opposite
processes, feminisation and demasculinisation, promoting the development of female-
typical behaviours. However, estradiol is also necessary for the full feminisation of female
brain and behaviour, as shown in female mice lacking functional aromatase (Bakker &
Baum, 2008).

The long-lasting brain specifications that occur during development due to
exposure to sexual hormones are referred as organizational effects of hormones
(Phoenix, 2009; Arnold, 2009). In humans and nonhuman primates, the organizational
effects of hormones begin prenatally and extend until the early postnatal period (Forest et
al, 1973; Reyes et al, 1973; Gendrel et al, 1980). On the other hand, acute and transient
effects of gonadal hormones that occur throughout life are called activational effects of

hormones (Cooke et al, 1998).

The exposure to male-typical hormones during the brain development, a period of
extreme plasticity, is responsible for programming some features of the brain as the size
of some brain regions, the number of cells, synapses and dendritic spines, the
connectivity and signalling among brain regions, as well as gene expression (McCarthy,
2008). These gender differences in brain development are responsible for permanent
gender-specific behaviours like copulatory, parental and territorial behaviours,
emotionality, cognition and sensory processing (Balthazart et al, 1995; Morris et al, 2004;
McCarthy & Arnold, 2011).
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1.3.3. Gender differences in anxiety: the role of testosterone

1.3.3.1. Studies with animal models

Animal studies are imperative to further understand the molecular mechanisms by
which testosterone impacts anxiety disorders. It is of interest to discriminate the
organizational and the activational effects of this hormone in both males and females,

since both anxiolytic and anxiogenic effects have been described according to the context.

1) Organizational effects of testosterone

The perinatal or pubertal exposure to testosterone organizes adult behaviour,
producing characteristics that persist throughout life, through its action on androgen
receptors (AR) or on ER following aromatization to estrogen. The literature is controversial
about the impact of testosterone during organizational periods with reports of both
anxiolytic (Zuloaga et al, 2008, 2011b; Schulz et al, 2009) and anxiogenic (Lucion et al,
1996; Zuloaga et al, 2011a) effects.

Neonatal gonadectomy (GNX) in male rats is correlated with reduced anxious-like
behaviour at adulthood, evaluated in EPM (Lucion et al, 1996). The anxiolytic effect of
neonatal GNX implies testosterone as being anxiogenic during organizational periods.
Zuloaga and colleagues reported that after GNX at PNDO both WT and AR-deficient (Tfm,
testicular feminization due to a mutation of the gene for ARs) male rats, present similar
decrease in anxious-like behaviour measures comparing with sham-operated controls
(Zuloaga et al, 2011a). This behavioural similarity between WT and Tfm males suggests
that the anxiogenic effect is not mediated by ARs, so it can be due to testosterone

aromatization to estrogen and its effect on ER.

In opposition, two other studies from the same lab showed that, in the absence of
GNX, Tfm males have higher anxious-like behaviour measures in the dark-light box and in
the novel object recognition (NOR) tests, comparing with WT male rats. In the NOR test,
both Tfm males and WT females presented an increase in the levels of corticosterone,
comparing with WT males (Zuloaga et al, 2008, 2011b). Prepubertal GNX was also shown
to be anxiogenic in the OF and in male-male social interactions in hamsters (reviewed in
(Schulz et al, 2009)). In conclusion, these studies show neonatal testosterone to promote

an anxiolytic effect at adulthood.
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1)} Activational effects of testosterone

The activational effects of testosterone is still a controversial issue due to
confounding parameters as gender, removal of gonads or the presence of a model of
neuropsychiatric disorders.

Bitran and colleagues tested adult male Long-Evans rats (PND60 to PND70)
subcutaneously implanted with a capsule filled with testosterone propionate (TP) in the
EPM test. They reported an anxiolytic effect of testosterone under physiological
conditions, one week, but not two-weeks after TP exposure, comparing to controls (Bitran
et al, 1993). Moreover, in aged male rodents, which also present lower levels of
testosterone, its replacement was also shown to reduce the anxious-like behaviour
evaluated in the OF and the light-dark box tests, compared to vehicle-treated (VH) ones
(Frye et al, 2008). In adult male rodents, GNX has an anxiogenic effect recovered by
testosterone replacement therapy, measured in the EPM, OF, and defensive probe-
burying (Slob et al, 1981; Adler et al, 1999; Frye & Seliga, 2001; Fernandez-Guasti &
Martinez-Mota, 2003; Morsink et al, 2007).

After two-weeks of chronic social isolation, a model of anxiety, testosterone
replacement restored the physiological levels of testosterone and was anxiolytic in adult
GNX male, but not in adult ovariectomized (OVX) female rats (Carrier & Kabbaj, 2012). In
the absence of a model of anxiety, adult OVX Long-Evans female rats experienced a
transient effect of testosterone, since it is anxiolytic 1 h, but not 24 h after injection (Frye &
Lacey, 2001). Furthermore, in two months old female Wistar rats, testosterone enhanced
serum testosterone and estradiol levels and reduced defensive burying in a defensive

burying task, comparing to controls (Gutiérrez-Garcia et al, 2009).

Summarizing the activational effects of testosterone, its administration in adult and
aged rodent males under physiological conditions is anxiolytic (Bitran et al, 1993). When
these males are GNX at adulthood, they experienced increased anxious-like behaviour
recovered by testosterone replacement (Slob et al, 1981; Adler et al, 1999; Frye & Seliga,
2001; Fernandez-Guasti & Martinez-Mota, 2003; Morsink et al, 2007). In a model of
anxiety with genesis at adulthood, testosterone is able to ameliorate the increased
anxious-like behaviour only in males (Carrier & Kabbaj, 2012), suggesting that
testosterone during organizational periods would be necessary to protect females.
Furthermore, in females not exposed to anxiogenic stimuli, OVX at adulthood is
anxiogenic and testosterone administration only promoted a transient anxiolytic effect that

disappears before 24 h after treatment (Frye & Lacey, 2001).
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1.3.3.2. Studies with humans

Hormonal disturbances, as hypogonadism, a condition in which decreased levels
of testosterone are produced due to reduced functional activity of the gonads, have been
associated with neuropsychiatric disorders. Hypogonadal men present higher prevalence
of anxiety disorders and major depressive disorder (Shores et al, 2004; Zarrouf et al,
2009). In hypogonadal men, testosterone replacement improves mood, ameliorates
anxiety and alleviates symptoms of depression (Wang et al, 1996; Pope et al, 2003;
Kanayama et al, 2007; Zarrouf et al, 2009).

In adolescent males but not females, increased anxiety-like measures were
correlated with lower levels of salivary testosterone due to circadian flux (Granger et al,
2003). On the other hand, lower salivary levels of testosterone were observed in women
with a type of anxiety disorder (Giltay et al, 2012).

In women, a single dose of testosterone ameliorates anxiety in the fear-potentiated
startle response (Hermans et al, 2006). Moreover, transdermal application of testosterone
ameliorated mood disturbances following surgical removal of ovaries (Shifren et al, 2000)
and in age-related declines in androgens (Goldstat et al, 2003). However, higher doses of
testosterone can contribute to the genesis of major depressive disorder in women (Rohr,
2002).

Transgender individuals present an approximately threefold increased risk for
developing anxiety disorders. However, trans women under treatment with male

hormones present lower levels of anxiety disorder symptomatology (Cooke et al, 1998).

Concluding, the compilation and analysis of these data increase the appeal to
further investigate the physiological gender differences in the genesis, clinical
presentation and answer to therapeutics of anxiety. The age of surge of this
neuropsychiatric disorder was also shown to impact in its recover and the organizational
and activational studies led us to inquire about the role of testosterone in that processes.
Despite all these knowledge about testosterone and its metabolites, the precise molecular
pathways mediating its anxiolytic and anxiogenic effects and the steroid receptors
involved in these processes remain to be elucidated. Clinical studies evidenced an
anxiolytic and antidepressant role for testosterone in both genders. However, human
imaging studies are necessary to clarify the unknown mechanisms behind this protective

effect of testosterone.
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Microglia morphology is entirely associated with their function (Hinwood et al,
2013; Kreisel et al, 2014). Thus, abnormal morphological changes of microglia during
neurodevelopment can directly affect the brain sculpture, leading to misconnected
neuronal circuits and promoting behavioural disorders (Zhan et al, 2014; Sousa, 2016).
Morphological alterations of microglia were already described in some neuropsychiatric
disorders with developmental genesis in males (Kreisel et al, 2014). However, this is
known that these developmental disorders possess a gender-specific genesis, clinical
presentation and answer to therapeutics, with a gender biased prevalence. Stress stimuli
was shown to provoke structural abnormalities in the PFC, a brain region widely
associated with anxiety disorders (Shirazi et al, 2015). Thus, in a previous study from our
group, Caetano and Pinheiro associated gender differences in microglia morphology in
the PFC with gender biased anxious-like behaviour in adult rats (Caetano et al, 2016).

