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ABSTRACT

Proper placental development is required to support the growth of the developing fetus.
In intrauterine growth restriction JUGR), the fetus fails to reach is full growth potential
and the placenta may contribute to this pathology. In IUGR, there is an increase in
apoptosis in both the syncytiotrophoblast and cytotrophoblast of the villous placenta and
an elevation in TNFa in both maternal serum and fetal amniotic fluid. I hypothesized that
increased TNFo increases apoptosis and decreases differentiation in IUGR trophoblasts
which contribute to decreased placental function. JTUGR cultures had higher apoptosis
than normal cultures. Contrary to my hypothesis, IUGR cultures had increased
differentiation compared to normal trophoblast cultures. This was mediated by
endogenous TNFa signaling through both p38 MAPK and ERK1/2 dependent pathways
to stimulate both increased syncytialization and increased f-hCG production. Increased
apoptosis and differentiation suggests that trophoblast turnover is accelerated in IUGR,

leading to decreased placental function.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

I would like to thank the following people for their help and encouragement,

without which this work may not have been possible:

My deepest thanks go to my co-supervisors Larry Guilbert and Sandra Davidge
for their continued support, enthusiasm for my project, critical thinking and
encouragement of my research and my ideas. I would also like to thank my committee
members, Dr. Barbara Ballermann and Dr. Nestor Demianczuk for their time, excellent

suggestions and for helping to focus the scope of my project.

I would like to thank Bonnie Lowen for her help in teaching me lab techniques
and how to interpret ideas into experiments as well as her friendship, encouragement and
stories. I would also like to thank Gary Chan for his help in the beginning, as well as his

friendship.

I would like to thank my family and friends for putting up with me for the past
two years. Without your support, I would be a very different (possibly socially unstable)

person.

I would also like to acknowledge the Perinatal Research Center at the Royal

Alexander Hospital for providing the placental tissue needed to make this work possible.

The work presented in this thesis was funded by the Canadian Institute of Health
Research as well as by the Maternal Fetal and Newborn Health Scholarship.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

CHAPTER 1: INTRODUCTION 1
TLOPROLOGUE ......ooiiiiiiiiiiiiree et st e rte st e s e e teeeeets e be e beeebeesbaessesstestesteaasaassaesbeesseanseenteenseasbensbesssessesssennes 1
1.1 EARLY HUMAN PLACENTAL DEVELOPMENT .......coictiiteriiiesieeeiseeiiesessesssoresessessssressssessssessesessnesssses 1
1.2 THE EARLY VILLOUS PLACENTA ..ottt st et sresesstetesressaseseeseemseresecsessesaeneeneesens 3
1.3 TROPHOBLAST CELL LINEAGES........ccoviiiiiiiienicee ettt et sttt esans s st veens 4

1.3.a Extravillous TropRODIGSES................c.coceouieoriiiiiceiieeieeesns oot se st nassastenssnsans 4
1.3.5 Villous CytotropRODIASES.................c..ccuovvevueereiiererieeasesasssssnessessessnssesstsenassessssresseeesasessessessesnns 5
1.3.¢ Villous SyncytiotrOpRODBIASE .....................ocovieiviiieiieneeieniesreneraeseavesensreestessrasessaesensessassessssssenses 5
1.4 CHARACTERISTIC FEATURES OF THE TERM PLACENTA ........ccoviiieieentieererearernne st ssnreneeessnsssossesves 6
1.5 IN VITRO MODELS OF PLACENTAL DEVELOPMENT AND TROPHOBLAST DIFFERENTIATION............ 6
1.5.a Trophoblast-derived COILIINEs......................cccooviioiiiiciiiirriinisecn et ees 6
1.5.b Isolated Primary Trophoblast CUILUTes......................ccoovveeivierieieiieiecareieieesiees e ses e sienieeaas 7
L.5.C Placent@l eXPIARLS ..............ccccovueoiieeoiiiicieeeiteseteeeieeeeresste s seesasassebeasiee s sasaesssasssaesatesannsesaresessnnese 8
1.6 TROPHOBLAST DIFFERENTIATION .......ooiiiiiiiitiiiiieniinieneiescsneestie st ssnesssanesassnesnasassaesansnsssnsnsesasssnsanas 8
1.6.a Structural Features of the Syncytiotrophoblast .....................cccccovcveviiviivinrennrceienieneeieeneeeenenns 9
L.6.a.5 Microvilli 0f the SYRCYUUML .............c..c..ocoveiiviiieieecesiesiiiestesre ettt aareser e st ebesneseseresantennesresenesnnsseeen 9
1.6.a.ii Involvement of Cell Adhesion Molecules E-cadherin, Cadherin-11and.....................c.cccoocvvrurnnien. 9
Beta-catenin in villous trophoblast differentiation .....................ccooecciniiiiiiiiiniiiincienecec s 9
1.6.a.iii Involvement of Connexin 43 and Gap Junction Communication in ....................cc..cccuvirniieinnnns 10
Villous Cytotrophoblast DIfferenticltion ........................oovevevecinrinieeinreieiert et eeseseneebssee s 10
1.6.a.iv Phosphatidylserine Externalization and Its Role in Syncytial Fusion .................ccoccccovveuvrninnn. 11

1.6.b Functional Features of the Syncytiotrophoblast ..o 12
1.6.b.i Hormone Production by the Syncytiotrophoblast ........................ccccocovvviiinviiiniiniiiinncc s 12
1.6.b.ii Regulation of human chorionic gonadotropin and human placental..............................c.cconenn 13
LACLOZEI @XPIESSION. ...ttt ettt b st es st es e r s e e be et s e aeebbe st b esn e oneasaserb s b e s s e e 13

ii.a) Regulation of Human Chorionic Gonadotropin...................c....cocceevvveiisioninieiinciiicccne e 13

ii.h.) Regulation of Human Placental Lactogen........................cccccoocoiiivniiniiiiviiiniiniies i 14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.7 FACTORS INFLUENCING TROPHOBLAST FUNCTIONAL AND MORPHOLOGICAL DIFFERENTIATION

.................................................................................................................................................................. 15
1.7.a Cyclic Adenosine Monophosphate Stimulation of Trophoblast Differentiation ..................... 15
1.7.b Phosphatidylserine Efflux and The Antiphospholipid Antibody Syndrome............................ 15
1.7.c The HERV-W Family of Retroviruses=-SYRCYLIN .............ccoveevvecvivnnicerirnneccesiaresiassesssssessens 15
1.7.d The HERV-FRD Env Glycoprotein and Villous Cytotrophoblast Cells ......................ccocunun... 16
1.7.e Glial Cell Missing (GCMa) and Trophoblast Differentiation .....................ccccccovivciriniuneenenn, 17
1.7.f The Role of Oxygen in Trophoblast DifferentiQtion ......................ccccooveceivenceenncecroencnneevenaene 19

1.8 GROWTH FACTOR MEDIATED TROPHOBLAST DIFFERENTIATION ....ccocociitieeirniairenererernenereeensnennnne 21
1.8.a Epidermal Growth Factor and Trophoblast Differentiation ..................cocccccoovvenveencionvanenanen. 21

EGF GNA the EGF RECEPIOT <....oovvvvvveeoeeeeeeeeeeoseeeeeeeveveresesseesesesesesesesesseseeeoesasesesems s sresesemessesssssesensesersren 21
Signaling Pathways Triggered by EGF it TFOPROBIASIS .....covvvvvvvoooevemessvsvveoeesosssessveosessessssssossssssesssesessassesoes 22

1.9 INVOLVEMENT OF PROINFLAMMATORY CYTOKINES IN TROPHOBLAST DIFFERENTIATION ......... 22
L9.@ INLEFIEURIN ...ttt et 22
L.9.D INLerletRin-1 ................ooocueiieieirieiiitieiietei it sttt et e tes sttt s b e e sae e s ae s 22
1.9.c Tumor Necrosis Factor-alpha ....................cococeeverceeirincecninioninciisiminicrinssisssssssrssnns 23

1.10 TROPHOBLAST TURNOVER AND APOPTOSIS .......occcttivererietirreenniesieseeresssresesesasseseeseeesseessseessssnesnne 24
1.10.a Cytotrophoblast Proliferation and Survival ....................c.cccoovirviviinvinininiiniiiinienneeine 24
1.10.b Signalling Pathways Involved in Trophoblast Differentiation.........................cccccovecrcvnnen. 25
L1.10.c Trophoblast Cell Death...................ccocoovieieiirieeneniiiienierceesce sttt saesreons 25

INCCFOSES .ot ettt ettt ee e e ek ettt et b s sb et b 25
ADORECTOSES .o 26
APOPIOSIS i1 TEOPROBIASLS ..eveeeeoeeeeee e esessses e sss s e ses s s s ses s ss s 26
Extrinsic Pathway of Apoptosis: Characteristics of the TNF death receptor family.........cccccooceinniniinni 27
The Intrinsic Pathway of Apoptosis: The Mitochondria and Its Role in Death Receptor-Induced
AADOPLOSIS +-veeveirirentiiienieetietr ettt sttt e st eb e s e e es e R e e an e h e e e R e h s bt e tsetaeer e entes 27
Apoptosis as a Mediator of Trophoblast DfferentiQtion ..................cccouveviviiniininiiinei e 28

1.11 ABNORMAL PLACENTATION.......ooiiiitiiiieiittereutetenieeesaereresesenerareresesareeresonsesesssimsessnoressssssnesssisssnens 30

1.11.a Intrauterine Growth ReStriClion ......................cccooveiiviivniinirniiiiniiecirss et 31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L11.D PPE@CIAMPSIQ ...ttt ettt stttk sa b 32

1.11.c Characteristic Features of Placentae from Preeclamptic/IUGR pregnancies ....................... 32
CHAPTER 2: RATIONALE AND HYPOTHESIS 39
2.1 HIYPOTHESIS ....cc.vvtiiieiireiereieiereieteireraienesteaesesesateesisnesssssesesasesssanessasesannesastossserssarasesenessresassens 39
22 RATIONALE......cooiiiiiiiiiic et er bbb bbb b 40
23 EXPERIMENTAL DESIGN ......ccooiiiiiiiiiiiiiiicitire ettt 41
CHAPTER 3: MATERIALS AND METHODS 43
31 PATIENT POPULATION ......oovimiiiiriiiisisisesini st ettt bbb n e 43
3.2 VILLOUS CYTOTROPHOBLAST ISOLATION .......cooccoiiiriiiiiiinerinininesesesteete st siete et sss et sreenssnseness 43
3.3 VILLOUS CYTOTROPHOBLAST CULTURE............cc0eevietvienetresecrenteetaeseassesseeamesenesssnssssessnesrasssnenses 44
Thawing of Cryopreserved Stocks and Basic CULLUTE .............ccovvveviniiiiiiiiniiinciiecrs s 44
Culture with Peptide INRIDITOTS .........c.cccveivmiiiieiiiecieineinieenreciniis sttt sress e 44
Culture with Neutralizing AREDOMIES ...........cccooimrircerieienieisiiititecs st 45
Culture with TNFa, EGF QNd 8-DYOMO-CAMP ...........oooeevviieeeeeieeeeeeeeteeeeeinteessetaeeessssassseisnaeessvenesenes 45
Culture at 5% and 296 OXYLEI ....uovvurveieeeeriarrierieessiestsiesiesteiesresereestareseesesesreseeseeneareseensssesesntaresesneens 47
3.4 PREPARATION OF CELL LYSATES FOR WESTERN BLOT ANALYSIS......ccoociiniiinniiiiiincnnens, 48
Plating of Cells For Western Blot ARGLYSIS ........c.cococvieviiicniincininisiinn e 48
Phosphorylation of p38 MAPK in CytotropRoBIASES ............ccccoevmiiieiiiiiciinici i 48
Phosphorylation of ERK1/2 in Cytotrophoblasts ... s 49
Phosphorylation of INK in CytotrophoDIASES ..............ccccoovviiviiinioininiiiiiic et 49
Syncytin and GCM-1 Expression in Mixed Cytotrophoblast/Syncytiotrophoblast Culture.................. 49
Caspase-8 Cleavage in CYtOtropROBIASLS...............ccovvvirviiviiciininiiiinire s 50
Caspase-3 Cleavage in CYtotrophoblasts................ccccvuvvvcviniiniiisiciinii s 51
Electrophoresis Qnd TrARSTET ..........ccccovciiviroieiiriiiciinieeeiteirece st e 51
Blocking and ARtDOAY INCUDAEION .........c....ocuveeeeiiiireeiiiniieiisiccieie sttt 52
3.5 DENSITOMETRY OF WESTERN BLOTS ........ccocotiiiiiiiiiiiiitiiii ettt eb bt ss v svseae s 52
3.6 IMMUNOFLUORESCENT STAINING-DESMOPLAKIN ........cccociuterierueerirenenrerinessressssessssssnsssessssessssns 53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.7 IMMUNOFLUORESCENT STAINING - PLACENTAL ALKALINE PHOSPHOTASE .......oooovuiiiicicienennnn. 54
3.8 IMMUNOFLUORESCENT STAINING=TUNEL ........ccocoottiiiirtit i cteie et er et stte st s e s sves e 54