Briefly, they observed that, under physiological conditions, females possess more
complex microglia than males, presenting a higher number of microglial processes, which
are longer. When these animals were prenatally exposed to two injections of DEX at E18
and E19, an anxiogenic stimulus, they undergo a gender-specific morphological
rearrangement of microglia: atrophy in females and hypertrophy in males, which was
paralleled by an increase in anxious-like behaviour in both genders. Moreover, the
pharmacological chronic blockade of A2aR at adulthood was able to recover these effects
in males but not in females. Interestingly, the chronic blockade of A;aR at adulthood per
se promoted an atrophy of microglia morphology and an increase in anxious-like
behaviour measures only in females (Caetano et al, 2016). Of relevance is the fact that
this is the first study comprising a morphometric analysis of microglia. Other works explore
alterations of microglia morphology only using a dichotomic characterization of these cells,

considering the presence or absence of processes.
Considering the above data, the main aims of this thesis were:

- To analyse the effect of the absence of A2aR from neurodevelopment in microglia

morphology and anxious-like behaviour;

- To compare the effects of the pharmacological chronic blockade of AzR at
adulthood and the effects of the genetic depletion of A2aR early in neurodevelopment,

regarding microglia morphology and anxious-like behaviour;

- To clarify the time window of surge of the physiological gender differences

observed at adulthood in microglia morphology in the PFC and anxious-like behaviour;
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- To address whether testosterone is involved in the genesis of gender differences

in microglia morphology and anxious-like behaviour observed at adulthood.
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on microglia morphology in the PFC: gender specificities






Effects of the genetic depletion of A2AR during neurodevelopment on microglia morphology in the

PFC: gender specificities

3.1.1. Rationale

Adenosine A;aR were shown to be involved in the control of microglia morphology
since their activation promoted an atrophy of these cells (Gyoneva et al, 2014). An
inflammatory stimulus, such as the exposure to LPS, may trigger that retraction of
microglia processes and the treatment with an antagonist of AR induces the re-
extension of microglia processes (Orr et al, 2009).

Despite their capability to modulate microglia morphology, A2aR pharmacological
blockade was also shown to possess therapeutic potential in the context of
neuropsychiatric disorders (Cunha et al, 2008; Gomes et al, 2011). Regarding anxiety, the
literature is controversial about the benefits of manipulating A2aR. The pharmacological
blockade and the genetic deletion of this receptor ameliorate the anxious-like behaviour in
animals subjected to chronic unpredictable stress (Kaster et al, 2015). On the other hand,
under physiological conditions, the pharmacological blockade of AzaR at adulthood
promoted a gender-biased effect: increased anxious-like behaviour in females, without
affecting males (Caetano et al, 2016). The fact that A.aR KO mice develop anxious-like
behaviour throughout life (Kaster et al, 2015) reinforces the role of this receptor during

neurodevelopment.

In the present chapter, we characterize microglia morphology of A2aR KO mice,
through a morphometric analysis of their processes, and anxious-like behaviour at
adulthood, evaluating these animals in the OF and in the EPM, in both genders. Since the
analysis was performed in accordance with our aforementioned study (Caetano et al,
2016), we might be able to discuss the modulation role of A;aR upon microglia
morphology and anxious-like behaviour, considering age and gender differences.

3.1.2. Methods
3.1.2.1. Animals

Mice were housed under standard laboratory conditions (light/dark cycle 12/12 h),
at room temperature (RT) and with ad libitum food and water. C57BL/6 mice at PND90
were used. All procedures were carried out in accordance to the European Union and
National legislation. All efforts were made to minimize animal suffering and to reduce the

number of animals used.
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3.1.2.2. Immunohistochemistry

C57BL/6 mice at PND90 were deeply anesthetized with an intraperitoneal (ip)
injection of ketamine (80 mg/kg; Nimatek) and xylazine (5 mg/kg; Ronpum 2%) and
transcardially perfused with PBS 1x, followed by 4% paraformaldehyde (PFA). The brains
were removed in ice-cold Hank’s balanced salt solution (HBSS: 137 nM NaCl, 5.4 nM KClI,
0.45 nM KH2PQ4, 0.34 nM NaHPO, 4 nM NaHCO3, 5 nM glucose; pH 7.4), and meninges
and cerebellum were excluded. Brains were reserved overnight in a 4% PFA solution at 4
°C and then in a 30% sucrose solution in phosphate buffered saline (PBS: NaCl 137 mM,
KCI 2.1 mM, KH,PO, 1.8 mM and Na;HPO..2H.O 10 mM, at pH 7.4) at 4 °C. After
fixation, brains were involved in optimal cutting temperature compound, frozen in dry-ice
and stored at - 80 °C.

Brains were sectioned in a cryostat (Leica CM3050S, Germany) at - 21°C
(chamber temperature) and - 24°C (object temperature). Once aligned in the cutting
platform, brains were cut in 50 pym slices, stored at 4°C in 24 well plates filled with
cryoprotection solution (50 nM NaH;PO4.H,O, 50 mM K;HPO4, 30% sucrose, 30%
ethylene glycol, diluted in MilliQ H20, pH 7.2).

A free floating immunohistochemical procedure was performed in brain slices from
the PFC located at the stereotaxic coordinates of interaural 6.60 mm and bregma 2.80
mm (Figure 3) (Paxinos & Franklin, 2001). Slices were incubated with blocking solution
[5% bovine serum albumin (BSA) and 0.1% Triton X-100] in PBS, for 2 h, at RT under
mild agitation. Incubation with the primary antibody Iba-1 from rabbit (1:1000) in blocking
solution was performed for 48 h at 4 °C under mild agitation. Then, slices were washed 3
times with PBS during 10 min and incubated with the secondary antibody anti-rabbit
(1:1000) in blocking solution for 2 h, at RT. Once washed 3 times with PBS for 10 min,
slices were incubated with the nuclear dye 4',6-diamidino-2-phenylindole (DAPI, 1:5000)
in blocking solution for 10 min, at RT, under mild agitation. Slices were washed 3 times

with PBS during 10 min and mounted using glycergel (Dako mounting medium).
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Figure 3 Representative image of the mouse brain in the analysed section. The black rectangle
represents the region of acquisition by confocal microscopy after the immunohistochemistry assay. From
(Paxinos & Franklin, 2001).

3.1.2.3. Morphometric analysis of microglia

A laser scanning confocal microscope LSM 710 META connected to ZEN Black
software (Zeiss Microscopy, Germany) with a 63x objective lens (oil immersed, Plan-
Apochromat 63x/1.40 Oil DIC M27) was used to acquire images of 10 random microglial
cells from each animal. 4 animals were analysed per gender, according to the represented
region of the PFC (Figure 3). Settings were chosen to optimize the labelling of microglial
processes and maintained in all sections. To perform the tridimensional reconstruction of
microglial cells from the PFC, Z-stacks were imported to the Neurolucida software (MBF
Biosciences) and 50 microglial cells were manually reconstructed per condition. The
morphometric analysis was performed using NeuroExplorer software (MBF Biosciences),
an extension of Neurolucida software.

Microglial cells were reconstructed by drawing the cell body and the cellular
processes. The parameters measured were the number and the length of processes per
branch order. Processes of order 1 are those who emerge from the cell body, processes
of order 2 are those who leave bifurcations of the previous one, and so forth (Figure 4).

The mean per condition was considered for further analysis.
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Figure 4 lllustrative scheme showing the tridimensional reconstruction of ramified microglia cells. The

branch orders emerging from the cell body are represented by numbers (1 to 4).

3.1.2.4. Data analysis

Statistical analysis was performed in GraphPad Prism version 6 (GraphPad
Software Inc., USA). All graphic values are expressed as mean + standard error of the
mean (SEM). Shapiro-Wilk normality test was used to assess whether the sample
presents a normal distribution. Student’s t test was used to compare two independent
means when the samples followed a normal distribution and the correspondent non-
parametric Mann-Whitney test was used when samples did not follow the normality.
Differences were considered significant at p<0.05 (*).

3.1.2.5. Team involvement

The morphological reconstruction and analysis of microglia cells in the PFC of
males was performed by another member of our group, Helena Pinheiro (MSc). In
females, the morphological reconstruction of microglia in the PFC and data analysis were
performed by myself. At least two independent researchers reconstructed the same cells,

in order to avoid subjective bias inherent to the method used in the manual reconstruction.
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3.1.3. Results
3.1.3.1. A22R KO mice adult females exhibited microglia hypertrophy in
the PFC

The absence of AaR from early neurodevelopment induced a dimorphic effect in
microglia morphology in the PFC. In males, the depletion of A2aR did not affect microglia
morphology (Figure 5, a) at PND90, considering both the number (Figure 5, b) and the
length (Figure 5, c) of their processes. The values referent to the morphometric analysis of
microglia processes are detailed in the Supplementary table 1 (number of processes) and
2 (length of processes) in Chapter 6.
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Figure 5 A2aR KO male mice exihibited the number and the lenght of microglia processes similar to
thouse in A2aR WT male mice in the PFC at PND90. (a) Microglial morphometric structure was manually
reconstructed in the Neurolucida software based on three-dimentional (3D) images of Iba-1 stained microglia
(green). Representative images of Iba-1 stained microglia include: Iba-1 immunoreactivity (IR), Iba-1 stained
microglia merged with manual reconstruction (IR + skeleton); and isolated manual reconstruction (skeleton) of
microglia. (b, ¢) Number and length of microglial processes resulting from the morphometric analysis of
reconstructed cells from the PFC at PND 90 of A2aR KO mice, compared to A2aR WT mice according to
branch order. Results are presented as the mean + SEM of 4 animals; *P<0.05, comparing with control,
calculated using an unpaired Student’s t-test. KO, knockout; PFC, prefrontal cortex; PND, postnatal day; WT,
wild-type.

However, females that not express AzaR experienced a morphological remodelling
of microglia (Figure 6, a) visible at PND90, with an increase in the number of processes
(Figure 6, b) from the first to the third branch order and an increase in the length of
processes (Figure 6, c) in the third branch order, comparing to the WT animals. The
values related to the morphometric analysis of microglia processes are detailed in the
Supplementary table 1 (humber of processes) and 2 (length of processes) in Chapter 6.
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Figure 6 A2aR KO female mice exihibited higher number and length of microglial processes per order

in the PFC than A2aR WT female mice at PND90. (a) Microglial morphometric structure was manually

reconstructed in the Neurolucida software based on 3D images of Iba-1 stained microglia (green).

Representative images of Iba-1 stained microglia include: Iba-1 immunoreactivity (IR), Iba-1 stained microglia

merged with manual reconstruction (IR + skeleton); and isolated manual reconstruction (skeleton) of microglia.

(b, ¢) Number and length of microglial processes resulting from the morphometric analysis of reconstructed

cells from the PFC at PND 90 of A2aR KO mice, compared to A2aR WT mice according to branch order.

Results are presented as the mean + SEM of 4 animals; *P<0.05, comparing with control, calculated using an

unpaired Student’s t-test. KO, knockout; PFC, prefrontal cortex; PND, postnatal day; WT, wild-type.
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3.1.4. Discussion

Microglia cells perform imperative functions in the developing brain, as the pruning
of synapses (Paolicelli et al, 2011). In these cells, morphology and function are strongly
associated (Hinwood et al, 2013; Kreisel et al, 2014). An aberrant morphological
remodelling of microglia may be associated with the impairment of their functions,
promoting weak synaptic transmission, decreased functional brain connectivity and
behaviour abnormalities (Zhan et al, 2014). Ultimately, this can lead to neuropsychiatric
disorders (Caetano et al, 2016; D’'Mello & Stoodley, 2015; Ferrarelli et al, 2015; Yirmiya et
al, 2015; Rial et al, 2016).

One of the modulators of microglia morphology and function is the adenosine A;aR
(Gyoneva et al, 2009; Orr et al, 2009). In a previous study, we also reported that the
chronic pharmacological blockade of AzaR at adulthood promoted a morphological
remodelling of microglia cells in a gender-specific manner: atrophied microglia cells from
females, not affecting males. Furthermore, we also observed that the blockade of A;aR
was anxiogenic in females, but not in males (Caetano et al, 2016). Importantly, we
correlated the morphological remodelling of microglia with changes in anxious-like

behaviour, although without the inference of a causative effect (Caetano et al, 2016).

In the present work, we aimed to characterize the effect of A2aR depletion early in
development. In the A;aR KO mice, a model which does not express A>aR from early
development, we characterized microglia morphology in the PFC at PND90, the same age
in which animals were analysed in the aforecited study (Caetano et al, 2016). We
observed that the absence of A2aR in these animals affected microglia morphology in a
gender-specific manner: hypertrophied microglia cells in females, but had no effect in

these cells in males.

Comparing the present work with our previous study (Caetano et al, 2016), we
used two distinct approaches, a pharmacological and a genetic manipulation of A;aR. We
observed that microglia morphology was affected only in females, in both cases. Thus, we
can report a robust gender effect in the manipulation of this receptor. It can occur due to
the organisational effects of hormones, for instance testosterone that is responsible for
brain masculinisation (Konkle & McCarthy, 2011), but can also depend on differences in
molecules and receptors associated with the purinergic system. For instance, women
possess lower levels of adenosine in the total cortex, as shown in a post mortem study

(Kovécs et al, 2010). Differences in the availability of adenosine can be responsible for the
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gender-specific answer from the adenosinergic system, considering that, despite the

blockade or absence of A2aR, adenosine may act in other receptors, besides AzaR.

The age in which A2aR was manipulated has also an effect, taking into account the
present work and our previous study (Caetano et al, 2016). Microglia underwent opposite
morphological remodelling in females whose A>aR was blocked at adulthood after a
normal neurodevelopment (atrophy) and in those whose A;aR was never expressed
(hypertrophy). Possibly, it makes sense that females that never expressed A:aR
experienced an hypertrophy of these cells, since AzaR activation promotes an atrophy of
these cells (Gyoneva et al, 2014). Regarding the atrophy of microglia cells reported in our
previous study, these females can be under a compensatory mechanism for the absence
of AzaR function; however, the molecular machinery and the mechanism involved in this
process deserve further attention. Importantly, A2aR blockade has opposite impacts in the
brain, considering the age of manipulation. For instance, A;xaR blockade is strongly
neuroprotector against brain damage at adulthood; however, brain damage is intensified
in developing A2aR KO mice (Adén et al, 2003), reinforcing an opposite effect of AaR

during development or at adulthood.

In addition, both the pharmacological blockade and the genetic depletion of AzaR
were not confined to microglia cells. Neurons and other cells are also equipped with this
receptor (Rebola et al, 2005b). Thus, the effects we observed can be mediated by these
cells. Moreover, imperative developmental functions of these cells are widely associated
with microglia morphology and moatility, as the pruning of synapses (Paolicelli et al, 2011),
reinforcing the possibility of a cumulative effect of A2aR function deprivation in both

microglia cells and neurons.

Adenosine A;aR modulation has been proposed as a therapeutic approach in
cases of neuropsychiatric disorders (Cunha et al, 2008). Regarding microglia morphology
in the PFC, females powerfully answer to the modulation of A2aR, in opposition to males.
Moreover, females possess increased risk to develop some neuropsychiatric disorders,
namely anxiety and depression, and microglia have been reported to have an effect in this
context in a gender-specific manner (Caetano et al, 2016) (reviewed in (Nelson & Lenz,
2017b)). This reinforces the role of microglia in the pathophysiology of neuropsychiatric
disorders. We observed different effects of the deprivation of AsaR function, not only
between genders (Caetano et al, 2016), but also taking in consideration the

developmental stage of manipulation. This highlights the importance of a therapeutic
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strategy focused on the individual, according with gender and age, considering the whole

organism and not only the pathology that requires treatment.
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3.2.1. Rationale

A plethora of functions that are essential during neurodevelopment in order to
sculpt a healthy brain are attributed to microglia. When exposed to adverse stimuli early in
life, irreversible changes may occur in the developing brain and trigger
neurodevelopmental disorders. In our previous work, we described physiological gender
differences in microglia morphology in the PFC, a brain region widely associated with
anxiety, and in the performance in the EPM test, at adulthood (Caetano et al, 2016). This
physiological dimorphism of microglia can help explaining the gender biased risk for
developing this kind of disorders. Thus, it is imperative to further understand whether
physiological gender differences in microglia surge in a crucial stage of development,

leading to short- and long-term effects in behaviour.

To address this question, we characterized microglia morphology in the PFC of
Wistar rats at PNDO, PND7 and PND33 under physiological conditions, in both genders, in

parallel with behavioural tests for anxious-like behaviour and recognition memory.

3.2.2. Methods
3.2.2.1. Animals

Wistar rats (Charles River, Barcelona, Spain) were housed under standard
laboratory conditions (light/dark cycle 12/12 h)), at RT and with ad libitum food and water.
All procedures were carried out in accordance to the European Union and National
legislation. All efforts were made to minimize animal suffering and to reduce the number of

animals used.

3.2.2.2. Behavioural tests

Starting on PND 21, the day of maternal weaning, rats were only handled by the
researcher that performed the tests. Animals were submitted to behavioural tests between
PND 30 and PND 32, after the pubertal period. Tests were conducted during the light
phase of the light/dark cycle, after 1 h of room habituation, always in the same conditions:

red light and controlled temperature and ventilation.
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The animals were submitted to different tests in the following order: in the first day,
the animals were first tested for locomotor activity in the open field (OF), followed by an
adaptation to the EPM test; in the second day, the short-term memory was assessed in
the NOR1 and NOR2; and in the third day, animals finish with the assessment of anxious-
like behaviour in the EPM. A videocamera located overhead was used to record mice
behaviour during the test. All apparatus were cleaned with 10% ethanol solution and dried

between tests.

) Locomotor activity: Open field test

The OF apparatus is an empty bright square arena, surrounded by walls to prevent
animal from escaping (45 x 45 x 40 cm) (Figure 7). The animal was placed at the center of
the arena, facing one of the walls, and the behaviour was recorded for 5 min. The
locomotor activity was measured by the distance travelled and the mean speed, as
described in (Machado et al. 2016). The test was analysed in the ANY-MAZE software.

Figure 7 Representation of the open field arena. The apparatus present in the representation possesses

four open field arenas.