3.9 IMMUNOFLUORESCENT STAINING =GCIM-=1 ...ttt et sesaessbae s saessanae e 54

.................................................................................................................................................................. 55
3.11 QUANTITATION OF SYNCYTIALIZATION........c0ccotrviereeeteereesrenseessesessesseissinsessesesssssessresnsessssonses 55
3.12 QUANTITATION OF APOPTOSIS.......cuviiitieiierieteieetie ettt esaieestesesttesteessnessstsesisaessssssssesastssssssssnessseses 56
CHAPTER 4: RESULTS 57
4.1 PATIENT POPULATION COMPRISING STUDY GROUPS. .........coiviiiriirieiieciecieenveceneeareereesseeersesseessens 57
4.2 TROPHOBLAST APOPTOSIS IS INCREASED IN [IUGR AFTER 5 DAYS UNDER STANDARD CULTURE
CONDITIONS. ...eovtetceuiemreerereesiestiesistasnassersessersssseastasnessessessessessesssnssessssenseserasssssensessantesssossessersessesssnsssssases 58
4.3 TROPHOBLAST DIFFERENTIATION AS ASSESSED BY SYNCYTIALIZATION, HCG AND HPL
PRODUCTION IS INCREASED IN IUGR BUT NOT INIUGR-PE. ........cocccci ittt 60
4.4 ELEVATED TROPHOBLAST APOPTOSIS AND DIFFERENTIATION IN IUGR IS BLOCKED BY
NEUTRALIZING ANTIBODY TO TINFA.....coooiiiiiiiiiiiie ittt e sreee s et eessane e sranecssnranscenenes 61

4.5 TNFA IS ABLE TO ACTIVATE THE PHOSPHORYLATION OF P38 MAPK, ERK1/2, JNK AND CASPASE
S CLEAVAGE. ... .ceiciiieiieietiee st eeiteesresetatesareeates e s aresenetessnesabasesmsassetesasesanesanboemsase sarasestatsastesabasensnesanteasnnsssn 62
4.6 ADDITION OF EXOGENOUS TNFA STIMULATES APOPTOSIS AND CELL LOSS IN NORMAL AND IUGR

TROPHOBLASTS. .....ttteiteiitieeioreitteeretesereeastteastessrssessserasssessstsssssessstsessressessssasssesonssesssesssssessoreeesseesasessnseses 63
4.7 ADDITION OF EXOGENOUS TNFA STIMULATES SYNCYTIALIZATION IN NORMAL TROPHOBLASTS IN
A DOSE DEPENDENT MANNER.........ccccvretterrerirersiernressaessesssesssessaessssssssseornsasstsnsessarssessessasessasssesssesaresaseennes 65

4.8 EXOGENOUS TNFA SUPPRESSES HCG PRODUCTION IN BOTH NORMAL AND IUGR TROPHOBLASTS.

4.9 INHIBITION OF P38A AND ERK1/2 MAPKS HAS DIFFERENTIAL EFFECTS ON NORMAL AND IUGR

TROPHOBLASTS. ....cocoiitiiiiiiieieiiieiereieiereierereretetereatteetietaetettaetetesseteetseetimsereietatsrsensrerereraarsestarerstatersraterararans 66

4.10 THE PAN-CASPASE INHIBITOR ZVAD DOES NOT INHIBIT ELEVATED DIFFERENTIATION SEEN IN

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.11 JNK INHIBITION HAS NO SIGNIFICANT EFFECT ON SYNCYTIALIZATION OR HCG IN NORMAL
TROPHOBLASTS. «....vcevvvveeveeseeeeeesseessesssesssesssesssesssesssesesesssaessessesessasesssesssesesessosesesssesensssasssasessssasssessmsees 69
4.12 EXOGENOUS TNFA HAS DIFFERENTIAL EFFECTS ON TROPHOBLAST DIFFERENTIATION MARKERS
WHICH ARE MEDIATED BY P38 MAPK AND ERKI/2. ....ccoooiiiiiiieirieercerete et ensaenre e 70
4.13 TROPHOBLAST DIFFERENTIATION MARKERS (SYNCYTIALIZATION AND HCG PRODUCTION) ARE
DIFFERENTIALLY REGULATED BY CHANGES IN OXYGEN TENSTON. ....c..ectevieriiarerienreinrenersiesmessnenerarenns 72
4.14 CAMP INDUCES DIFFERENTIATION IN BOTH IUGR AND NORMAL TROPHOBLASTS. .........ccceevnene. 73

4.15 CAMP INDUCES NUCLEAR TRANSLOCATION OF TRANSCRIPTION FACTOR GCM1 IN BOTH

NORMAL AND JUGR TROPHOBLASTS. .....cociiiiiiiiitrieiririsisinreirteesisesissresiseisastassesssssesemssstssssessesssssssrssssssesss 74
4.16 CAMP UPREGULATES GCM1 BUT NOT SYNCYTIN PROTEIN EXPRESSION. ......ccccverririreeernrneesnennes 74
CHAPTER 5: DISCUSSION 100
5.2 TROPHOBLAST APOPTOSIS AND CELL LOSS IS ACCELERATED INIUGR ........ccoocoiiiiiien e, 100
5.3 TROPHOBLAST DIFFERENTIATION IS ELEVATED IN IJUGR TROPHOBLAST CULTURES................ 101
5.4 TROPHOBLAST DIFFERENTIATION IN JUGR 1S MEDIATED BY TNFA ..o, 102
5.5 TNFA STIMULATES CASPASE CLEAVAGE AND MAPK PHOSPHORYLATION ........ccccereevnrenervenen. 102

5.6 ELEVATED DIFFERENTIATION IN IUGR TROPHOBLAST CULTURES REQUIRES ACTIVITY OF

ERKI/2ZAND P38 IMAPKA ..ottt ettt bs s s bbbt 103
5.7 EXOGENOUS TNFA HAS DIFFERENTIAL EFFECTS ON TROPHOBLAST DIFFERENTIATION ........... 104
5.8 THE ROLE OF TNFA IN TROPHOBLAST TURNOVER..........cccciniiiiiinieitirierets e 105
5.9 DIFFERENTIAL EFFECTS OF EXOGENOUS AND ENDOGENOUS TNFA ..o, 106
5.10 INTERLEUKIN-1B IS NOT INVOLVED IN TROPHOBLAST DIFFERENTIATION IN VITRO ................ 107

5.11 THE CASPASE CASCADE IS NOT INVOLVED IN TROPHOBLAST DIFFERENTIATION IN VITRO ..... 108
5.12 IUGR TROPHOBLAST CULTURES ARE RESPONSIVE TO CAMP INDUCED DIFFERENTIATION.... 109
5.13 THE ROLE OF OXYGEN IN TROPHOBLAST DIFFERENTIATION. ... ..0uuiiieiiierieieeaeieresesaresesesasssssans 110

5.14 MORPHOLOGIC AND FUNCTIONAL TROPHOBLAST DIFFERENTIATION ARE SEPARATE PROCESSES

................................................................................................................................................................ 111
5.15TUGR AND TNFA: CAUSE OR RESULT? .....uvvviiiiiiiiintrieteeceerireereeesesinreertasseeessssrasesssessssssssressseeesns 111
5.16 DOES MODE OF DELIVERY AND SMOKING AFFECT VILLOUS TROPHOBLAST CULTURES?............ 112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 115

6.1 CONCLUSIONS ..ottt sttt st s s e e et ereseemesenns 115
6.2 FUTURE DIRECTIONS ...ttt sttt st s e s st s s e re s 117
CHAPTER 7: REFERENCES 119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

Table 3.1. Culture treatments and concentrations

.............................................. 47
Table 3.2. Antibody suppliers and dilutions..............ooiciiiiiiiiiiiiiiiiie 53
Table 4.1. Patient characteristics of normal, [UGR and IUGR-PE study groups.......... 59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Figure 1.1: Diagram of the utero-placental interface............ccccoeceeviminciininninncninnnennne. 34
Figure 1.2: Characteristic features of differentiated syncytiotrophoblast........c...cccceeveenee. 35

Figure 1.3: Signaling pathways activated by epidermal growth factor (EGF) in

ETOPRODIASES. ...eeiiieeeeeee ettt et et et e e ne e e et e sate e b resnaeas 36
Figure 1.4: Major signaling pathways involved in trophoblast differentiation................. 37
Figure 1.5: Apoptosis cascade: extrinsic and intrinsic pathways of apoptosis. ................ 38
Figure 3.1: Site of action of peptide inhibitors.............ooeviiiiiiiiiiiiii i 46

Figure 4.1. The effect of [IUGR on trophoblast apoptosis after 5 days under standard
CUIEUTE CONAILIONS . ..eivveinieiiiiieteeite ettt ettt ettt ettt ettt e et esaneseeesbeebeesbsenneansens 76
Figure 4.2. The effect of pregnancy complications on three differentiation markers
(syncytialization, hCG and hPL) in normal, IUGR and IUGR-PE trophoblasts. . .......... 77
Figure 4.3. The effect of neutralizing antibody to TNFa on trophoblast apoptosis in
normal and IUGR CUIUIES. ..c...cciiiiiiiiiiiiiicce e e 78
Figure 4.4. The effect of neutralizing antibodies to TNFa and IL1f on syncytialization,
hCG production and number of nuclei remaining in normal and IUGR. ....................... 79

Figure 4.5. The effect of TNFa, EGF and p38 MAPK inhibitor SB203580 on p38

MAPK phosphorylation in normal trophoblast cultures (n=3). . .....ccccoeviieniincenniennen. 80
Figure 4.6. The effect of TNFa, EGF and ERK1/2 inhibitor PD098590 on ERK1/2

phosphorylation in normal trophoblast cultures (n=3). .....c.ccoevviviiniiniinicnniciinn. 81
Figure 4.7. The effect of EGF and TNFa on JNK1 and JNK?2 phosphorylation. ........... 82

Figure 4.8. The effect of TNFa, ZVAD and cycloheximide on caspase 8 (a, b, and c) and
caspase 3 cleavage in normal trophoblast cultures. .......c..ccccooviriiiniinnninniniecs 83
Figure 4.9. The effect of exogenous TNFa dose on trophoblast apoptosis in normal and
TUGR cultures after 5 days 0f EXPOSULE. ....cccvercririenieriiiiiinienicncie e e 84
Figure 4.10. The effect of TNFa dose on normal and IUGR trophoblast survival over a 5
day PEIIOM. .eoviiiiiiiiiiieci e e e 85
Figure 4.11. The effect of TNFa dose on syncytialization in normal and IUGR
TTOPRODIASES. oot ee 86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.12. The effect of TNFa on hCG production in normal and IUGR trophoblasts.

........................................................................................................................................... 87
Figure 4.13. The effects of p38 MAPK and ERK1/2 inhibition on normal and IUGR
trophoblast syncytialization and hCG producCtion. .......cc.ccoceeeeverceerieenensenieeneesenseeneens 88
Figure 4.14. The effects of p38 MAPK and ERK1/2 inhibition on normal and I[UGR
trophoblast survival over 5 days in culture. ...........ccccevieiieiiniiinieninieene 89
Figure 4.15. The effect of pan-caspase inhibitor ZVAD-fmk on trophoblast
differentiation and survival in normal and ITUGR. ...........ccoceviiiiiiinininincnenecns 90

Figure 4.16. The effect of inhibition of JNK MAPK with JNK II Inhibitor on trophoblast
differentiation (syncytialization and hCG production) and survival (nuclei remaining) in
normal (n=4) trophoblast CUILUIES. ........cccvreiriiiiriiri e 91
Figure 4.17. The effect of 1 ng/ml of TNFa on syncytialization (upper panel) and hCG
production (lower panel) with and without inhibition of ERK1/2, p38 MAPK and caspase
ACTIVITY .ttt ettt ettt s et b e st e e b e e b e e ne e s s eae e st e s r e e rbe s n e ae e e sneesteennaeean 92

Figure 4.18. The effect of oxygen on desmoplakin defined syncytialization in normal and

TUGR trophoblast cultures after S days. ......cccovveivericinieninneeceeeecereecee e 93
Figure 4.19. The effect of oxygen on trophoblast differentiation (syncytialization and
hCG production) and survival in normal and TUGR after 5 days. .......ccccoeviniivinnenns 94
Figure 4.20. The effect of 8-bromo-cAMP on hCG production and syncytialization in
normal and TUGR trophoblasts. ......cc..ccccieriiiieiiiiniieciiei s 95
Figure 4.21. GCM-1 immunofluorescent staining in normal trophoblast 4 day culture.
........................................................................................................................................... 96
Figure 4.22. GCM-1 immunofluorescent staining after 4 days in normal trophoblast
cultures induced with 8-bromo-CAMP (107 M). ..veueeieeeeeeeeeeerereeeeeeeeees s eesseesesesnens 97
Figure 4.23. GCM-1 protein expression before and after 8-bromo-cAMP treatment on
Day 3 of culture under standard conditions. . ........cccoceeriiiniieeniieiinnc e 98
Figure 4.24. The effect of cAMP on syncytin protein expression in normal and [IUGR
trophoblast CULTUIES.  ....eieiiiie e e 99

Figure 5.1. Signaling pathways activated by TNFa to stimulate trophoblast
dIfferentiation. ....ouit i 114
Figure 6.1. Overall schematic of TNFa effects in both normal and IUGR villous

PLACENIAC. ..ovviniiiiiiiiiiieit ettt 116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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AIF Apoptosis-inducing factor

ANOVA Analysis of variance

APAF Apoptotic protease activating factor 1
AP-1 Activator protein-1

aPL Antiphospholipid

ATP Adenosine triphosphate

Bad Bcl-2/Bcl-XL associated death promoter
Bax Bcl-2 associated protein

BCL B-cell lymphoma/leukemia

BH3 BCL-2 homology domain 3

Bid BH-3 interacting DD protein

Bim Bcl-2-interacting mediator of cell death
CAMs Cell adhesion molecules

cAMP Cyclic adenosine monophosphate

CBP cAMP responsive element modulator binding protein
c-fos c-feline osteosarcoma

cGMP Cyclic guanine monophosphate

CHX Cycloheximide

c-myc c-myelcytomatosis oncogene

CT Cytotrophoblast

CREB cAMP responsive element binding protein
Cx Connexin

DAPI 4,6-diamidino-2-phenylindole

DD Death domain

DED Death effector domain

DIABLO Direct IAP binding protein

DISC Death-inducing signal complex

DMSO Dimethyl Sulfoxide

EGF Epidermal growth factor
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EGFR
ERK
ERV
EVT
FADD
FBS
FITC
FLIP