1)) Anxious-like behaviour: Elevated plus maze test

The EPM is an elevated maze (65 cm) with two open (45 x 10 cm) and two closed
arms (45 x 10 x 50 cm), that form a plus shape (Figure 8Figure 8). The animal was placed
in the intersection of the arms, facing a corner between open and closed arms, and the
behaviour was recorded for 5 min. The assessment of anxious-like behaviour was
performed based on the number of entries in open arms (OA) and the time spent in OA in
function of total time, as described in (Machado et al. 2016). The test was manually

analysed with Observador software.
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Figure 8 Representation of the elevated plus maze.

1)} Short-term recognition memory: Novel object recognition test

The NOR test was performed to evaluate short-term recognition memory, by
assessing the capability of the animal to distinguish between a familiar and a novel object.
In the NOR1, the animals were placed in the OF apparatus in the presence of two equal
objects in colour, shape and size (Figure 9, a). The test begins with the rat positioned
back to objects and facing the wall, being recorded for 5 min. After 2 h, in the NOR2, one
of the previous objects persists in the apparatus (familiar object) and the other is replaced
by a different one (novel object 1) in colour and shape, but not in size (Figure 9Figure 9, b).
The recognition index was measured by the time spent exploring the new object in
function of the time spent exploring both objects, as described in (Machado et al. 2016).

The test was manually analysed with the software Observador.

Figure 9 Representation of the arenas from the novel object recognition test. Short-term recognition
memory was evaluated using the NOR test. In the training phase of the test (NOR1), mice were exposed to
two similar objects during 5 min (a). The test session was performed two hours latter (NOR2), with a familiar

object and a novel object (b).
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The NOR1 was performed with a total of 43 animals, 20 males and 23 females.
From these animals, 3 males were excluded because they did not explore one of the
familiar objects and 6 males and 14 females were excluded because they show
preference for one of the objects. From the 11 males and 9 females whose behaviour in
NOR2 was analysed, 2 males and 1 female were excluded because they did not explore
the novel object. Finally, 9 males and 8 females were used for statistical analysis of this

test.

3.2.2.3. Immunohistochemistry

Wistar rats were sacrificed by decapitation at PNDO and PND7 or deeply
anesthetized with an ip injection of ketamine (90 mg/kg; Nimatek) and xylazine (10 mg/kg;
Ronpum 2%) and transcardially perfused with PBS 1x, followed by 4% PFA at PND 33.
The brains were removed, reserved and sectioned according to the protocol described in
Section 3.1.2.2 from Chapter 3, page 32.

A free floating immunohistochemical procedure was performed in brain slices from
the PFC located at the stereotaxic coordinates of interaural 5.00 mm and bregma 1.60
mm in PND 0 rats (Khazipov et al, 2015), interaural 8.00 mm and bregma 2.60 mm in
PND 7 rats (Khazipov et al, 2015) and interaural 12.72 mm and bregma 3.72 mm in PND
30 rats (Paxinos & Watson, 1998), in accordance with the protocol described in Section
3.1.2.2 from Chapter 3, page 32.

3.2.2.4. Morphometric analysis of microglia

Morphometric analysis was conducted in accordance with the method described in
Section 3.1.2.3 from Chapter 3, page 33. 5 animals were analysed per age and gender,
according to the represented region of the PFC (Figure 10). Settings were chosen to
optimize the labelling of microglial processes and kept throughout all sets of acquisitions

for animals with the same age.
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Figure 10 Schematic representation of the region from the PFC where microglia cells were acquired
for 3D reconstruction. a) lllustration of a slice from the rat brain, with the PFC in black, adapted from
(Paxinos & Watson, 1998). b) Representative image of the region where the images for tridimensional
reconstruction of microglia were acquired (red), obtained by the author in fluorescence microscope with 20x
magnification. Nuclei were stained with DAPI (blue), and microglia with Iba-1 (green).

To perform the tridimensional reconstruction of microglial cells from the PFC, Z-
stacks were imported to the Neurolucida software (MBF Biosciences) and 50 microglial
cells were manually reconstructed per condition. The morphometric analysis was
performed using NeuroExplorer software (MBF Biosciences), an extension of Neurolucida
software. At PND 0 microglial cells present an amoeboid morphology, but at PND7 and
PND33 differentiated processes can be observed. Taking this into account, we evaluated
different morphological parameters in these ages: at PNDO, microglial cells were
reconstructed by contouring the entire cell in each Z-stack (Figure 11) and the parameters
analysed were the cell volume and the surface area. From PND 7 onwards, microglial
cells were reconstructed according to the described in Section 3.1.2.3 from Chapter 3,
page 33. The mean per condition was considered for further analysis.

Figure 11 lllustrative scheme showing the tridimensional reconstruction of microglia at PNDO.

Microglia cells were reconstructed by contouring the entire cell in each Z-stack from the laser scanning
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confocal microscope LSM 710 META connected to ZEN Black software (Zeiss Microscopy, Germany) with a
63x objective lens (oil immersed, Plan-Apochromat 63x/1.40 Oil DIC M27).

3.2.2.5. Data analysis

Statistical analysis was performed in GraphPad Prism version 6 (GraphPad
Software Inc., USA). All graphic values are expressed as mean + SEM. Shapiro-Wilk
normality test was used to assess whether the sample presents a normal distribution.
Student’s t test was used to compare two independent means when the samples followed
a normal distribution, and the non-parametric Mann-Whitney test was used when samples
do not follow the normality. Differences were considered significant at p<0.05 (*) and

p<0.01 (**).

Wistar rat

OF: EPM
NORL: NORZ
EPM

PND 33 | Mic. Morph.
“

PND 0
PND 30
Q

Figure 12 Schematic overview of the analysis of behaviour and microglia morphology of Wistar rats
under physiological conditions. EPM, elevated plus maze; Mic. Morph., microglia morphology; NOR, novel

object recognition; OF, open field; PND, postnatal day.
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3.2.3. Results
3.2.3.1. Microglia morphology in the PFC is similar between genders in
neonates

At PNDO, we did not observe any gender effect in microglia morphology in the PFC
(Figure 13, a), regarding cell volume (NT males: 2749 + 391.2 um?3; NT females: 2376 +
198.9 um3, n=3, p>0.05) (Figure 13, b) or surface area (NT males: 1654 + 158.3 uym?3; NT
females: 1543 + 146.4 ym3, n=3, p>0.05) (Figure 13, c).
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Figure 13 Morphometric analysis and statistics of microglia in the PFC at PNDO. Male and female Wistar
rats were sacrificed at PNDO. Male and female Wistar rats were sacrificed at PNDO. Brain slices were stained

with Iba-1 and microglia were manually reconstructed in 3D using Neurolucida Software. Representative
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images were obtained from Iba-1 stained microglia from males (top) and females (bottom): Iba-1
immunoreactivity (IR, green); isolated manual reconstruction (skeleton) (a). Morphometric analysis of microglia

was aquired in Neurolucida Explorer, considering the volume (b) and the surface area (c). Results are

*

presented as mean + SEM of 3 animals. Student’s t test was used to compare two independent means:

p<0.05, comparing males with females.

3.2.3.2. Microglia morphology in the PFC is similar between genders at
PND7

Childhood is a stage of neurodevelopment in which the sculpture of the brain is a
very plastic process, well-regulated to originate a functional healthy brain. At PND7, it
occurs a peak of expression of AxR (Weaver, 1993), a receptor well described as
modulating microglia morphology (Gyoneva et al, 2009; Orr et al, 2009). Considering the
essential roles of microglia throughout the developmental process, as well as the narrow
relation between their morphology and function, we evaluated microglia morphology in the
PFC at PND7 to understand whether gender differences in these cells surge prior or after
the peak of expression of AzaR.

At PND7, we did not observe gender differences in microglia morphology in the
PFC (Figure 14, a), regarding the number (Figure 14, b) and the length (Figure 14, c) of
their processes in the first ten branch orders. The values related to the morphometric
analysis of microglia processes are detailed in the Supplementary table 3, in Chapter 6.
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Figure 14 Morphometric analysis and statistics of microglia in the PFC at PND7. Male and female Wistar
rats were sacrificed at PND7. Brain slices were stained with Iba-1 and microglia were manually reconstructed
in 3D using Neurolucida Software. Representative images were obtained from Iba-1 stained microglia from
males (top) and females (buttom): Iba-1 immunoreactivity (IR, green); IR merged with isolated manual
reconstruction (skeleton) (white); skeleton (black) (a). Morphometric analysis of microglia was aquired in
Neurolucida Explorer, considering the number of processes (b) and the length of processes (c) per branch
order. Results are presented as mean + SEM of 3 animals. Student’'s t test was used to compare two

independent means: * p<0.05, comparing males with females.

3.2.3.3. Microglia morphology in the PFC is similar between genders at
PND33

During juvenile, after the early neurodevelopmental process, we hypothesized that
the gender differences observed in microglia morphology in the PFC at adulthood may be

already present.
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At PND33, we did not observe gender differences in microglia morphology in the
PFC (Figure 15, a), regarding the number (Figure 15, b) and the length (Figure 15, c) of
their processes in the first ten branch orders. The values related to morphometric analysis

of microglia processes are detailed in the Supplementary table 4, in Chapter 6.
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Figure 15 Morphometric analysis and statistics of microglia in the PFC at PND33. Male and female
Wistar rats were sacrificed at PND33. Brain slices were stained with Iba-1 and microglia were manually
reconstructed in 3D using Neurolucida Software. Representative images were obtained from Iba-1 stained
microglia from males (top) and females (buttom): Iba-1 immunoreactivity (IR, green); IR merged with isolated
manual reconstruction (skeleton) (white); skeleton (black) (a). Morphometric analysis of microglia was aquired
in Neurolucida Explorer, considering the number of processes (b) and the length of processes (c) per branch
order. Results are presented as mean + SEM of 3 animals. Student’'s t test was used to compare two

independent means: * p<0.05, comparing males with females.
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3.2.3.4. Females are more disinhibited than males in the EPM at PND32

We evaluated locomotor activity in both genders by performing the OF test at
PND30. We observed that males and females displayed similar locomotor activity,
concerning the distance travelled in the maze (Males: 10.02 + 1.16, N=20; Females: 11.80
+ 0.81, N=17; m) (Figure 16, a) and the mean speed (Males: 0.03 = 0.004, N=20;
Females: 0.04 +£ 0.003, N=17; m/s) (Figure 16, b).

Data from the performance of these animals in the EPM showed females to be
more disinhibited than males at PND32, under physiological conditions, concerning the
time spent in OA in function of total time of the test (Males: 0.05 + 0.01, N=20; Females:
0.10 = 0.02, N=24; p<0.01; Figure 16, c) and the number of entries in OA (Males: 2.00 +
0.33, N=21; Females: 3.30 + 0.46, N=23; p<0.05; Figure 16, d).
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Figure 16 Analysis of locomotor activity and anxious-like behaviour in open field (OF) and elevated
plus maze (EPM) tests. Male and female Wistar rats were tested in the OF at PND30 and in the EPM at
PND32, under physiological conditions. The tests were recorded with a videocamera. Recordings from OF
tests were analysed with ANY-MAZE software and recordings from EPM were manually analysed with the
software Observador. The distance travelled (a) and the mean speed (b) in the OF were used as a measure of
locomotor activity. The quocient between the time spent in open arms (OA) of the EPM and the total time (c),
and the number of entries in OA (d) were used as a measure of anxious-like behaviour. Results are presented
as mean + SEM, for the indicated number of animals. Student’s t test was used to compare two independent

means when the samples followed a normal distribution and the correspondent non-parametric Mann-Whitney
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test was used when samples do not follow the normality: * p<0.05 and ** p<0.01, comparing males with

females.

3.2.3.5. Short-term recognition memory is not dependent on the
gender at PND31

Considering the gender differences observed in the behaviour, as analysed in the
EPM, we also evaluated the short-term recognition memory at PND31 by performing the
NOR test, under physiological conditions. We observed that there are no gender
differences in short-term recognition memory at this age (Males: 0.57 + 0.12, N=9;
Females: 0.48 £ 0.09, N=8; p>0.05; Figure 17), as analysed in the NOR?2 test.

Recognition index

Males Females

Figure 17 Analysis of the short-term recognition memory in males and females. The NOR test was
performed to evaluate gender differences in cognition at PND31, under physiological conditions.

The tests were recorded with a videocamera and the recordings analysed manually with Observador software.
The graphis represent the time spent exploring the novel object per total time exploring both objects
(recognition index). Results are presented as mean + SEM, for the indicated number of animals. Student’s t

test was used to compare two independent means.
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3.2.1. Discussion

Microglia cells have been described as actively participating in the process of
brain sculpture (Cunningham et al, 2013; Wake et al, 2009; Paolicelli et al, 2011; Peri &
Nusslein-Volhard, 2008). Importantly, microglia morphology is widely associated with their
function (Hinwood et al, 2013; Kreisel et al, 2014), due to the ability for constantly retract
and extend their processes, that allow these cells to survey the surrounding environment
(Nimmerjahn et al, 2005; Davalos et al, 2005) and actively contact with synaptic structures
(Tremblay et al, 2010). The impairment of these cells can lead to neuropsychiatric
disorders, namely mood disorders, as anxiety (Caetano et al, 2016) or depression
(Yirmiya et al, 2015; Rial et al, 2016). Moreover, these pathologies are known to possess
gender-specific genesis, clinical presentation and answer to therapeutics. For instance,
mood disorders affect females more than twice comparing to males (Kessler et al, 2005;
Bekker & van Mens-Verhulst, 2007). Thus, it is imperative to explore the pathophysiology

of anxiety in a gender-integrated manner.

In our previous study, microglia morphology in the PFC and anxious-like
behaviour were analysed at PND90, in Wistar rats under physiological conditions. We
reported microglia cells from females to possess a higher number of processes and longer
processes per branch order, comparing to males. Moreover, we observed that females
displayed a more disinhibited performance in the EPM test than males, staying a longer
time in the OA, not due to differences in locomotor activity. Thus, these gender differences
in microglia morphology were correlated with gender-specific performance in behavioural

tests for anxiety at adulthood (Caetano et al, 2016).

In the present work, we aimed to clarify the developmental stage of surge of
these morphological differences in the PFC, a brain region widely associated with anxiety,
considering the imperative functions of these cells during neurodevelopment, as well as in
the context of an injury. We evaluated 3 timepoints associated with events that contribute
for the normal brain development, as the surge of testosterone in males at PNDO (Konkle
& McCarthy, 2011), the peak of expression of A.aR, a well characterized modulator of
microglia morphology and function, at PND7 (Weaver, 1993), or the post pubertal period,
following imperative hormonal fluctuations, at PND33. In parallel, we analysed behavioural
performance in these animals between PND30 and PND32, under physiological

conditions.
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Unexpectedly, we did not observe gender differences in microglia morphology in
the PFC in any of the evaluated timepoints, leading us to conclude that the gender
differences in microglia morphology observed at adulthood surge after PND33. Other
groups reported gender differences in the preoptic area, paraventricular nucleus, Hip,
Amy and cortex throughout development in microglia morphology and number. However,
these studies were based in a dichotomic morphological evaluation of these cells, only
considering the presence or absence of processes (Schwarz et al, 2012; Lenz et al,
2013). Briefly, Schwarz and colleagues described variations in microglia number and
morphology along life in the PFC. These authors reported a higher number of amoeboid
microglia in the PFC of males at PND4; a higher number of microglia cells in females at
PND30; and a higher number of microglia with thick and thin, long processes in females at
PND60, comparing with males (Schwarz et al, 2012). Considering the gender differences
we described in our previous work at PND90 (Caetano et al, 2016) and the
aforementioned report from Schwarz and co-workers, we can anticipate an earlier time
window for the surge of those gender differences in microglia morphology in the PFC,
between PND30 and PND60. However, we should consider that two distinct
methodologies of evaluation were used. Considering that, despite females possessing a
higher number of ramified microglia than males at PND60, these processes can be similar

to those in males regarding morphometric parameters.

Importantly, not only the PFC is associated with anxious-like behaviour, but also
the Amy (highly involved in fear-related anxiety) (Rauch et al, 2003) and the bed nucleus
of stria terminalis (involved in the control of anxiety-related emotionality) (Walker et al,
2003), among other brain regions. Thus, morphometric differences in microglia cells may
possibly exist in other brain regions related with anxious-like behaviour prior to their
appearance in the PFC. The colonization of the brain by microglia and the maturation of
these cells are processes that depend not only on the gender, but also on the brain region
(Schwarz et al, 2012).

In the behavioural analysis, we observed gender differences in the performance
in the EPM test at PND32, with females exploring more the OA than males. Despite the
EPM test is a well described test to measure anxious-like behaviour, we are not in the
presence of a model of disease. Thus, we can not report our observations as males being
more anxious than females; in this case, we should consider that females are more
“disinhibited”, not due to differences in locomotor activity. Regarding the short-term
recognition memory, analysed by the NOR test, the recognition index was similar between

genders, leading us to conclude that males and females developed similarly their ability to
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recognize a familiar object and to explore the novel one, as assessed by this particular

test.

In our previous study (Caetano et al, 2016), we correlated gender differences in
microglia morphology with anxious-like behaviour at adulthood, under physiological
conditions. However, we did not show a causative relation between anxious-like behaviour
and morphometric characteristics of microglia in the PFC. At youth, we observed that the
gender-specific performance in the EPM test was not paralleled by differences in microglia
morphology in the PFC. Thus, we are not able to perform the same assumption. There is
the possibility that changes in microglia morphology do not directly affect or are affected
by behavioural alterations, for instance after a stressful stimulus. Furthermore, other cell
types can be involved in this process, namely neurons. For instance, the interaction
between microglia and neurons in both healthy neurodevelopment (Tremblay et al, 2010;
Paolicelli et al, 2011) and in the injured brain (Cristovao et al, 2014) lead us to
hypothesize that the effects observed in behaviour, can be directly driven by neurons, or
mediated by neuronal action in microglia cells, or even the opposite. The molecular
mechanisms underlying these gender-specific effects of brain modulation on behaviour is

still unknown.