GCM-1
hCG
HCMV
HERV-W
HDAC
HIF

hPL
HUVEC
IAP

IFN

Ig

I-«B

IKK

IL

IL-IR
IL-1RACP
IMDM
IRAK
IRF
IUGR
JNK

Epidermal growth factor receptor
Extracellular regulated kinase
Endogenous retrovirus

Extravillous trophoblast
Fas-associated death domain-containing protein
Fetal bovine serum
Fluorescein-5-isothiocyanate
Fas-associated death domain-like interleukin-1B-converting
enzyme-inhibitory protein

Glial cell missing-1

Human chorionic gonadotropin
Human cytomegalovirus

Human endogenous retrovirus-W
Histone deacetylase

Hypoxia inducible factor

Human leukocyte antigens

Human placental lactogen

Human umbilical vein endothelial cells
Inhibitors of apoptosis

Interferon

Immunoglobulin

Inhibitor of NF-xB

I-xB kinase

Interleukin

Interleukin-1 receptor

IL-1R accessory protein

Iscove’s Modified Dulbecco’s medium
IL-1R-associated kinase

Interferon regulatory factor
Intrauterine growth restriction

c-Jun NH,-terminal kinase
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LFA-1
LH
LIF
LPS
MAC-1
MAPK
M-CSF
Mcl
MEM
MHC
MMP
Mtd
MyD88
NF-xB
p38
p53
PBS
PE
PIH
PI3K
PKA
PLAP
PS

RIP
SCC
SD
SEM
SGA
Smac
ST
TGF

Leukocyte function-associated molecule-1
Leutinizing hormone

Leukemia inhibitory factor
Lipopolysacharide

C3 complement receptor

Mitogen associated protein kinase
Macrophage colony stimulating factor
Myeloid cell leukemia differentiation protein
Minimum Eagle’s medium

Major histocompatibility complex

Matrix metalloproteinases

Matador

Mpyeloid differentiation factor 88

Nuclear factor xB

p38-mitogen associated kinase

p53 tumor-suppressor protein

Phosphate buffered saline

Preeclampsia

Pregnancy induced hypertension
Phosphatidyl-inositol-3-kinase

Protein kinase A

Placental alkaline phosphatase
Phosphatidylserine

Receptor-interacting protein

Standard saline citrate

Standard deviation

Standard error of the mean

Small for gestational age

Second mitochondria-derived activator of caspase
Syncytiotrophoblast

Transforming growth factor
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TNFo Tumor necrosis factor alpha

TRAILR TNEF-related apoptosis inducing ligand receptor
TRADD TNF-R associated death domain
VEGF Vascular endothelial growth factor

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1: INTRODUCTION

1.0 Prologue

A normal pregnancy requires an adequate supply of nutrients from the mother to
the developing fetus as well as the removal of waste products. The placenta provides this
function; it delivers both oxygen and nutrients and removes wastes and serves as the
connection between maternal and fetal blood. When nutrient supply is diminished, fetal
growth is compromised. This can be due to a number of factors such as decreased blood
flow to the placenta but is often due to inadequate placental development which results in
insufficient blood supply later in gestation when the placenta can no longer meet the

demands of the developing fetus.

Inadequate placental development has been implicated in a number of pregnancy
complications such as intrauterine growth restriction (IUGR) and preeclampsia (PE). In
addition to inadequate placental development, there is also an environment of
inflammation found in these pregnancy complications. This is shown by increased rates
of apoptosis in the placenta as well as increased levels of the proinflammatory cytokine
tumor necrosis factor alpha (TNFa). Although much is known about apoptosis in the
[UGR placenta, specifically in the trophoblast, little is known about trophoblast
differentiation in IUGR and if this process is altered by TNFa. In the following
introduction, I will discuss normal placental development throughout gestation.
Subsequently, key cytokines, growth factors and signaling molecules which play a role in
trophoblast differentiation (i.e. the process of cytotrophoblast fusion to form the
syncytiotrophoblast) will be discussed. Lastly, the evidence for alterations from normal
placental development and a potential role for TNFa in the pathophysiology of IUGR

will be described.

1.1 Early Human Placental Development

The majority of human placental structural determinations have been made using

aborted tissue from different gestational ages as well as term placenta. Microstructures
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were determined using either scanning or transmission electron microscopy of fixed
tissue. More recently, immunohistochemical staining of fixed tissue has been done to
determine cell type, cell cycle information and cell distribution. Placentae have also been
perfused with plastic to allow for determination of villous branching structures and of
fetal circulation within the placenta.

Approximately 6-7 days after fertilization, the blastocyst implants in the uterine wall.
At this stage, the blastocyst is a flattened vesicle of cells: the cells in the outer layer
termed trophoblasts which will develop into the placenta and the fetal membranes and the
larger cells on the interior form the embryoblast from which the embryo, umbilical cord
and amnion form (13). During blastocyst attachment and after invasion of the underlying
endometrial endothelium, the trophoblastic cells at the embryonic pole undergo increased
proliferation and result in a double layer trophoblast-the outer of the two being in direct
contact with maternal tissue. This layer is called the syncytiotrophoblast (ST) which is
formed by fusion of neighbouring cells and the inner layer is termed the cytotrophoblast
(CT), which remains unfused and serves as a proliferative source of stem cells for the
overlying ST, allowing growth of the trophoblast by continuous proliferation and fusion
(13).

Initial studies using electron micrographs of tissue from first trimester
spontaneous abortions show that cytotrophoblast proliferation occurs to a much greater
extent at the implantation or embryonic pole. As such, this area develops further from the
lacunar stage to go on to form the placenta and the remaining trophoblast on the opposing
side of the embryo forms the smooth chorion (13). Lacunar formation subdivides the
trophoblastic covering of the blastocyst into three distinct layers: 1) the primary
chorionic plate, which faces the blastocystic cavity, 2) the lacunar system along with the
trabeculae (pillars of ST) and 3) the trophoblastic shell, which faces the endometrium.

The primary chorionic plate is a mostly continuous layer of CT, immediately
below which is the lacunar system. The lacunae are vacuoles which are separated from
each other by columns of ST (trabeculae). The trabeculae are then invaded by CT from
the chorionic plate which subsequently spread over the entire length of the trabeculae,
followed by the peripheral ends fusing and forming the trophoblastic shell (the outermost

layer of the trophoblast) (13). The invasion into the maternal endometrium, previously
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due to the lytic action of syncytial trophoblast, is now due to the proliferative action of
the cytotrophoblast, expanding the implantation area (105). This invasive action
subsequently triggers the maternal endometrial stromal cells to proliferate and enlarge,
forming decidual cells (13). Invasion of maternal endometrium by the trophoblast also
erodes the blood vessel walls, leading to leakage of maternal blood and the subsequent
maternal perfusion of the lacunar system. Initially, this blood is supplied slowly, only
due to capillary pressure, but as further invasion of the trophoblast into the maternal
spiral arteries occurs, the blood pressure within the lacunae rises and establishes maternal
perfusion of the placenta (13). In humans, efficient maternal blood flow occurs only after

the 12" week of gestation (13).

1.2 The Early Villous Placenta

After the presence of maternal erythrocytes within the lacunae, CT proliferation and
syncytial fusion in the trabeculae occurs, increasing in length as well as the formation of
side branches, which protrude into the lacunae. Once these side branches increase in
length and diameter, they are invaded by CT and are termed primary villi (20).

Branching of the primary villi increases the surface area for exchange and forms
primitive villous trees. The stems which retain contact with the trophoblastic shell are

- termed anchoring villi. As the branching of the villous trees increases, the lacunar system
is transformed into the intervillous space, the main site for nutrient and waste exchange
between the mother and the fetus (34).

Recent advances in in vitro fertilization as well as ultrasound imaging have
expanded knowledge with respect to the structure of the human embryo. Prior to this, the
majority of structural determinations of the human placenta were extrapolated from
animal models. Between day 18 and 20 post-conception, fetal capillaries begin to form
from the mesenchyme. Once capillary development is initiated within the villous stroma,
the villi are ranked as tertiary villi. At the same time the allantois, containing fetal
vascular structures, merges with the chorionic plate. By the 5™ week of gestation, a
complete fetoplacental circulation is established (13). The surface area for exchange
expands as syncytial sprouts form as a result of local CT proliferation accompanied by

syncytial fusion, some being invaded by mesenchymal tissue and developing further with
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subsequent branching (13). The placental barrier separates maternal and fetal blood and
consists of: 1) a continuous layer of ST covering the villous surface and lining the
intervillous space; 2) a layer that is complete (1* trimester) but later becomes
discontinuous (2™ and 3™ trimester) of CT; 3) a trophoblastic basal lamina; 4) connective
tissue; and 5) fetal endothelium. As the pregnancy progresses, regional thinning of this

barrier occurs which allows for greater transport between the mother and the fetus (13).

1.3 Trophoblast Cell Lineages

There are three distinct trophoblast cell lineages, the luminal trophoblast, the extravillous
trophoblast and the villous trophoblast, all of which serve different functions in the
developing placenta. The latter two lineages will be discussed in more detail in the

following section. Figure 1.1 shows their orientation.

1.3.a Extravillous Trophoblasts

Extravillous trophoblasts (EVT) are populations of trophoblast cells residing
outside the placental villi. EVT display two phenotypes: the proliferative and the
invasive phenotype. Proliferative EVT are found exclusively in the basal lamina and
represent immature EVT stem cells. These cells are characterized by the expression of
proliferation marker Ki-67 (26), epidermal growth factor receptor (EGFR) c-erbB-1 (102)
and epithelial integrin a6p4 (50). The invasive phenotype EVTs are found deeper in the
maternofetal interface and have irreversibly left the cell cycle (Figure 1.1). They serve
the function of transforming the maternal spiral arteries into a low resistance blood
supply to the placenta and continue to invade the maternal tissues continuously
throughout the first trimester of pregnancy (34). These differentiated trophoblast express
c-erbB-2 (102), interstitial integrin a5p1(50), and exhibit upregulated matrix
metalloproteinases (MMP)-2 and 11 (172). Proliferating EVT are present during the first
and second trimesters of pregnancy; however, by term EVT display considerably reduced
proliferative activities (13). EVTs are thought to secrete angiogenic and vasodilator
signals which act to promote local blood flow to the uterus and to mediate the increase in

maternal cardiac output and blood volume coupled with the decrease in blood pressure
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due to systemic vasodilatation, failure of this signal resulting early-onset intrauterine
growth restriction [TUGR] and/or preeclampsia (34). Pregnancies complicated by [IUGR
and/or preeclampsia are often characterized by shallow EVT invasion of maternal tissue

and inadequate transformation of maternal spiral arteries (105).

1.3.b Villous Cytotrophoblasts

Incorporation of H-thymidine into villous CT but not ST and ultrastructural
studies indicate CT are precursor stem cells responsible for maintaining the non-
proliferating ST by fusing and releasing new cell material (21, 175). During early
pregnancy this layer is nearly complete; however, by term this layer becomes
discontinuous and can be found beneath only 20% of the ST (13). As pregnancy
progresses, the amount of CT present does not decrease but rather as the surface area of
the placenta increases the CT layer becomes separated (189). This change is important
since, unlike ST and endothelial cells, CT do not express Fc-y receptors (22).
Consequently, transport of immunoglobulins is only possible later in pregnancy when the
CT layer becomes fragmented.

As CT differentiate, they exhibit higher levels of free ribosomes, rough
endoplasmic reticulum and mitochondria (27, 55, 77, 103). Once the CT reaches an
electron density similar to the overlaying ST, initial signs of fusion can be observed (21).
Many hormones, growth factors and cytokines have been shown in vitro to regulate ST

formation and will be discussed in more detail in the following pages.

1.3.c Villous Syncytiotrophoblast

The ST is a single multinucleated cell layer that lines the villous placenta and thus
separates maternal blood from fetal tissue (Figure 1.1). During earlier stages of
pregnancy, the ST is a mostly homogeneous layer with evenly distributed cellular
organelles and nuclei indicating no functional differentiation inside this layer, although
recently fused regions are still distinguishable from the rest of the ST by the high density
of organelles, high enzyme activity, and the unusual large nucleus size (13). However, as
the placenta grows and the underlying CT layer becomes asymmetric, the ST begins to

undergo structural changes resulting in the formation of highly variable regions with
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specialized function yet still remaining a continuous cell layer without border (27, 55, 77,
103). From the 15th week on, regions with differing thickness, composition of organelles

and distribution of nuclei can be observed (13).

1.4 Characteristic Features of the Term Placenta

Term placentae are characterized by the presence of large numbers of highly
branched villous trees, which provide increased surface area for exchange between the
maternal and fetal compartments. As discussed earlier, as pregnancy progresses, there is
a thinning of the barrier between maternal and fetal blood, mediated by local loss of
underlying CT and a thinning of the overlying ST barrier, providing the optimal situation
for gas-exchange (13). The villous trees are lined with fetal capillaries, and as the
pregnancy progresses, the capillaries bulge laterally to form multiple gas-exchanging
terminal villi that are covered by a very thin layer of ST, termed the ‘vasculosyncytial
membrane’ (34). Fetoplacental angiogenesis (or the formation of new blood vessels and
capillaries) is important for successful placental development. As the pregnancy
progresses, there is a shift from branching angiogenesis and maturation of vessels into
muscularized arterioles and venuoles, towards non-branching angiogenesis and prolapse
of peripheral capillaries through the walls of mature intermediate villi to form terminal

villi (34). Fetoplacental angiogenesis will be discussed further in Appendix I.

L5 In Vitro Models of Placental Development and Trophoblast Differentiation

There are several in vitro models currently used to elucidate the mechanisms mediating
trophoblast differentiation and turnover. Each model has its benefits and pitfalls and care
must be taken when extrapolating conclusions made in these models to the in vivo

placenta.

1.5.a Trophoblast-derived cell lines
The earliest models of trophoblast differentiation used choriocarcinoma
derived cell lines such as BeWo, JAR and Jeg-3 cell lines which have been used for close

to three decades (13). Advantages of cell lines include ease of culture handling,
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immortality and replication in culture. A caveat of choriocarcinoma cell lines is their
limitations in signal transduction pathway determination as these cell lines have been
created from cancer cells, which always exhibit abnormal signaling especially with

regard to apoptosis and survival signaling.

1.5.b Isolated Primary Trophoblast Cultures

As a result of limited meaningful intracellular signaling information
available from choriocarcinoma cell lines, several methods have been developed to
isolate primary villous CT from normal placentae after the first, second and third
trimester of pregnancy. Several methods for isolating CT have been published (41), (69,
75, 118, 158, 212). The most popular method developed by Kliman et al involves
trypsinization followed by a Percoll density gradient resulting in a population of ~90%
villous CT. Percoll however has its disadvantages and may decrease the viability of these
cells and this particular method does not produce a large number of cytotrophoblasts. In
culture, CT isolated by the Kliman method rapidly differentiate into ST when exposed to
fetal bovine serum [FBS] and have much reduced viability by 4 days in culture. In
contrast, the Guilbert ef al method for isolating CT involves trypsin digestion followed by
immuno-elimination of non-CT cells using antibody coated glass beads. There are
several advantages to this method such as a high yield, leaving cells to be cryo-perserved
for repeating experiments, high purity (>99% pure), and extended life in culture over the
Kliman method with survival up to 10 to 14 days in medium supplemented with FBS and
EGF. These cells also differentiate more slowly than those isolated by the Kliman
method, and thus more closely resemble the in vivo situation.

Disadvantages to results obtained from primary villous CT cultures are: 1) studies
are mainly conducted at atmospheric oxygen tension (20%) [under standard culture
conditions], which is not representative of the environment within the placenta (which
ranges from 5% to 9%) (13); 2) CT do not proliferate in culture, implying that they have
exited from the cell cycle and have begun the differentiation process which may be due to
isolation or culture procedures; 3) CT are not alone in the placenta and are juxtaposed

against the fetal capillary and basement membrane matrix and are thus in contact with a
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milieu of cell types (endothelial, fibroblasts, macrophages, etc) all of which may secrete
factors that either stimulate or inhibit trophoblast differentiation.

An additional factor to consider is the separation between morphological (i.e.
fusion of CT to form a multinucleated syncytium) and functional (i.e. secretion of B-hCG
and hPL) which can be studied in isolated primary villous CT cultures that are much

more difficult to distinguish in the third model of villous CT, the placental explant.

1.5.c¢ Placental explants

Placental explant culture involves cutting a small (~2 mg) piece of a
villous tree and culturing it suspended on a mesh between the air-media interface. There
are several methods and names (such as cultivated trophoblast, placental explant, and
placental organ culture) for culturing pieces of placenta (46, 86, 143, 145, 187), but
generally the explants can be cultured in atmospheric oxygen and produce B-hCG and
hPL after an initial decline following shedding of ST layer damaged during dissection.
Several groups have cultured explants at lower oxygen concentrations (46, 163, 164) but
care must be taken because culturing explants at 5% oxygen (low normoxic for the
placenta) results in an hypoxic interior. Explants offer the advantage of a more accurate
approximation of the in vivo situation as all of the pertinent cells types are in contact with
the CT in the physiological orientation. However, explant data is often hard to interpret
as hormone production must be normalized to cell number, a feat nearly impossible with
a large sample of tissue. Also, the presence of multiple cell types present in unknown
proportion makes the data obtained from intracellular signaling pathways hard to interpret
- lower expression of a specific marker may reflect a lower number of CT and not an

actual reduction in overall CT expression of that marker.
1.6 Trophoblast Differentiation

Trophoblast differentiation is the process whereby underlying proliferative CT
fuse with the overlying differentiated non-growing ST. The ST layer is maintained by

CT fusion. Trophoblast differentiation involves two processes: morphological

differentiation (fusion and formation of the microvillus border) and functional or
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biochemical differentiation (hormone production). Although these processes are initially
discussed separately, the factors and signalling molecule intermediates discussed below
can stimulate both processes or act in an exclusive manner and stimulate either functional
or morphological differentiation. Figure 1.2 summarizes the major characteristics of

differentiated trophoblast.

1.6.a Structural Features of the Syncytiotrophoblast

1.6.a.i Microvilli of the Syncytium

The ST is a giant multinucleated syncytium, lining the entire intervillous space.
The apical membrane of the ST, which faces maternal blood, is covered by microvilli,
which greatly increases the surface area available for maternal-fetal exchange (13).
Along the surface of these microvilli, various enzymes are expressed, such as placental
alkaline phosphatase (PLAP) (98), galactosyltransferase, a-amylase, protein kinases, Ca-
ATPase, cyclic 3,5-nucleotide phosphodiesterase, and nicotinamide adenine dinucleotide
phosphate diaphorase (13). This microvillous surface has been widely studied with
respect to expression of immunomodulatory proteins/ligands (170), growth factor

receptors: EGF receptor (146), and hormone receptors: LH/CG receptor (67).

1.6.a.ii Involvement of Cell Adhesion Molecules E-cadherin, Cadherin-11 and

Beta-catenin in villous trophoblast differentiation

The action of morphological differentiation may be regulated in part by members
of the cadherin gene superfamily of calcium-dependent cell adhesion molecules (CAMs)
including E-cadherin (127). CAMs are a diverse family of extracellular and cell surface
glycoproteins which are involved in cell-cell and cell-extracellular matrix adhesion,
recognition, activation, and migration. E-cadherin and B-catenin are members of a family
of Ca2+-dependent cell-cell adhesion molecules expressed in cells of epithelial origin
and are involved in cell—cell associations (135). Expression of these two molecules can
be turned on or off during development, which may mediate cellular morphogenesis
which makes them candidates for a role in the differentiation and remodeling of the
placenta (135). The cadherins are a gene superfamily and are divided into at least two

distinct subfamilies: type 1 and type 2 classical cadherins. The type 1 cadherins includes
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E-cadherin and type 2 included human cadherin-11 (73). As villous cytotrophoblasts
undergo morphologic differentiation to form ST, there is a decrease in expression of E-
cadherin and an increase in cadherin-11 expression which is accompanied by a decrease
in B-catenin expression (73). Transfection with a cadherin-11 expression vector caused
an upregulation of both morphologic and functional (8-hCG) differentiation in primary
trophoblast cultures. When primary villous CT are incubated with antisense
oligonucleotides specific for caderin-11, the cells were capable of forming cellular
aggregates but did not undergo terminal differentiation and fusion to form syncytium
with time in culture, indicating that E-cadherin mediates the aggregation of mononucleate
trophoblastic cells, whereas cadherin-11 expression is required for the formation of
multinucleated syncytium in primary cell cultures (73). A recent paper has shown an
increase in both E-cadherin and beta-catenin in placenta from pre-eclamptic pregnancies,
implying that there is increased numbers of undifferentiated CT present in these placentae
and that aberrant expression of CAMs may play a role in this disease (135). Others have
also shown that E-cadherin expression is increased in pre-eclamptic placental sections,
indicating either exaggerated cytotrophoblast proliferation or impaired CT differentiation

(25).

1.6.a.iii Involvement of Connexin 43 and Gap Junction Communication in

Villous Cytotrophoblast Differentiation

Gap junctions are clusters of transmembrane channels composed of hexamers of
connexins (Cx) providing a pathway for the diffusion of ions and small molecules such as
cAMP, cGMP, inositol triphosphate, and Ca** (47). The exchange of molecules through
gap junctions is thought to be involved in the control of cell proliferation, in the control
of cell and tissue differentiation, in metabolic cooperation and in spatial
compartmentalization during embryonic development. It has been shown that blocking
gap junction communication with the gap junction uncoupler, heptanol, decreased both
the morphological and functional differentiation of primary villous trophoblast cultures
(47). Connexins represent a family of closely related membrane proteins, which are
encoded by a multigene family that contains at least 20 members in humans (65). Human

villous trophoblasts express connexin-43 and is localized to areas between
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cytotrophoblastic cells and between cytotrophoblastic cells and the syncytiotrophoblast
(65). As connexins make up the gap junction pore and gap junctions were shown to be
required for trophoblast differentiation, the authors blocked connexin-43 expression with
antisense RNA and found that fusion, hCG production and HERV-W expression were all
inhibited (65). This demonstrates that gap junctions, specifically those made of
connexin-43, are required for the intracellular signaling necessary for villous trophoblast

differentiation.

L.6.a.iv Phosphatidylserine Externalization and Its Role in Syncytial Fusion

Phospholipids are usually maintained in an asymmetric pattern within the plasma
membrane of all mammalian cells and are classified into two groups:
cholinephospholipids (sphingomyelin and phosphatidylcholine) and aminophospholipids
(phosphatidylserine [PS] and phosphatidylethanoalamine) (14). The
cholinephospholipids are located in the outer membrane leaflet while the
aminophospholipids are located in the inner leaflet (53). The asymmetric distribution of
amionphospholipids is maintained by the activity of an Mg/ATP-dependent
aminophospholipid translocase which moves externalized aminophospholipids back to
the inner leaflet. The translocase is head-group specific and is inhibited by high
concentrations of calcium (Ca") or vanadate (an inhibitor of Mg2+/ATPase enzymes)
(53).

Phospholipid asymmetry is disrupted when PS is externalized on the surface of
the cell during apoptosis as well as during intracellular fusion processed such as when
myoblasts form myotubules, when sperm and oocyte membranes fuse during fertilization
and during villous CT fusion to form ST (53). Several studies have focused on the
externalization of PS as a key process in CT fusion to form the ST layer (4, 53, 112). In
BeWo cells (a choriocarcinoma cell line used as a model of villous cytotrophoblast),
treatment with forskolin (an inducer of adenylate cyclase which upregulates production of
intracellular cAMP) stimulated PS externalization, which was blocked by inhibition with
vanadate (53). When apoptosis was induced with staurospaurine, PS externalized to the
same extent and was blocked by ZVAD-fmk (a pan-caspase inhibitor) (53). ZVAD-fmk

however, did not inhibit PS externalization in forskolin treated cells and did not inhibit
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fusion (53), suggesting that PS externalization in trophoblast differentiation is
independent of caspase activity and is a necessary process in trophoblast differentiation.
Enzymes controlling the location of PS include scramblases and floppases.
Scramblases are Ca®* dependent and rapidly transport lipids bidirectionally, without
head-group specificity and are able to move a large amount of PS to the outer surface (14,
53). Scramblase activity does not require energy and is resistant to vanadate, but is
caspase-dependent and inhibited by ZVAD-fmk (53). Floppase activity is attributable to
an Mg**-dependent ATP binding protein in the family of ATP-binding cassette
membrane transporters. Floppase activity is directed outwards and is relatively head-
group specific for aminophospholipids, inhibited by increasing intracellular Ca®*
concentrations , and is sensitive to inhibition by vanadate (14). Das et al show that PS
externalization is required for trophoblast fusion and is dependent on a floppase-like
enzyme of ABC-transporter family as this process is inhibited by vanadate. PS
externalization during apoptosis induced by staurosporine is due to the action of a

caspase-dependent scramblase-like mechanism which is inhibited by ZVAD-fmk (53).

1.6.b Functional Features of the Syncytiotrophoblast

1.6.b.i Hormone Production by the Syncytiotrophoblast

The syncytiotrophoblast is the source of two pregnancy related hormones: human
chorionicgonadotropin (hCG) and human placental lactogen (hPL). These two hormones
are markers of differentiated syncytiotrophoblast as they are not produced by the villous
cytotrophoblast (13), however differentiated extravillous trophoblast is also capable of
hPL production (74). As cytotrophoblast fusion progresses, the genes responsible for
hormone production are activated. Directly before cytotrophoblast fusion, a-hCG is
secreted, directly after fusion, B-hCG is secreted in a transitory form between
cytotrophoblast and syncytiotrophoblast and finally, hPL is secreted by the syncytial state
of the trophoblast (13). Initially, these events were tied to syncytial fusion itself, but in
vitro evidence suggests that this process is a part of trophoblast differentiation and may
be independent of fusion (110). Human CG is composed of a specific $-subunit and an
a-subunit common to follicle stimulating hormone [FSH], luteinizing hormone [LH], and

thyroid stimulating hormone [TSH] (124).

-12 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Regulation of hormone production by the ST remains largely unstudied.
However, there is some recent work that shows the complex regulation of two hormones
human chorionic gonadotropin beta [-hCG] and human placental lactogen [hPL]. The
hCGf gene cluster consists of 6 copies, with high sequence similarity to the LH gene.
Expression of hCGS is mainly controlled at the mRNA level with the promoter region
being very complex and known to interact with broadly expressed transcription factors
from the selective promoter factor (Sp) and activating protein 2 (AP-2)
families (124). Stimulation of hCG production by treatment with forskolin resulted in
increased binding of the transcription factor AP-2 to the hCGp promoter (124). Although
little further knowledge regarding regulation of ACGf expression is available, this
important molecule in trophoblast differentiation must be studied further to understand its
role in placental development.

Although B-hCG release is a marker of differentiated ST, it is still unclear if hCG
itself modulates trophoblast differentiation. Cytotrophoblasts in vitro fail to differentiate
both functionally and morphologically when antibody to hCG is added (57), indicating a
role for hCG in the differentiation process itself. Conversely, others have shown that
hCG is required for morphological differentiation only when stimulated by EGF, LIF or
TGF-a, but cAMP induced syncytialization is not inhibited by neutralizing antibody to
hCG (209).