In a different context, Nelson and Lenz showed that the depletion of microglia
during the first two weeks of life decreased “anxious-like behaviour” in both genders at
youth. However, only females are still affected at adulthood (Nelson & Lenz, 2017a). This
study irrefutably showed the importance of microglia in neonatal period in the construction
of behavioural characteristics in a gender-specific manner. Altogether, these data
reinforce the capability of microglia cells in sculpting both brain and behaviour during
development. The molecular mechanisms underlying these gender-specific effects of

brain modulation on behaviour are still unknown.
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Impact of neonatal injection of testosterone in female microglia morphology in the PFC

3.3.1. Rationale

The masculinisation of brain and behaviour is triggered by the ontogenic peak of
testosterone that occurs in males during the first day of life (Konkle & McCarthy, 2011).
Interestingly, this gender specific aspect of neurodevelopment could be reflected at
adulthood in microglia morphology and anxious-like behaviour. Testosterone seems to
produce a protective effect against neuropsychiatric disorders as anxiety, what is
reinforced by the fact that females possess a higher risk for developing these pathologies.
Taking this into account, we hypothesized that the protective role of testosterone against
anxiety could be reflected in microglia morphology in the PFC, a brain region tightly

involved in anxiety.

3.3.2. Methods

3.3.2.1. Animals and pharmacological treatment

Wistar rats (Charles River, Barcelona, Spain) were handled according to the
European Union and National legislation. Wistar females received an ip injection with
Testosterone Propionate (TP) compound (100 pg) (Sigma-Aldrich, Portugal - 86541-5G)
in peanut oil (25 ul) (Sigma-Aldrich, Portugal - P2144-250ML) at PNDO (Hisasue et al,
2010). Other cohort of male rats was injected with vehicle (VH) (25 pl). Non-treated (NT)
animals were also analysed. Animals were placed under standard laboratory conditions
(RT; food and water ad libitum; light/dark cycle 12/12 h). All efforts were made to minimize

animal suffering and to reduce the number of animals used.

Wistar rat

TP 100 pg/25 pL, sc

+O

OF. EPM
NORI; NORZ

EPM

PND 33 | Mic. Morph.
\,

PND O
PND 30
™\
|

Figure 19 Schematic overview of the pharmacological treatment of female Wistar rats and microglia
morphology and behaviour analysis. NT male and NT female Wistar rats were used as a control. EPM,
elevated plus maze; Mic. Morph., microglia morphology; NOR, novel object recognition; OF, open field; PND,

postnatal day; sc, subcutaneous; TP, testosterone propionate.
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3.3.2.2. Behavioural tests

Behavioural tests were conducted as described in Section 3.2.2.2 from Chapter 3,
page 43.

Regarding the NOR test, a total of 50 animals performed the NOR1: 20 males, 23
females and 7 TP females. From these animals, 3 males were excluded because they did
not explore one of the familiar objects and 6 males, 14 females and 2 TP females were
excluded because they show preference for one of the objects. From the 11 males, 9
females and 5 TP females whose behaviour was analysed in NOR2, 2 males and 1
female were excluded because they did not explore the novel object and 1 TP female was
excluded because it is a statistical outlier. Finally, 9 males, 8 females and 4 TP females
were evaluated considering the time spent exploring novel object per total time exploring

both objects (recognition index).

3.3.2.3. Immunohistochemistry

Wistar rats deeply were anesthetized with of ketamine (90 mg/kg; Nimatek) and
xylazine (10 mg/kg; Ronpum 2%) by ip injection and transcardially perfused with PBS 1Xx,
followed by 4% PFA at PND 33. The immunohistochemistry procedure was performed as

described in Section 3.2.2.3 from Chapter 3, page 46.

3.3.2.4. Morphometric analysis of microglia

Morphometric analysis of microglia was conducted as described in Section 3.2.2.4
from Chapter 3, page 46. According to the represented region of the PFC (Figure 10), 3
animals were analysed per condition and gender, and microglia cells were reconstructed
according to (Figure 4). The number and length of processes per branch order were

analysed. The mean per condition was considered for further analysis.

3.3.2.5. Data analysis

Statistical analysis was performed in GraphPad Prism version 6 (GraphPad
Software Inc., USA). All graphic values are expressed as mean + SEM. Shapiro-Wilk
normality test was used to assess the normality of the sample. One-way analysis of

variance (ANOVA) followed by a Tukey’s multiple comparison test were used to compare

62



Impact of neonatal injection of testosterone in female microglia morphology in the PFC

all groups when the samples followed a normal distribution. The correspondent non-
parametric Kruskal-Wallis test followed by Dunn's multiple comparisons test were used
since samples do not follow the normality: * p<0.05, comparing males and females under

physiological conditions; # p<0.05, ## p<0.01, comparing TP females with NT males and
females.
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3.3.3. Results

3.3.3.1. Neonatal female androgenisation did not alter microglia
morphology in the PFC at PND33

In the previous chapter, we observed that microglia morphology in the PFC is
similar between genders at youth. Now, we report that neonatal exposure to TP did not
promote maorphological changes in microglia morphology in the PFC of females at PND33
(Figure 20, a), neither in the number (Figure 20, b) nor in the length (Figure 20, c) of their
processes in the first ten branch orders. The values from the morphometric analysis of

microglia processes are detailed in in Supplementary table 4, in Chapter 6.
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Figure 20 Effect of neonatal androgenisation of female Wistar rats in microglia morphology in the PFC
at youth. NT male, NT female and TP female Wistar rats were sacrificed at PND33. Brain slices were stained
with Iba-1 and microglia were manually reconstructed in 3D using Neurolucida Software. Representative
images were obtained from Iba-1 stained microglia from males (top), females (center) and masculinised
females (buttom): Iba-1 immunoreactivity (IR, green); IR merged with isolated manual reconstruction
(skeleton) (white); skeleton (black) (a). Morphometric analysis of microglia was aquired in Neurolucida
Explorer, concerning the number of processes (b) and the length of processes (c) per branch order. Results
are presented as mean = SEM of 3 animals. Kruskal-Wallis test was used to perform multiple comparitions.
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3.3.3.2. Neonatal female androgenisation did not alter locomotor

activity, but revealed a trend to an anxiolytic effect in the PFC at PND32

We evaluated locomotor activity in both genders under physiological conditions,
as well as in females treated neonatally with TP (TP females), by performing the OF test
at PND30. We did not observe a gender effect nor an effect of androgenisation in females,
concerning the distance travelled in the field (TP females: 13.73 £ 1.24 m, N=7, n.s. as
compared with controls [Males: 10.02 + 1.16, N=20; Females: 11.80 = 0.81, N=17; m];
Figure 21, a) and the mean speed (TP females: 0.05 + 0.004 m/s, N=7; n.s. as compared
with controls [Males: 0.03 + 0.004, N=20; Females: 0.04 + 0.003, N=17; m/s]; Figure 21,
b).

Anxious-like behaviour was evaluated in the same animals by performing the
EPM test at PND32. In this test, statistical analysis using non-parametric tests did not
show an effect of the treatment in EPM test performance, regarding the time spent in OA
per total time of the test (TP females: 0.06 = 0.004, N=6; n.s. as compared with controls
[Males: 0.05 = 0.008, N=20; Females: 0.10 £ 0.02, N=24]; Figure 21, c). However, an
effect of gender was observed (Figure 21, c). Concerning the number of entries in OA,
neither treatment nor gender effects were observed (TP females: 2.00 £ 0.37, N=6, n.s. as
compared with controls [Males: 2.00 + 0.33, N=21; Females: 3.30 = 0.46, N=23]; Figure
21, d).

Although a significant effect of TP was not observed as compared with NT
females, a clear-cut trend anticipates an anxiolytic effect of neonatal androgenisation, as

previously described by others.

66



Impact of neonatal injection of testosterone in female microglia morphology in the PFC

a) b)
20r 0.06p
£ —
= 15F é’
2 E0.04f
[] o
@ o
g 10 Q
3 c
2] S 0.02¢
S 5f [
o =
a
0 0.00
Males Females TP females Males Females TP females
c) d)
0.15¢ 4r
. 5
[h]
£ £
T 0.10f 3
=] =
c
= 5
o ‘G
£ 0.05F .
o 2
£ £
= z
0.00
Males Females TP females Males Females TP females

Figure 21 Effect of neonatal androgenisation in the locomotor activity and the anxious-like behaviour.
NT Male, NT female and neonatally androgenised female Wistar rats (TP) were tested in the OF at PND30
and in the EPM at PND32. The tests were recorded with a videocamera. Recordings from OF tests were
analysed with ANY-MAZE software and recordings from EPM were manually analysed with Observador
software. The distance travelled (a) and the mean speed (b) in the OF were used as a measure of locomotor
activity. The quocient between the time spent in open arms (OA) of the EPM and the total time (c), and the
number of entries in OA (d) were used as a measure of anxious-like behaviour. Results are presented as
mean + SEM, for the indicated number of animals. Non-parametric Kruskal-Wallis test followed by Dunn's
multiple comparisons test were used since samples do not follow the normality: * p<0.05, comparing NT males
with NT females.