1.6.b.ii Regulation of human chorionic gonadotropin and human placental

lactogen expression

The acute control of hPL and hCG secretion from the ST layer into the maternal
blood stream remains poorly understood despite years of study (127). In vivo, there is no
known ligand which modulates the release of hPL and/or hCG from the placenta,
although in vitro, influx of Ca** into the ST results in an immediate and sustained
increase in both hPL and hCG release (12, 169).

it.a) Regulation of Human Chorionic Gonadotropin

Recent evidence suggests that human chorionic gonadotropin (hCG), in

addition to its well-known endocrine effects on the corpus luteum, may act as a growth

and differentiation factor during pregnancy (138). The production of hCG is a temporally
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regulated process. At the initiation of pregnancy, its exponential secretion and long
circulatory half-life serve to extend the life span of the corpus luteum in order to maintain
the supply of progesterone during the first 6-8 weeks of pregnancy (193). Stimulation of
the human endometrium in the luteal phase of the menstrual cycle with an intrauterine
microdialysis system induced the production of paracrine mediators of differentiation
(insulin-like growth factor binding protein and prolactin) and implantation (leukocyte
inhibitory factor [LIF], macrophage colony stimulating factor [M-CSF]) as well as the
production of vascular endothelial growth factor [VEGF], an important cytokine involved
in angiogenesis which implicates a role for hCG in both endometrial vascularization and
placentation (138).

In addition to the temporal regulation of hCG secretion, there is also
temporal regulation of the hCG/leutinizing hormone [LH] receptor on the surface of the
trophoblast itself. Before the ninth week of gestation, villous CT and ST express a
truncated form (50 kDa) of the hCG/LH receptor, rendering these cells likely
unresponsive to hCG signalling (138). However, later in gestation, trophoblasts express
the full length (80 kDa) receptor which allows for the potential for hCG to modulate the
differentiation of trophoblasts (138). Indeed, hCG signal transduction activates protein
kinase A (PKA)-independent phosphorylation of extracellular signal regulated kinase
(ERK 1/2) in baboon endometrial epithelial cells (193), activation of which has been

shown to be involved in trophoblast differentiation (51).

ii.b.) Regulation of Human Placental Lactogen

Human placental lactogen (also known as human chorionic somatomammotropin)
expression has not been extensively studied and much remains unknown. However, a
small number of reports exist in the literature. The promoter region for hPL contains a
putative AP-1 site and three nuclear transcription factor NF-IL-6 binding sites, suggesting

a role for interleukin-6 [IL-6] or inflammation itself in hPL expression (113, 195).
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1.7 Factors Influencing Trophoblast Functional and Morphological Differentiation

1.7.a Cyclic Adenosine Monophosphate Stimulation of Trophoblast Differentiation
The intracellular signalling molecule cyclic adenosine monophosphate (cAMP)
was one of the first molecules implicated in inducing trophoblast differentiation in vitro,
stimulating both morphologic and functional differentiation when intracellular cAMP
levels rise (110, 118). Since the discovery that cAMP levels rise during trophoblast
differentiation, cCAMP has been extensively used to stimulate CT differentiation in vitro.
The actions of cAMP in this process are mediated by the cyclic-AMP dependent protein
kinase (PKA) (114). There are two forms of PKA, type I and type II, which differ in their
cAMP-binding regulatory subunits (RI and RII) but have similar catalytic subunits, and
both of these forms are expressed in the placenta (114). Cyclic-AMP has been studied
with respect to every process/marker of trophoblast differentiation including alpha- and
beta-hCG production (125, 166, 180) , hPL production (78), downmodulation of
desmoplakin (114) and E-cadherin expression (43), upregulation of connexion 43
expression (122), externalization of phosphatidylserine (53), and enhancing ezrin

expression in ST microvilli and microvilli morphogenesis (114).

1.7.b Phosphatidylserine Efflux and The Antiphospholipid Antibody Syndrome
Antiphospholipid (aPL) antibody syndrome results from the production of
autoantibodies against negatively charged phospholipid dependent antigens in particular

cardiolipin and phosphatidylserine (4). The aPL antibody syndrome is associated with
high pregnancy loss rates (50-90 %), placental dysfunction, intrauterine growth
restriction (IUGR) and pregnancy induced hypertension (PIH) (4, 112). Antibodies
directed against PS inhibited fusion of cytotrophoblast-like JAR cells, inhibited invasion
of first trimester trophoblasts and inhibited hPL and hCG production in term trophoblast
cultures (4, 112).

1.7.c The HERV-W Family of Retroviruses-Syncytin
In 1999, a previously uncharacterized human endogenous retrovirus family, the

HERV-W family, was described at the molecular and phylogenetic level (18). Although
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HERV-W is not expressed as a complete provirus, its envelope is expressed in the
placenta and in trophoblast-derived cell lines (121). The envelope gene of HERV-W was
further characterized to be expressed as two major transcripts of 4 and 8 kilobases in
length, the mature envelope protein consisting of 518 amino acids and is thought to be a
membrane protein based on its amino acid sequence (19, 152). The mature protein
associates with an amino acid transporter/retrovirus receptor (the sodium-dependent
neutral amino acid transporters ASCT2 and ASCT1) and due to the stimulation of cell-
cell fusion processes, it was named syncytin. Syncytin 1 is capable of inducing
syncytialization (morphological differentiation) and B-hCG production (functional
differentiation) when overexpressed in transfected BeWo cells (152) and these effects can
be blocked in vitro by antibodies directed against syncytin or antisense RNA to syncytin
(152), (66).

Syncytin 1 expression has been localized to all types of trophoblastic cells, both
villous and extravillous cell types (142). Syncytin 1 is post-translationally cleaved into a
surface (SU) subunit and a transmembrane (TM) subunit which contains a fusion peptide.
Current dogma suggests that syncytin 1 binds to the receptor via its SU subunit, which
results in a conformational change in the TM subunit, mediated by two repeat regions

within the TM subunit, in the fusion process (37).

1.7.d The HERV-FRD Env Glycoprotein and Villous Cytotrophoblast Cells

Recently, a second HERV gene has been identified, HERV-FRD or syncytin 2
(17). In contrast to syncytin 1, its expression is localized to the villous cytotrophoblast
and is not expressed in the syncytiotrophoblast or extravillous trophoblast (17). Syncytin
2 is an older retrovirus than syncytin 1, being integrated into the primate genome earlier
and is found in both Old World and New World Monkeys as well as humans. In contrést,
syncytin 1 is uniquely hominoid in expression (28). Cellular localization of syncytin 2 is
not solely restricted to the cell membrane, as it is also found in the cytoplasm, but the
majority of staining is along the boundary of the cell (17), implying a role in mediating
the fusion process. Further characterization of syncytin 2, including its cellular receptor,
is required before any further conclusions can be drawn regarding its role in

cytotrophoblast fusion and differentiation.
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1.7.e Glial Cell Missing (GCMa) and Trophoblast Differentiation

Glial cell missing (GCM)-1 was first isolated from a Drosophila melanogaster
mutant that produces additional neurons at the expense of glial cells (37). GCM-2 has
recently been identified as a homologue of GCM-1 and although it plays a minor role in
gliogenesis, it is required (along with GCM-1) for proper differentiation of
plasmatocyte/macrophage cell line (37). Two homologs, GCMa and GCMb have been
identified in mice, rats and humans (37, 40). All members of the GCM family so far
identified are key regulators of differentiation processes (122). In mice, GCMa and
GCMD regulate the formation of placental syncytiotrophoblasts and parathyroid gland,
respectively (40). GCMa knockout mice have a complete lack of branching at the
chorioallantoic interface and no fusion of trophoblast cells to syncytiotrophoblast cells
(39), which led to mid-embryonic death due to failure to form a functional placenta (122).
In mouse, GCMa mRNA is highly expressed in the labyrinthine trophoblast cells of the
placenta and at low levels in restricted sites in the post natal kidney and thymus (37).

GCM proteins form a new family of transcription factors and possess a conserved
zinc-coordinated DNA binding domain, the GCM motif, at the amino terminus (37),
(122). The DNA binding domain is made up of two subdomains each comprised of beta
sheets which interact with the major grove of its cognate DNA element 5’-ATGCGGGT-
3’ (122), (37). The first target of GCMa identified in humans was syncytin, the fusigenic
glycoprotein originally derived from a human endogenous retrovirus HERV-W, which is
highly expressed in the ST layer of the placenta. GCMa is able to regulate syncytin gene
expression via two GCM-1 binding sites upstream of the 5’long terminal repeat of
HERV-W in choriocarcinoma cell lines (211).

When GCM-1 mRNA and protein expression was analysed in the human placenta
over the course of gestation, it was found to be expressed in clusters of villous
cytotrophoblasts which tended to be uniformly spaced along the surface of the villi (8).
GCM-1 expression was not found in villous CT at the base of cell columns, which serve
as the precursors of the invasive extravillous CT (8). Cellular localization of GCM-1 was
mainly nuclear in CT nuclei but both nuclear and to a lesser extent cytoplasmic in ST

nuclei, implying GCM-1 is expressed both before and after CT fusion to ST (8).
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In vitro studies using both isolated primary trophoblasts and immortalized
choriocarcinoma cell lines have shown that syncytin expression is upregulated by cAMP
and forskolin and down regulated by low oxygen (hypoxia treatment of 1 to 3 percent
oxygen) (122). However, cAMP or forskolin prevented the hypoxia induced decline in
syncytin expression (122). In vitro studies using both isolated primary trophoblasts and
the immortalized choriocarcinoma cell line BeWo have shown an upregulation of GCMa
mRNA expression after treatment with forskolin or cAMP and a down regulation
following exposure to hypoxia (122). In BeWo cells, forskolin and to a lesser extent
cAMP partially reversed the hypoxia induced decline in GCMa mRNA but in primary
trophoblasts cultured in hypoxia (1 to 3 % oxygen), cAMP agonists counteracted the loss
in GCMa mRNA to a lesser extent compared to cells cultured under normoxia (8%
oxygen).

When the protein kinase A (PKA) catalytic subunit was transfected into BeWo
cells, there was an increase in GCMa mRNA and an eight fold increase in GCMa protein
activity, demonstrating that PKA activity increases GCMa expression and increases cell
differentiation (as PKA transfection was accompanied by an increase in connexin 43
expression) (122).

Other authors have shown that GCMa specifically interacts with CREM (cAMP
responsive element modulator) binding protein [CBP] and this interaction was enhanced
when PKA activity was increased (37) in BeWo cells. These authors also showed that
cAMP/PKA signaling pathway activation by forskolin leads to increased association of
GCMa and CBP with the syncytin promoter and an accompanying increase in syncytin
gene expression. This effect is independent of p38 or ERK1/2 MAPKS as inhibition with
SB203580 or PD098059 did not alter the effect of forskolin on GCMa activity (37). The
interaction of CBP and GCMa allows CBP to acetylate GCMa, which increases the
GCMa protein stability by blocking GCMa ubiquitination (37).

CBP (a transcription coactivator and histone acetyltransferase [HAT]) acetylation
of GCMa stabilized the transcription factor, but a recent paper has shown that a specific
histone deacetylase (HDAC3) reverses GCMa acetylation and can attenuate CBP-
upregulated GCMa activity (40). This deacetylase (HDAC3) binds to the promoter of the
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syncytin gene but becomes disassociated once BeWo cells are stimulated with forskolin
(40).

Given the complex regulation of syncytin gene expression by multiple factors,
including cAMP, GCMa, CBP, and HDAC3, and its key role in trophoblast morphologic
and functional differentiation, syncytin and GCM1 have been studied with respect to
preeclampsia, which is often accompanied by abnormal trophoblast invasion and
deficiency of terminal villi (39). In preeclampsia, syncytin is dramatically reduced and
the protein itself is abnormally localized to the apical ST microvillous membrane (130),
(120). GCMa mRNA expression was also lower in preeclamptic placenta compared to
gestational age matched normal controls (39), although whether this is due to a decrease
in the number of CT/ST in the sample of the placenta used was not accounted for in this
study. Although IUGR was not included in this study, it leads to speculation that GCMa
expression may also be lower in IUGR placenta as IUGR placentae are characterized by

abnormal placentation.

L.7.f The Role of Oxygen in Trophoblast Differentiation

Initial studies using human trophoblast cell lines and primary human trophoblasts
were done under standard culture conditions at atmospheric oxygen (~18% oxygen or
138 mmHg). However, during placental development, the trophoblast is exposed to a
varied range of oxygen tensions. In early pregnancy (8 to 10 weeks gestation), before the
extravillous trophoblast has invaded the maternal endometrium, blood flow to the
placenta is minimal and the trophoblast is exposed to oxygen tensions between 18 to 40
mmHg (179). Once endovascular invasion proceeds, CT are in direct contact with blood
from the maternal spiral arterioles which may have oxygen tensions as high as 90 to 100
mmHg (72). Indeed, trophoblasts cultured under low oxygen tensions (~15 mmHg or 2%
oxygen), mimicking the environment of early pregnancy, can be stimulated to proliferate
(72). In contrast, those cultured at 6% oxygen (~45 mmHg) showed the same low
numbers of proliferating nuclei as those cultured under standard conditions (72). Other
authors have shown that low oxygen tensions (hypoxia or 3% oxygen) decrease the
expression of syncytin and in turn decrease differentiation markers in BeWo cells (122).

This suggests that an environment of low oxygen (~15 mmHg) stimulates trophoblast
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proliferation as seen in early pregnancy and as oxygen tensions rise with increasing EVT
invasion, CT are stimulated to differentiate into ST.

In mammalian cells there is an adaptive response to hypoxia that is accompanied
by increased expression of a number of genes including hematopoietic growth factor,
VEGF, glycolytic enzymes, and inducible nitric oxide synthetase (64, 71, 151, 185).
Most of these genes are regulated by a common oxygen-sensing pathway involving the
formation of the hypoxia-inducible factor-1 (HIF-1) protein complex. HIF-1 is a helix-
loop-helix transcription factor able to bind to a short DNA motif in the 5~ flanking
regions of hypoxia-induced genes. There are two isoforms of HIF-1 which are
differentially expressed, HIF-1a being inducible by hypoxic conditions and degraded
under normoxic conditions and HIF-1f being constitutively expressed. Recently, HIF-1a
has been shown to mediate trophoblast differentiation through regulation of TGF
expression, TGFp being expressed during early pregnancy in low oxygen conditions and
acts to suppress trophoblast differentiation (31). More recently, HIF-1o and HIF-2a.
knockout mice have shown a requirement for oxygen sensing in trophoblast lincage
determination, the knockouts showing placentas that are avascular and have poor
decidual invasion, reduced spongiotrophoblast numbers (CT equivalent), expanded
trophoblast giant cell (ST equivalent) and defective labyrinthine trophoblasts (murine
EVT equivalent) (44).

In TUGR pregnancies, there is evidence for inadequate delivery of oxygen to the
fetus either due to delivery to the placenta or delivery across the placenta or a
combination of both (117). Blood gas analysis of the intervillous space and umbilical
vein samples from IUGR placentae show wider intervillous-umbilical gradients of
oxygen tensions than normal placenta with higher intervillous levels and lower umbilical
vein levels (167). As oxygen plays such an important role in trophoblast differentiation,
the wider range of oxygen tensions that CT are exposed to could contribute to the
pathophysiology of IUGR (115).

Further in vitro work has shown that lower oxygen tensions impair trophoblast
differentiation by decreasing hCG production and syncytialization (126). In addition to
preventing differentiation of CT and promoﬁng proliferation, the low oxygen tensions of

early pregnancy also protect the placenta from oxidative stress. As oxygen tension rises
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throughout gestation, the ST and CT are exposed in higher concentrations of oxygen,
leading to the production of reactive oxygen species and the induction of apoptosis. In
IUGR, the higher levels of intervillous oxygen may lead to increased oxidative stress and

contribute to the elevated apoptosis seen in this disease (160).

1.8 Growth Factor Mediated Trophoblast Differentiation

A variety of growth factors have been shown to modulate trophoblast
differentiation, both morphological and functional. Increasing evidence indicates that
syncytium formation is an autocrine- and paracrine-regulated event involving a number
of trophoblast and nontrophoblast products in the placenta (209). Products shown to
increase differentiation of trophoblasts include epidermal growth factor (EGF), leukemia
inhibitory factor (LIF), estradiol/estrogen, granulocyte macrophage colony stimulating
factorf GM-CSF], colony stimulating factor [CSF-1], fibronectin, collagen I,
glucocorticoids [dexamethasone] and hCG and inhibited by transforming growth factor
beta [TGF-B] (156, 209). Although multiple growth factors have been shown to be
involved in trophoblast differentiation, I will focus my discussion on EGF, as EGF and
EGF receptor expression have been shown to be lower in IUGR (29, 204) as well as in

preeclampsia (128).

1.8.a Epidermal Growth Factor and Trophoblast Differentiation
EGF and the EGF Receptor

EGF is able to promote proliferation and differentiation as well as being a potent
inhibitor of apoptosis (70, 104, 206). EGF is synthesized as a glycosylated
transmembrane protein (104) that becomes mature and soluble after proteolysis (206).
The target of the EGF family of growth factors (which includes TGF-a, heparine-binding
EGF-like growth factor [HB-EGF] and amphiregulin) is the EGFR family of receptor
tyrosine kinases (RTKs) consisting of EGFR, HER2/ErbB2/neu, HER3/ErbB3 and
HERA4/ErbB4 (33, 42, 100). Once EGF binds to its receptor, it induces the formation of
homo-or heterodimers between EGF family members, leading to the autophosphorylation

of cytoplasmic tyrosine residues (174). In trophoblasts, the presence of ErbB1 (EGFR)

_21-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and ErbB3 have been localized to both CT and ST in the rabbit and human (1, 102, 119)
and other EGF receptor family members have been shown to be expressed on cells of

epithelial origin (207).

Signaling Pathways Triggered by EGF in Trophoblasts

Upon ligand binding, the EGFR exerts the majority of its biological function via its
tyrosine kinase activity, the first step in EGFR-mediated signal transduction (104). The
downstream activation of a variety of signaling pathways, most of which help ensure
survival of the cell, are stimulated by EGFR-ligand binding and include activation of: all
of the major mitogen-associated protein kinases (MAPKSs) [p38 MAPK, extracellular
signal-related kinase [(ERK)-1 and -2, and c-Jun NH2 terminal kinase (JNK) (174); the
Src family of kinases (139); Janus Activated Kinase/Signal Transducers and Activators of
Transcription [JAK/STAT] pathway (186); the phosphatidyl-inositol-3-kinase [PI3K)
pathway (192); and phospholipase Cy (38). Figure 1.3 summarizes the pathways
stimulated by EGF binding to EGFRs.

1.9 Involvement of Proinflammatory Cytokines in Trophoblast Differentiation

1.9.a Interleukin 6

Interleukin-6 (IL-6) is produced by many different cell types and has a wide
variety of physiological functions, including the stimulation of hormone production. In
the placenta, macrophages and ST produce IL-6, which stimulates the production of hCG
and hPL (113, 195). The villous trophoblast (CT isolated by the Kliman method)
expresses IL-6 receptors (an 80 kDa protein) (147), which allows IL-6 to have an

autocrine action on trophoblast function (109, 165).

1.9.b Interleukin-1

Interleukin-1 (IL-1) is member of the pro-inflammatory cytokine family secreted
mainly by mononuclear phagocytes but also by fibroblasts, keratinocytes, and vascular
endothelial cells (58). There are two forms of IL-1, a and 8, which are translated from

two different regions of the genome and are initially synthesized as 31 kDa proteins.
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There is a third, structurally related molecule, IL-1 receptor antagonist (IL-Ra), which
competes with IL-1 for binding sites on cell surface receptors (59). In contrast to IL-1f,
IL-1a remains within the cytoplasm and is released only from dead or dying cells, IL-1J
being transported out of the cell and is cleaved to its 17 kDa extracellular form. Two IL-
1 receptors have been identified, IL-1R1 and IL-1R2, binding to IL-1R1 induces a variety
of signaling cascades, and binding to decoy receptor IL-1R2 results in a lack of signal
transduction (68). IL-1R1 has been localized to the ST and expression of IL-1f has been
shown in villous CT and ST as well as the intermediate trophoblast and maternal stromal
decidual cells (188).

Expression of IL-1f is higher in first trimester placenta than at term (111). IL-18
has been shown to down regulate expression of E-cadherin, ezrin and beta-catenin in both
primary villous CT and JEG-3 cells (111), all of which are molecules associated with
villous CT, indicating a role for IL-1f in trophoblast differentiation. IL-1 stimulates
hCG release via an upregulation of IL-6 (113, 195). More recently, IL-1 has been
shown to induce IL-6 and hCG production in a NFxB dependent manner (200).

1.9.c Tumor Necrosis Factor-alpha

Tumor necrosis factor (TNF)a is a proinflammatory cytokine with a diverse range
of biological activities. TNFa has multiple effects that include cell proliferation, cell
death and the activation and inhibition of cellular functions. The net biological effects of
TNFa can be either detrimental or beneficial to the cell depending on the amount of
TNFa present, the duration of cell exposure and the presence of other biological
mediators that synergize or antagonize TNFa activity (30).

The active form of TNFa is a trimer, consisting of three 17 kDa subunits arranged
in a triangular pyramid (76). The secreted form of TNFa is able to bind to either of its
two receptors: TNFR1 (p55) and TNFR2 (p75). Upon binding of its receptor, TNFa is
able to mediate a wide range of cellular responses ranging from survival signaling via
activation of MAPKSs to apoptosis via activation of the caspase cascade (155). Figure 1.5
shows the major signaling pathways activated by TNFa through TNFR1.

Villous trophoblast express TNFR1 (p55 receptor) (214) and are highly

susceptible to the effects of the inflammatory cytokine TNFa, a major inducer of
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apoptosis (70, 213). Although TNFa is found in normal healthy placental tissue and is
produced by trophoblast (137, 210), suggesting a role in normal placental development
(155), it is also clear that aberrant expression may lead to pathological placental
conditions resulting in fetuses displaying intrauterine growth restriction (IUGR).
Placentae isolated from rat and human pregnancies complicated with IUGR showed
significant increases in the rate of apoptosis (61, 153, 191). Women with IUGR
pregnancies had higher serum levels of TNFa (11) and IUGR fetuses have elevated TNFa
in their amniotic fluid (83). IUGR human placentae showed increased TNFa production
(85) and increased susceptibility to TNFa (45). Elevated levels of TNFa in the placenta
of IUGR pregnancies may lead to elevated apoptosis, whereas normal, physiological
levels of TNFa may play a role in the stimulation or modulation of trophoblast

differentiation in normal pregnancies (155).

1.10 Trophoblast turnover and apoptosis

Trophoblast turnover, in simple terms, is the life cycle of the CT as it progresses
from fusion into the ST, exerts its biological function as part of the syncytium and then,
as the nucleus ages, undergoes apoptosis and is packaged into syncytial knot structures
with other apoptotic nuclei and then shed into the maternal blood stream. Turnover is the
balance between the proliferation of CT, fusion of underlying CT and differentiation into
functional ST and shedding of apoptotic nuclei in syncytial knots (103). However,
trophoblast turnover is multifaceted due to the complexity of the regulatory mechanisms
involved in the control of CT proliferation, survival, ST differentiation and ultimately

apoptosis.
1.10.a Cytotrophoblast Proliferation and Survival
Little is known about the control of the cell cycle in villous trophoblasts. In early

pregnancy, proliferation of the trophoblast is high and falls as the pregnancy approaches

term (54). Proliferation of trophoblast may be stimulated by hypoxia (31), fibroblast
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growth factor [FGF]-4 (7), EGF, transforming growth factor alpha [TGFal], insulin-like
growth factor 1 [IGF-1] and inhibited by TGFp (136).

Trophoblast survival has been shown in vitro to be mediated by EGF stimulation
of fibronectin production (171) through unknown signaling intermediates and by
placental growth factor through stimulation of p38 and JNK MAPKs (56). In addition to
EGF, heparin (84) and heparin-binding EGF have recently been shown to stimulate
trophoblast survival through activation of multiple anti-apoptotic signaling pathways
including PI3K, JNK, and ERK1/2. At low oxygen tension, such as that found in the first

trimester of pregnancy, heparin-binding EGF is also able to mediate trophoblast survival

(6).

1.10.b Signalling Pathways Involved in Trophoblast Differentiation

A variety of complex and interwoven signalling pathways have been shown to be
involved in CT differentiation and fusion. The transcription factor GCMa (211), the
proinflammatory cytokines IL-6 and IL-1p (195, 200), the hormone B-hCG (209), the
protein syncytin (173) as well as intracellular signalling molecules cAMP (166), p38
MAPK (101), ERK1/2 (51), and Src family kinases (52) have all been shown to be
involved. Figure 1.4 shows known signalling pathways involved in trophoblast

differentiation.

1.10.c Trophoblast Cell Death
The death of a cell may be accidental (necrosis) or an active process (apoptosis).
Both types of cell death are seen in the placenta, but apoptosis is thought to be the major

mediator of placental development.

Necrosis
Necrotic cell death occurs in cells that are damaged by injury such as by

mechanical damage or exposure to high doses of toxic chemicals, and is characterized by
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cellular, nuclear and mitochondrial swelling due to permeablization of the plasma

membrane, resulting in cellular rupture and leakage into surrounding tissues (92).

Aponecrosis

Recently, an intermediate form of cell death has been characterized that
demonstrates features of both apoptosis and necrosis and is termed “aponecrosis”. In this
type of cell death, apoptosis is initiated but fails at some point along the signaling

pathway, resulting in a switch to necrosis to complete the death of the cell (63).

Apoptosis in Trophoblasts

As the placenta develops, it undergoes constant tissue remodeling, characterized
by the functional loss of trophoblast cells by the action of apoptosis (197). Apoptosis, or
programmed cell death, is an active process by which cells are eliminated to maintain
normal tissue function. Apoptosis is also associated with characteristic morphological
changes, including cell shrinkage, release of cytochrome ¢ from the mitochondria
preceded by mitochondrial depolarization, membrane blebbing and nuclear chromatin
degradation (92). Unlike necrotic cell death, which stimulates inflammation as
cytoplasmic contents are released into the surrounding tissue, apoptosis culminates in the
release of small, membrane wrapped fragments termed apoptotic bodies which are
engulfed by phagocytic cells which then secrete cytokines to inhibit inflammation (92).

Apoptosis can be initiated by one of two known pathways: intrinsically by the
mitochondrial pathway and extrinsically by either the death receptor-mediated pathway
or in response to exogenous stimuli such as cytokines (183). Figure 1.5 shows the major
steps in both signaling cascades. Caspases are the main effectors of both extrinsic and
intrinsic pathways of apoptosis. Caspases are intracellular proteases that use cysteine as
the nucleophilic group for substrate cleavage, cleaving the peptide bond C-terminal to
aspartic acid residues (92). As with most other cellular proteases, caspases are
synthesized as inactive precursor “procaspases” which remain inactive until stimulated
(197). There are two groups of caspases: 1) caspases with long prodomains (caspase-2,-
8,-9, and -10) that act as initiators of apoptosis by cleaving and activating the second

group 2) caspases with short prodomains (caspase-3,-6,-7, and -14) that act as
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downstream effector caspases (92). Activation of the caspases can lead either directly to
the induction of apoptosis or to the induction of mitochondrial membrane
permeablization, leading to the release of pro-apoptotic cytochrome ¢ [cyto-c] as well as
second mitochondria-derived activator of caspase (Smac)/direct IAP binding protein
(DIABLO), which facilitates caspase activation by inhibiting proteins from the inhibitors
of apoptosis (IAP) family, into the cytoplasm (199).