3.3.3.3. Neonatal female androgenisation did not alter short-term
recognition memory at PND31

Considering the similarities in short-term recognition memory between genders
observed in the last chapter of results, we aimed to evaluate whether this behavioural
measurement is influenced by neonatal androgenisation in females. We observed that
there was no treatment effect in short-term recognition memory at this age (TP females:
0.39 £ 0.02, N=4, n.s. as compared with controls [Males: 0.57 + 0.12, N=9; Females: 0.48
+ 0.09, N=8]; Figure 22).
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Recognition index

Males Females TP females

Figure 22 Effect of neonatal female androgenisation in short-term recognition memory. The NOR test
was performed to evaluate the impact of neonatal androgenisation in female cognition at PND31. The tests
were recorded with a videocamera and the recordings analysed manually with Observador software. The
graphis represents the time spent exploring the novel object per total time exploring both objects. Results are
presented as mean = SEM, for the indicated number of animals. Kruskal-Wallis test followed by Dunn's

multiple comparisons test were used since samples do not follow the normality.
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3.3.4. Discussion

Nowadays, gender differences in anxiety disorders (Kessler et al, 2005; Bekker &
van Mens-Verhulst, 2007) and microglia are one of the most discussed issues with both
original studies (Caetano et al, 2016; Nelson & Lenz, 2017a) and reviews (Nelson & Lenz,
2017b; Gobinath et al, 2017) being published in the field. An hypothesis to explain gender
differences in brain and behaviour is the involvement of testosterone (McHenry et al,
2014).

In the present study, we aimed to clarify the involvement of testosterone in the
masculinization of brain, more precisely in microglia morphology and behaviour, namely
anxious-like behaviour and recognition memory. For that, female Wistar rats were
subcutaneously injected with testosterone at the day of birth to mimic the testosterone
surge that occurs in males at PNDO (Konkle & McCarthy, 2011). Mid-term effects of

neonatal exposure to testosterone were analysed at youth (PND30 - PND33).

We observed that neonatal androgenisation did not alter microglia morphology in
the PFC at PND33, comparing with males and females whose microglia morphology was
previously shown to be similar at that age, in Section 3.2.3.3, page 51. These
observations suggest that neonatal testosterone surge that occurs in males (Konkle &
McCarthy, 2011) is not sufficient to promote morphological differences in microglia at that
age, reinforcing the absence of gender differences reported in Section 3.2.3.3, page 51.
Moreover, as discussed in the mentioned section, gender differences described in the
PFC until youth (Schwarz et al, 2012) are not supported by a morphometric analysis as in
the case of the present study. Possibly, gross morphological characteristics of microglia
that we did not evaluate or even their number can be different at PND33. Neonatal
androgenisation may trigger other effects in the developing brain, namely changes in the
size of some brain regions, as reported in the BNST from mice at 6 months old (Seney et
al, 2012), alterations in signalling and connectivity between brain regions, number of cells,
synapses and dendritic spines, and also gene expression (McCarthy, 2008). Since we did
not find gender differences in microglia morphology in the PFC at youth, we consider
evaluating the long- and not the mid-term effects of testosterone in brain and behaviour,
for instance at PND90, an age in which we reported the existence of these gender

differences (Caetano et al, 2016).

Regarding the behavioural analysis of these animals, in the present section of

results, we reported that neonatal androgenisation did not promote significant differences
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in anxious-like behaviour, comparing with both NT males and females. We could report
gender differences in the performance in the EPM test, regarding the time spend in OA
per total time of the test (p<0.05), but not the number of entries in OA (n.s.). Locomotor
activity and short-term recognition memory were not affected by neonatal

androgenisation.

In Section 3.2.3.4, page 53, we observed significant differences in the performance
in the EPM test, regarding both the time spend in OA per total time of the test (p<0.01)
and the number of entries in OA (p<0.05): females presented a higher disinhibition than
males. Comparing the results from these two sections, we detected a reduction in
statistical significance when comparing control males and females under physiological
conditions, and the absence of statistical significance comparing androgenised females
with control females. That reduction in statistical significance when comparing both
genders are probably due to the alteration of the chosen statistical test: in the present
section, we performed the non-parametric Kruskal-Wallis test followed by Dunn's multiple
comparisons test due to the dimension of neonatal androgenised females sample (N=7),
while in the Section 3.2.3.4 we applied the parametric Student’s t test. Considering a
visible effect of neonatal androgenisation mirrored in the graphics, which show that TP
females underwent an intermediate phenotype comparing with control animals, we also
performed the statistical analysis according to the methodology used in the Section
3.2.3.4, in order to understand whether the statistical results would be similar between
statistical tests. As expected, the use of Student’s t test to compare TP females with both
NT males and females led us to report differences in anxious-like behaviour between TP
females and control females, but not between TP females and control males. Importantly,

an increase in the sample of TP females in order to confirm these results is needed.

Other study explored alterations in anxious-like behaviour, using the same model
of neonatal androgenisation (Seney et al, 2012). Seney and colleagues evaluated 6
months old female mice under physiological conditions and at 8 months old after a
protocol of 8 weeks of unpredictable chronic mild stress. Under physiological conditions,
neonatal androgenisation did not alter anxious-like behaviour; however, females displayed
higher locomotor activity than males, as observed by the distance travelled in the OF.
When exposed to a stressful stimulus at adulthood, females displayed higher anxious-like
behaviour than males, with neonatal androgenised females displaying an intermediate
phenotype, not due to differences in locomotor activity. Thus, the anxious-like behaviour
was partially masculinised in neonatal androgenised females (Seney et al, 2012). In this

case, the report of an effect of neonatal androgenisation in female anxious-like behaviour
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was restricted to those exposed to a stressful stimulus at adulthood, reinforcing the
protective role of testosterone in a stressful context. Considering that, since we previously
described gender differences in both anxious-like behaviour and microglia morphology at
PND90 (Caetano et al, 2016), it would be interesting to test the effect of neonatal
androgenisation at that age. Moreover, regarding the morphological rearrangement
microglia cells underwent in a model of anxiety with developmental genesis (Caetano et
al, 2016), it would be of interest to study the ability of testosterone to protect females from
both the morphological rearrangement of microglia cells and the increased anxious-like

behaviour.

Importantly, not only neonatal, but also pubertal testosterone promotes
organisational effects in the neural circuits and behaviour (Primus & Kellogg, 1990). Sisk
and colleagues proposed the two-stage model of social behaviour development in rats: a
perinatal period of gender differentiation of neural circuits (Konkle & McCarthy, 2011),
followed by pubertal surge of testosterone, between PND28 and PND49, which also
promotes organisational effects to finish the process that began neonatally (Sisk et al,
2003; Schulz et al, 2004). The same group showed that pubertal hormones organise the
adolescent brain specifically during puberty, leading to long-lasting behavioural
phenotypes observable at adulthood (Schulz & Sisk, 2006). Taking this into account, we
can speculate that the partial masculinisation of behaviour that we observed can be due to
the lack of pubertal testosterone in TP females. Possibly, pubertal testosterone may be

the missing trigger to completely masculinise anxious-like behaviour.

Altogether, these studies provide evidence for an organisational anxiolytic role of
testosterone. Regarding females, neonatal testosterone is necessary, but not sufficient to
trigger gender differences in anxious-like behaviour at youth, possibly due to the missing
of pubertal testosterone. Thus, to a complete masculinisation of behaviour, maybe we
need to use a model in which both testosterone surges are present. Importantly, under
stressful stimulus, neonatal testosterone appears to masculinise anxious-like behaviour
(Seney et al, 2012), emphasizing the protective role of this hormone. Focusing on our
evaluation of behaviour under physiological conditions, not only pubertal testosterone
could be a missing piece of the puzzle, but also the “genetic gender”, the presence of an
Y chromosome, that is responsible for gender determination. To further study these
questions, an imperative tool is the four core genotype mice, that are mice in which
genetic and gonadal gender can be differentially modulated to unravel the precise

contribution of each parameter.
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GENERAL CONCLUSIONS

4.1. General conclusions

The main objectives of the present study were to evaluate the developmental role
of A2aR in remodelling microglia morphology in the PFC; to disclose the moment of surge
of gender differences in microglia morphology in the PFC; and to correlate morphological
remodelling of microglia cells in the PFC with alterations in anxious-like behaviour and

short-term recognition memory, under physiological conditions.

Adenosine A;aR are well described modulators of microglia morphology and
function (Orr et al, 2009; Gyoneva et al, 2009, 2014; George et al, 2015; Gomes et al,
2013; Caetano et al, 2016). Regarding the genetic depletion of adenosine AzxR (Section
3.1.) we reported that there was a gender effect in our observations of microglia
morphology in the PFC: microglia cells underwent an hypertrophy in females, but were not
changed in males. In our previous study (Caetano et al, 2016), we observed the same
gender effect by chronically blocking A2aR at adulthood. However, in that case, microglia
morphology in females became atrophied (Caetano et al, 2016). The precise correlation
between these morphological refashioning and anxious-like behaviour still elusive, since
we did not evaluate the performance in the EPM test in both genders in the present work.
In Section 3.1., we reinforced the role of A2aR in remodelling microglia morphology in the
PFC in a gender-specific manner. We can also conclude that, under physiological
conditions, A2aR have an effect in microglia morphology in the PFC that is dependent of
the developmental stage of modulation, considering the different nature of changes
observed by pharmacologic and genetic modulation of this receptor. However, the
molecular mechanisms behind these “contradictory” effects of AzaR modulation in

microglia morphology remain unknown.