Extrinsic Pathway of Apoptosis: Characteristics of the TNF death receptor family

An external stimulus can initiate apoptosis via the extrinsic pathway, mediated by
members of the TNF death-receptor family, all of which contain a C-terminal region
known as the death domain (96). Thus far, eight members of this family have been
identified, including Fas, TNFR1, and TNF-related apoptosis inducing ligand receptor
[TRAILR]1 and R2, all of which are expressed by the trophoblast (197). Upon binding
of a death inducing ligand (i.e. TNFa) to its membrane-bound death receptor (i.e.
TNFR1), there is an activation of pre-associated death receptor trimers. In order for
transduction of the death signal, TNF death receptors have intracellular death domains
which mediate interactions with death domain-containing adaptor proteins such as Fas-
associated death domain (FADD) and TNF-R associated death domain (TRADD) (197).
Once the death domain (FADD or TRADD) associates with the receptor, it recruits other
cellular proteins including procaspases-8 and -10 via death effector domains (DED) to
form the death-inducing signal complex (DISC), after which the initiator procaspases can
be activated to caspase 8 and 10 (197). Upon activation of initiator caspases, downstream
effector caspases-3,-6, and -7 are activated, eventually culminating in the death of the cell

(197).

The Intrinsic Pathway of Apoptosis: The Mitochondria and Its Role in Death Receptor-

Induced Apoptosis

In the intrinsic pathway, as the name implies, the death inducing signal originates
from within the cell itself, specifically within the mitochondria. In response to cellular
stresses, such as DNA damage or growth factor deprivation, the mitochondrial apoptotic

pathway can be activated by p53-a tumor suppressor protein that transactivates pro-
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apoptotic B-cell lymphoma/leukemia (BCL)-2 family members, which directly control
mitochondrial membrane permeability (154). The BCL-2 family of proteins can be
divided into three subfamilies (3): the anti-apoptotic subfamily (Bcl-2, Bcl-w, myeloid
cell leukemia differentiation protein [Mcl]-1 and Bcl-xy), the multi-domain pro-apoptotic
subfamily [Bcl-2 associated protein (Bax), Bcl-1 antagonist/killer (Bak), Mcl-2 and
matador (Mtd)] and the still growing BCL-2 homology domain 3 (BH3)-only protein
subfamily [Bcl-2/Bcl-XL associated death promoter (Bad), BH-3 interacting DD protein
(Bid) and Bcl-2-interacting mediator of cell death (Bim)] which seem to function as death
signal sensors.

The mitochondrial pathway can respond to both external and internal stresses.
This suggests cross talk exists between the extrinsic and intrinsic pathways. For example,
activated caspase-8 can also cleave Bid, resulting in the formation of truncated Bid
(tBid), which can translocate to the mitochondria and activate the intrinsic pathway (134).
Once the intrinsic pathway is activated, pro-apoptotic Bak and Bax increase the
permeability of the mitochondrial membrane and release cytochrome ¢ and apoptosis-
inducing factor (AIF) into the cytoplasm. Release of cytochrome c results in its binding
to apoptotic protease activating factor 1 (APAF-1), which, along with ATP, recruit and
activate “initiator” caspase 9, forming a macromolecular complex called the apoptosome
(197). Once the apoptosome is formed, caspase 9 activates effector caspases-3,-6 and -7
and apoptosis continues with death of the cell.

Activation of caspase-3, -6 and -7 results in the disassembly of the cell by
cleaving a variety of vital cell proteins including those involved in DNA repair, nuclear
lamins, and cytoskeletal proteins as well as activating the caspase-activated
deoxyribonuclease which cuts genomic DNA into ~200 base pair fragments, all of which
eventually culminate in the death of the cell (197).

Apoptosis as a Mediator of Trophoblast Differentiation

Apoptosis plays an important role in the regulation of trophoblast growth and
turnover in the villous placenta. Morphological features of apoptosis have been identified
in the villous placenta during normal development, indicating apoptosis is a necessary
mediator for placental development (197). In addition to the removal of unnecessary

cells, apoptosis has also been shown to play a role in cellular differentiation including
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lens epithelial cell differentiation (which requires the activity of caspase 9) (182),
leukocyte differentiation (which is mediated by caspase 8) (60), and monocyte maturation
(which requires caspase 8) (184). When minor morphological changes are required,
initiator caspases can be activated and when major structural changes are needed, effector
caspases are stimulated (92).

Recent work by several groups has shown the apoptosis cascade, specifically the
caspases, is involved in trophoblast differentiation. The premise behind this involvement
is that phosphatidylserine externalization, an event that occurs early in the apoptotic
cascade, is required for CT fusion and subsequently syncytialization and trophoblast
differentiation. Work by Huppertz and colleagues have shown that areas of the ST
expressing anti-apoptotic proteins Bcl-2 and Mcl-1 have intact nuclei whereas other
regions, especially those located close to syncytial sprouts, have little or no Bcl-2 or Mcl-
1 expression, accompanied by loss of nuclear proteins, the presence of PS externalization
and TUNEL positive nuclei (88). Using isolated primary trophoblast cultures, Yusuf et al
showed that cytotrophoblasts express higher caspase activity (specifically caspase-3, -6, -
8,and -9) than ST and upon addition of EGF, a known stimulator of trophoblast
differentiation, caspase activity was further reduced (215). This implies that the ST is
less sensitive to apoptotic stimuli from external sources than the CT. More recently,
Black and others have shown a requirement for caspase-8 activity in the differentiation
and syncytialization of CT using a placental explant model. There are many problems
with the conclusions drawn from this publication, given the lack of appropriate controls,
lack of easily quantifiable data, use of a multi-cell explant to look at output from one cell
type (in which caspase inhibition may effect more than one cell type involved in
trophoblast differentiation), and the culture of explants at 6% oxygen which may leave
the center of the explant in an hypoxic state (16). The authors used very low
concentrations of inhibitors of caspase 8 and expression of caspase 8 in Western blots
was normalized to vimentin, a marker which is not expressed by trophoblasts. Although
phosphatidylserine externalization does occur during trophoblast differentiation, it was
not inhibited by the broad spectrum caspase inhibitor ZVAD (53) implying that apoptosis
and differentiation, although culminating in some of the same morphologic features, may

in fact be mediated by distinct and unrelated signaling pathways.
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Although in vitro evidence of caspase involvement in trophoblast differentiation
remains to be convincingly demonstrated, apoptosis itself is evident in the villous
placenta throughout pregnancy. In normal developing placenta, the morphological
features of late apoptosis are never shown in the CT, as long as the overlying ST is intact
(161). Upon CT fusion with the overlying ST, there is increased translation of anti-
apoptotic proteins Bcl-2 and Mcl-1 (90). Structural signs of caspase 8 cleavage activity
include cleavage of alpha-fodrin, a protein of the actin cytoskeleton, and externalization
of phosphatidylserine within the ST (87, 89).

The progression of apoptosis does not occur immediately upon fusion of the CT
with the ST (88). It is believed that the apoptotic cascade may be initially halted by the
large amount of anti-apoptotic Bcl-2 family members present upon fusion (129, 181).
The shift from inhibition of apoptosis to execution remains unclear; however, effector
caspases 3 and 6 are eventually activated in the ST layer as demonstrated by caspase
dependent cleavage of proteins such as CAD/ICAD, a DNase leading to the specific
degradation of DNA (91), and cytokeratin 18, a major component of the cytoskeleton
(108). The activity of effector caspases is temporally and spatially regulated and
although the ST layer is a single multinucleated cell and does not have lateral
membranes, DNA degradation and cytokeratin 18 cleavage are restricted to certain sites
(91, 108). The last phase of apoptosis in the ST involves the accumulation of apoptotic
nuclei into protrusions called syncytial knots. These knots are eventually shed from the

ST into the maternal circulation (88, 149).

1.11 Abnormal Placentation

Abnormal placentation is a common feature among both IUGR and preeclampsia.
Although both diseases are associated with placental insufficiency, it remains unclear if

placental development is the main cause of these conditions or if other factors are

involved.
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1.11.a Intrauterine Growth Restriction

Intrauterine growth restriction (IUGR) is a failure of a fetus to reach its optimal
growth potential (116). TUGR fetuses have increased risk of perinatal mortality, and
following birth an increased risk of cognitive dysfunction and cerebral palsy. As well,
epidemiological studies have shown that the in-utero environment of IUGR predisposes
individuals for coronary heart disease, hypertension, stroke and diabetes during adulthood
(9, 10). TUGR is associated with maternal smoking, infection, maternal illness and
chromosomal abnormalities, but can also be associated with idiopathic placental failure in
which placental development is abnormal and suboptimal levels of nutrients and oxygen
are supplied to the fetus (178).

TUGR implies that fetal growth is limited by one or more underlying pathological
processes. In contrast, “small for gestational age [SGA]” implies appropriate fetal
growth when accounting for parental size and ethnicity and is usually associated with
normal placental function (34). As such, IUGR and SGA are often hard to distinguish,
especially in the late third trimester of pregnancy. “Early-onset” IUGR, defined as
disease requiring delivery before 32 weeks gestation, may be due to a number of factors
including congenital infection [such as human cytomegalovirus], aneuploidy, a range of
genetic disorders and uteroplacental vascular insufficiency, characterized by abnormal
Doppler studies in the uterine and umbilical arteries (34). Early-onset IUGR is much
more serious for the developing fetus than late-onset IUGR and is characterized by
reduced, absent or reversed end-diastolic flow velocity in the umbilical arteries in
addition to abnormalities in uterine artery Doppler waveforms (34, 201). In contrast,
late-onset IUGR is typically associated with asymmetric fetal growth, normal umbilical
and uterine artery Doppler flow, low amniotic fluid and a mature placenta on ultrasound
(82). Part of the complications surrounding the study of IUGR is the lack of a consistent
method for identification in the literature. In the majority of studies, [IUGR babies are
those born less than the 10™ percentile for their gestational age, which could exclude
those babies which weighed more than the 10™ percentile but were still growth restricted

in utero (205).
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1.11.b Preeclampsia

Preeclampsia is a pregnancy associated syndrome affecting mainly the maternal
system and is characterized by maternal hypertension (140/90 mmHg) and proteinuria
(>0.3 g/24 hours or >2+ on protein strip) (203). Preeclampsia is associated with IUGR in
approximately one-third of cases (62). Preeclampsia, like IUGR, is also responsible for
significant perinatal mortality and morbidity as a result of premature delivery, which is
performed to reverse the clinical course of the disease and accounts for approximately 15

percent of all premature births (177).

1.11.c Characteristic Features of Placentae from Preeclamptic/IUGR pregnancies

There is increasing evidence that perturbations of placental development can lead to
compromised fetal outcome, such as intrauterine growth restriction (IUGR) and
preeclampsia (13). Indeed, shallow trophoblast invasion leading to insufficient
implantation is a key pathologic feature of both IUGR and preeclamptic pregnancies (23).
During the first half of pregnancy, uteroplacental arteries undergo a number of changes
including replacement of endometrium and smooth muscle cells by invasive extravillous
trophoblast and loss of elasticity and vasomotor control (24). These changes result in the
formation of wide incontractile tubes establishing a low resistance blood supply to the
developing fetus. Subsequently, inadequate trophoblast invasion leads to reduced
uteroplacental artery remodeling, impairing oxygen and nutrient delivery to the placenta
and fetus.

There are several characteristic pathologic developmental features of IUGR and
pre-eclamptic placentae which contribute to reduced uterine artery blood flow and
consequently a decreased supply to the developing fetus (34). These include: reduced
extravillous trophoblast invasion, leading to poor transformation of the uterine spiral
arteries resulting in high uteroplacental resistance (34); decreased lumen diameter of
umbilical artery, which impedes flow and leads to high resistance; abnormal development
of mature intermediate villi within the placenta, characterized by reduced amounts of
proliferating villous CT overlaid by an aged apoptotic ST layer (89); and elevated levels

of thrombo-occlusive lesions within the placenta, reducing placental blood flow (79).
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As discussed previously, apoptosis is an important process in the development of
the human placenta, but elevated levels of apoptosis in the villous trophoblast have been
demonstrated in TUGR (61, 95, 190). Villous tissue revealed enhanced p53 tumor-
suppressor protein (pS3) expression which can activate proapoptotic Bcl-2 family
members such as Bax (132). Increased levels of TNFa were found in the maternal serum
(11) and amniotic fluid (194) from pregnancies complicated with IUGR. IUGR placentae
exhibited elevated levels of TNFa production (85). In addition, cultured CT, ST and
villous explants displayed increased susceptibility to the proapoptotic effects of TNFo
(45, 46). These observations suggest that an inflammatory environment exists within the
TUGR placenta, leading to apoptosis, and TNFa may be involved in the mechanisms

underlying the pathophysiology of IUGR.
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Figure 1.1: Diagram of the utero-placental interface

Extravillous trophoblasts (EVT) invade the maternal uterine wall to form the anchoring
villous placenta, after which endovascular trophoblast (EST) invades the maternal spiral
arteriers and connects fetal and maternal tissue. The floating villous placenta is bathed in
maternal blood and mediates the exchange of nutrients and oxygen between the mother
and developing fetus. As the floating villous branches, areas of syncytiotrophoblast (ST)
come in direct contact with placental endothelial cells (PEC), allowing for optimal
exchange and oxygen uptake into the fetal circulation. The basement membrane (BM) is
composed of extracellular matrix molecules.
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Figure 1.2: Characteristic features of differentiated syncytiotrophoblast.