In Section 3.2., we attempted to screen the moment of surge of gender
differences in microglia morphology in the PFC. We analysed these cells in 3 timepoints of
development, from the day of birth untii PND33. We did not observe differences in
microglia morphology in the PFC until PND33. Thus, considering our previous study, in
which we reported these differences in microglia morphology in the PFC at PND90
(Caetano et al, 2016), we concluded that the differences likely appear between PND33
and PND90. Moreover, we analysed anxious-like behaviour and short-term recognition
memory in these animals. We reported gender differences in the performance in the EPM
test, with females being more “disinhibited” than males in the exploration of the whole
maze, not due to differences in locomotor activity. Concerning the performance in the

NOR test, we did not observe differences in short-term recognition memory between
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genders. Concluding, we reported that gender differences in anxious-like behaviour at
PND32 are not paralleled by differences in microglia morphology in the PFC. This led us
to conclude that microglia morphology in the PFC does not directly affect anxious-like
behaviour, but it could be a causative effect involving an effect in other cell types, namely

neurons, that display an active interaction with microglia cells throughout life.

In Section 3.3., we used an hormonal approach to study the effect of the neonatal
testosterone surge, which occurs in males at the day of birth (Konkle & McCarthy, 2011),
in masculinising brain and behaviour. We analysed microglia morphology in the PFC,
anxious-like behaviour and short-term recognition memory in neonatal androgenised
females. We observed that neonatal testosterone partially masculinised anxious-like
behaviour, but did not affect microglia morphology in the PFC, locomotor activity, or short-
term recognition memory. We concluded that, at PND32, neonatal androgenisation is
necessary, but nor sufficient to fully masculinise female behaviour, probably due to the
missing of the pubertal surge of testosterone and the genetic gender.

Concluding, the present work provides insights regarding gender differences in
neurodevelopment, considering the relation between the resident brain immune cells,

microglia, and behavioural phenotypes. Our main conclusions were:

- The genetic depletion of the adenosine A;aR in the early development
promote gender-specific morphological remodelling of microglia cells in the
PFC;

- When blocking the adenosine AR at adulthood, the gender-biased
remodelling of microglia morphology in the PFC is maintained, however this

morphological rearrangement occurs in an opposite fashion in females;

- Physiological gender differences in microglia morphology in the PFC surge
between PND33 and PND90, in Wistar rats;

- Physiological gender differences in anxious-like behaviour are observable at
PND32, but gender differences in locomotor activity and short-term

recognition memory are not observable;

- Physiological gender differences in anxious-like behaviour are observable

before the surge of gender differences in microglia morphology in the PFC;
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Neonatal female androgenisation did not change microglia morphology in the
PFC;

Neonatal female androgenisation promotes an intermediate phenotype of
anxious-like behaviour between males and females, not affecting locomotor

activity and short-term recognition memory.

4.2. Future perspectives

Regarding the results we reported in the present study, those from our previous

work (Caetano et al, 2016), and other from studies that we discussed, several

experiments need to be performed:

Evaluate anxious-like behaviour in A;aR KO mice in both genders, under

physiological conditions;

Induce the developmental model of anxiety (prenatal exposure to DEX) in
A2aR KO mice to evaluate the effect of developmental blockade of AzaR, in

the context of neuropsychiatric disorder, between genders;

Explore the impact of A2aR blockade, specifically in microglia cells from the
PFC, in anxious-like behaviour: using A2aR KO mice that do not express AxaR

only in microglia cells, not affecting other cell types as neurons.

Improve our hormonal approach, by administering testosterone in females not

only neonatally, but also during the pubertal period;

Explore the effect of female androgenisation in the model of chronic anxiety

with developmental genesis.
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SUPPLEMENTARY DATA

Supplementary table 1 Summary of the morphometric analysis of the number of microglia
processes in the PFC from male and female A:aR WT/KO mice at PND90. Descriptive data

from Section 3.1.3.1, page 35. Values are presented as mean + SEM from 4 animals.

Branch

order WT males A2aR KO males WT females A24R KO females
1 6.4+0.2 6.3+0.2 5.9+0.3 7.0x0.3
2 109+04 11.5+0.4 11.3+0.3 13.2+04
3 13.7+0.2 13.2+0.6 14.1+05 174+11
4 12.0+ 04 12.2+1.0 136+1.2 17.4+1.8
5 8.6+0.3 9.1+13 124+1.8 16.8+2.2
6 5.4+0.6 52+0.6 9.1+21 135+1.9
7 3.2+0.2 3.3+05 6.3+1.8 101+1.8
8 1.4+0.3 1.4+0.2 45+1.3 7315
9 0.7+0.2 0.6+0.2 32+1.1 51+15
10 0.4+0.2 0.1+0.1 22+1.0 34+1.0

Supplementary table 2 Summary of the morphometric analysis of the length (um) of
microglia processes in the PFC from male and female A:aR WT/KO mice at PND9O0.

Descriptive data from from Section 3.1.3.1, page 35. Values are presented as mean + SEM from 4

animals.

Borradné:rh WT males A2aR KO males WT females A2aR KO females
1 475+ 3.6 454+ 1.7 32.8+45 32.7+28
2 84.1+59 83.0+3.8 62.1+29 68.8 £ 3.7
3 94.7+5.6 96.9+8.0 69.8+3.3 88.8+5.3
4 73.1+3.6 75.6 £4.2 65.6 £ 7.2 87.4+5.6
5 423+ 4.4 526+4.1 56.7 £ 8.8 80.3+5.9
6 252+15 299+21 425+ 10.6 63.9+6.7
7 240+1.6 18.8+ 0.6 29.9+93 478+ 7.3
8 166+ 2.0 141+24 242+41 348 +3.7
9 18.0+ 3.5 13.6+34 18.2+3.2 25.7+£6.2
10 8738 41+24 17.8+4.0 18.3+3.9
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Supplementary table 3 Summary of the morphometric analysis of the number and length
(um) of microglia processes in the PFC from male and female Wistar rats at PND?7.

Descriptive data from Section 3.2.3.2, page 50. Values are presented as mean + SEM from 3

animals.
Number of processes Length of processes
Branch Males Females Males Females
order
1 43+0.21 4.6 +0.27 23.4+£0.89 28.2+2.69
2 7.8+0.78 8.6+0.81 404 +1.94 45.8 + 4.90
3 9.9+0.70 10.7 £ 0.86 47.1+4.20 52.0+ 2.06
4 10.1+1.05 10.5 + 0.58 46.5+6.24 485+ 1.35
5 10.7 £ 0.56 10.1 +0.88 46.3 +2.82 46.7 + 4.47
6 85+0.77 8.9+1.04 375+ 4.96 40.3+6.73
7 7.0+0.72 8.6 £0.68 28.3+2.83 36.1+£3.38
8 75%0.22 7.0+1.02 33.7+3.86 29.5+2.06
9 6.8+0.54 6.5+0.21 29.8+4.09 25.8+£125
10 55+0.33 5.8 +£0.67 20.0+£1.36 21.7+1.24

Supplementary table 4 Effect of neonatal androgenisation of female Wistar rats in microglia

morphology in the PFC at PND33. Descriptive data from Section 3.2.3.3, page 51, and Section

3.3.3.1, page 64. Values are presented as mean + SEM from 3 animals.

Number of processes Length of processes (um)
Bor?g:rh Males Females TP females Males Females TP females
1 43+x021 46+027 6.0x0.20 | 234+x089 282%269 265+0,73
2 78+0.78 86+081 11,5+0,67 | 404194 458+x490 60,8798
3 99+0.70 10.7+0.86 16,4+0,72 | 47.1+420 520+2.06 75,7+3,73
4 10.1+1.05 105+x058 19,8+0,45 | 46.5+£6.24 485x1.35 94,2+10,20
5 10.7+056 10.1+0.88 215+1,15| 46.3+£2.82 46.7+4.47 92,0+11,36
6 85077 89x104 220+1,15|375+x49 403+6.73 91,8+10,16
7 70+£0.72 86+068 208+093|283+283 36.1+3.38 753+£4,305
8 75+022 70+x102 16,3+0,62 | 33.7+£3.86 29.5+2.06 54,6456
9 6.8+£054 65+021 12,7+055|29.8+4.09 258+125 444+134
10 55+x033 58=+067 108+1,14 | 200+1.36 21.7+x124 37,8%4,29
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Figure 23 Analysis of locomotor activity in open field (OF) test and anxious-like behaviour in the
elevated plus maze (EPM) test. NT male, NT female and female Wistar rats androgenised (TP) at PNDO
were tested in the OF at PND30 and in the EPM at PND32. The tests were recorded with a videocamera.
Recordings from OF tests were analysed with ANY-MAZE software and recordings from EPM were manually
analysed with Observador software. The distance travelled (a) and the mean speed (b) in the OF were used
as a measure of locomotor activity. The quocient between the time spent in open arms (OA) of the EPM and
the total time (c), and the number of entries in OA (d) were used as a measure of anxious-like behaviour.
Results are presented as mean = SEM, for the indicated number of animals. Student’s t test was used to
compare two independent means: * p<0.05, ** p<0.01 comparing NT males with NT females; # p<0.05, ##

p<0.01, comparing TP females with NT males and females.
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