Differentiated syncytiotrophoblast (ST) form microvillus structures to increase surface
area, upon which placental alkaline phosphatase (PLAP) is expressed. Along the surface
of the ST, phosphatidylserine (PS) is externalized, a process involved in the
differentiation of cytotrophoblast (CT) to ST. ST express high levels of anti-apoptotic
Bcl-2 and Mcl-1 proteins, high levels of syncytin (or HERV-W), elevated intracellular
cAMP levels, and nuclear localization of the transcription factor GCMa.
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Figure 1.3: Signaling pathways activated by epidermal growth factor (EGF) in
trophoblasts.

EGF binding to EGF receptors results in EGF receptor dimerization, autophosphorylation
of the receptor and tyrosine phosphorylation of other proteins. The EGF receptor
activates Ras (a guanine nucleotide binding protein) which in turn recruits Raf which is
the main effector of MEK-MAPK pathway activation, ultimately resulting in the
phosphorylation of transcription factors such as c-FOS, c-JUN, AP-1, and ELK-1 which
contribute to proliferation, differentiation, and survival signaling. In addition to
activation of MAPK cascade, Ras activation also results in the activation Akt (also
known as protein kinase B or Rac) which stimulates cell survival signaling and cell cycle
regulation. SRC family kinase signaling leads to the activation of STAT-1 and STAT-3
transcription factors by Janus family tyrosine kinases [JAK] in response to EGF
contributes to proliferative signaling as well as the activation of phosphoinositide 3-
kinase [PI3K]. Phosphatidylinositol signaling through phosphoinositide-specific
phospholipase C gamma [PLCy] stimulation of phosphatidylinositol-4,5-bisphosphate
[PIP2] and diacylglycerol [DAG] results in the activation of protein kinase C [PKC] and
[IP3] and calcium release from the endoplasmic reticulum induced by EGF. mTOR
(mammalian target of rapamycin) acts as sensor for ATP and amino acids and plays a key
role in cell growth and homeostasis. Adapted from www.biocarta.com.
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Figure 1.4: Major signaling pathways involved in trophoblast differentiation.

Multiple signaling pathways are involved in trophoblast differentiation. For simplicity,
individual pathways are separated, although they may interact with each other within the
trophoblast. The bottom figure was adapted from Huppertz et al (93).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



¢ Caspase‘e ,

Caspase -6 Caspase -8

Cell Survival
Signals

@
PARP
e Stimulation

et | nhibitiON Cell Shrinkage Chromatin DNA
___________ » Translocation Membrane Blebbing Condensation Fragmentation DNA Repair
Transcriptional 1
Stimulation Apoptosis

Figure 1.5: Apoptosis cascade: extrinsic and intrinsic pathways of apoptosis.

The extrinsic pathway is mediated by external ligand (either TNFa or FasL) binding to
receptors such as TNF receptor 1 and Fas/CD95 found on trophoblasts. Death receptor
signaling results in oligomerization of receptors and recruitment of adaptor proteins
(FADD, TRADD, Daxx, ASK1, RIP, DAPK) and activation of initiator caspase 8.
Activation of caspase-8 results in activation of the caspase cascade directly through
activation of caspase-3 and indirectly through cleavage of Bid and activation of the
intrinsic pathway. Alternatively or simultaneously TNFa binding to TNFR can activate
the NF-xB pathway via an adaptor protein complex including RIP and survival genes
including IAP. The intrinsic pathway is controlled by the Bcl-2 family of proteins. Anti-
apoptotic Bcl-2 and Bcl-xL remain on the outer mitochondrial wall and inhibit
cytochrome c release. Proapoptotic Bcl-2 family proteins Bad, Bak, Bax and Bim remain
in the cytosol and translocate to the mitochondria upon death signaling where they act to
promote the release of cytochrome ¢. The intrinsic pathway is also mediated by
translocation of truncated Bid which induces the release of cytochrome c from the
mitochondria, where it binds to Apafl and forms the apoptosome complex with caspase 9
resulting in the activation of effector caspases-3, -6, and -7. Adapted from
www.cellsignal.com.
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CHAPTER 2: RATIONALE AND HYPOTHESIS

2.1  Hypothesis

IUGR is a serious pregnancy complication in which the fetus fails to reach its full
optimal growth potential and the etiology is unknown. IUGR has been associated with a
number of potential causes including maternal smoking, maternal undernutrition and
placental insufficiency and occurs in approximately 8 to 10% of all pregnancies (202). In
addition to increasing perinatal mortality and morbidity, IUGR is also associated with
increased prevalence of adult disease such as cardiovascular problems and diabetes (81).
The likelihood of placental insufficiency as the main cause of IUGR (81) makes
understanding placental development in IUGR of the utmost importance.

Placental development is a tightly controlled and highly complex process
involving the coordinate regulation of multiple cell types. The extravillous trophoblast is
responsible for mediating the transformation of the maternal spiral arteries required for
adequate blood flow to the developing fetus where as the syncytiotrophoblast, a
multinucleated syncytium which covers the highly branched villous trees, is responsible
for secreting hormones to maintain a successful pregnancy in addition to maintaining a
functional barrier between the maternal and fetal circulatory systems. The ST is also
responsible for nutrient and oxygen uptake from the maternal blood and is accountable
for adequate nutrient supply to the developing fetus. The ST layer is maintained by
fusion of underlying proliferative CT which serves as stem cells to maintain the
syncytium.

Apoptosis is a key regulator of differentiation in multiple cell types and the
presence of apoptotic nuclei in normal placenta indicate that apoptosis is an important
modulator of placental development. However, in IUGR placentae there are excess
numbers of apoptotic nuclei and poor development of the highly branched villous
structures, suggesting that excess apoptosis may decrease the number of CT available for
differentiation and subsequently contribute to the pathophysiology of IUGR placenta.

IUGR is also associated with increased TNFa production, implicating a role for TNFa in
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this disease. My hypothesis is that increased TNFa production in IUGR placentae
contributes to increased rates of trophoblast apoptosis and decreased trophoblast
differentiation both of which contribute to decreased villous placental function

leading to compromised fetal growth.

2.2 Rationale

I chose to study trophoblast differentiation in [IUGR and normal trophoblasts for
the following reasons:

1. TUGR is a very serious pregnancy complication affecting approximately 8-
10% of all live births. TUGR is also associated with increased perinatal morbidity and
mortality as well adult health complications including cardiovascular disease and
diabetes. Although IUGR has been studied for many years, the etiology of idiopathic
TUGR remains unknown. IUGR is often associated with preeclampsia, a maternal disease
associated with 2-6 % of pregnancies.

2. TUGR and preeclamptic placentae are both associated with incomplete
placentation and poor extravillous trophoblast invasion of maternal spiral arteries,
implicating a role for the placenta in these diseases. Inadequate trophoblast invasion
results in decreased blood supply to the developing fetus which has a negative impact on
fetal growth.

3. TUGR and preeclamptic placentae have been shown to produce higher levels of
the pro-inflammatory cytokine TNFo. TUGR and preeclamptic placentae also have
elevated levels of apoptosis in both the syncytiotrophoblast and cytotrophoblast. In
addition, cells from IUGR and preeclamptic placentae have shown increased sensitivity
to the effects of TNFa, resulting in increased apoptosis.

4. Our lab has developed a technique to isolate highly purified human primary
trophoblast (>99.99% pure) from normal placenta. This technique can also be applied to
TUGR and preeclamptic placentae. Normal villous CT can be cultured for periods of up
to two weeks with the addition of EGF and undergo both spontaneous and EGF-induced

differentiation under standard culture conditions. These cultures have been utilized to
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study trophoblast apoptosis in [IUGR and normal placentae but little is known about how

IUGR trophoblasts differentiate in culture.

2.3  Experimental Design

My initial experiments were to determine if differentiation (assessed by hCG
production [ELISA], multinucleation [desmoplakin staining], and placental alkaline
phosphotase staining) was different between populations of normal and IUGR trophoblast
in culture under standard conditions. This study showed that the differentiation markers
hCG and multinucleation were significantly higher in IUGR trophoblasts than in normal
and that [UGR-PE trophoblasts behaved similarly to normal in culture (Chapter 3). As
TUGR-PE behaved differently to IUGR, I wanted to establish why IUGR was different
from normal. In addition to increased differentiation, there was also increased apoptosis,
as assessed by terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end
labeling (TUNEL) staining, in IUGR trophoblasts.

My second objective was to determine if TNFa played a role in both the increased
apoptosis and differentiation seen in IUGR. As TNFa is known to be increased in [UGR
and TNFa mediates enhanced trophoblast apoptosis (Kilani ez al, in preparation),
neutralizing antibody to TNFa was added to cultures and was able to decrease both
apoptosis and syncytialization in IUGR trophoblasts to levels seen in normal trophoblast
cultures (Chapter 3). This suggested a role for TNFa in trophoblast differentiation.
TNFa has been shown in other epithelial cells to activate the phosphorylation of p38
MAPK, ERK1/2 [both of which have been shown to play a role in trophoblast
differentiation], and JNK [which is involved in trophoblast survival signaling] MAPKs as
well as the cleavage of caspases and the apoptotic cascade. When cytotrophoblast
cultures were stimulated with TNFa, there was activation of p38, ERK1/2 and JNK
(Chapter 3) as well as caspase cleavage.

My third objective was to establish which pathway TNFa was signaling through
to stimulate increased differentiation in I[UGR trophoblasts. Using pharmacologic
inhibitors to p38 MAPK (SB203580), ERK1/2 (PD098590), JNK (JNK II Inhibitor), and
caspases (ZVAD), I found that inhibition of ERK1/2 activity prevented the elevated level
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of multinucleation seen in [IUGR trophoblasts (Chapter 3). Inhibition of SB203580 also
decreased both functional (hCG) and morphologic differentiation in IUGR. JNK
inhibition did not effect trophoblast differentiation. Caspase inhibition had no effect on
trophoblast differentiation in IUGR or normal trophoblasts, indicating that the caspase
cascade is not involved in trophoblast differentiation in isolated cells in vitro.

My final aim was to confirm that TNFa could stimulate trophoblast
differentiation. When exogenous TNFa was added to normal trophoblasts, there was an
elevation in multinucleation but a decrease in hCG production in a dose dependent
manner (Chapter 3). Addition of both TNFa and the ERK1/2 inhibitor PD098590
prevented TNFa stimulated multinucleation but did not decrease hCG production
(Chapter 3). TNFa was shown to act through both ERK1/2 and p38 MAPK to stimulate

multinucleation and hCG production respectively.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Patient Population

IUGR fetuses were identified before birth at the Royal Alexandra Hospital
Women’s Center in Edmonton, Alberta on the basis of ultrasound information indicating
compromised fetal growth. The criteria for IUGR include: estimated birthweight less
than the 10th centile for gestational age accompanied by either: 1) head/abdominal
circumference ratio less than 1.2, 2) low amniotic fluid level (less than 7 cm), or 3)
abnormal umbilical Doppler flow. Birthweights less than the 10th centile were confirmed
after birth. TUGR fetuses born to pre-eclamptic mothers were further characterized by
maternal hypertension (blood pressure of 140/90 mmHg) and proteinuria (greater than
+2) during the latter half of pregnancy. Normal pregnancies were those babies born

between the 10th and 90th centile without other complications.

3.2 Villous Cytotrophoblast Isolation

Villous cytotrophoblast cells were isolated following the protocol developed by
Morrish et al (1987). Briefly, freshly delivered placentae were trimmed of membranes,
cut into cotyledons and thoroughly rinsed in IMDM/2% calf serum. Tissue was scraped
off of underlying vasculature and rinsed again with IMDM/2% calf serum through a
metal sieve [40 mesh-Sigma]. Tissue was incubated with digestion solution (2.5 pg/ml
trypsin [Gibco 1:250 trypsin #27250-018], 0.1 pg/ml DNAse [Sigma] in Locke Ringer’s
[0.9% NaCl, 0.042% KClI, 0.01-0.03% NaHCO3, 0.1-0.2% glucose] buffer) at a ratio of 1
g tissue to 1 mL solution at 37°C. The first two rounds of trypsinized cells were
discarded, with 5 subsequent rounds of trypsinized cells being collected and pooled in
cold PBS containing 2% calf serum [PBS/2%CS] (GibcoBRL) on ice. Following
trypsinization, cells were further purified according to methods established by Yui et al
(212) and Guilbert et al (75), red blood cells were lysed by incubation with lysis buffer
[150 mM ammonium chloride, 10 mM sodium bicarbonate, 0.1 mM disodium EDTA] for

8 minutes at room temperature. Cells were then pelleted and washed with cold
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PBS/2%CS twice and then incubated with 10% (v/v) normal goat serum in 3 ml cold
PBS/2%CS for 20 minutes on ice to block non-specific antibody interactions. Cells were
then suspended in an additional 40 ml PBS/2% CS, pelleted and incubated with 3 ml of
primary antibody solution (PBS/2%CS with mouse anti-human MHC-I, MHC-II and
CD9 monoclonal antibodies) for 45 minutes on ice. The cells were pelleted in 50 ml of
PBS/2%CS and resuspended in cold PBS/2%CS at a concentration of <100 x10° cells/5
mL. The cell suspension (~100 x 10° cells/column) was then loaded onto goat-antimouse
IgG coated glass bead columns and run through with cold PBS/2%CS to maintain
constant flow. Cells which passed through the columns (therefore negatively selected)
were collected, pelleted, and resuspended in cold calf serum with 10% DMSO (v/v) to
produce 1 x 107 cells/mL. Cells were aliquoted into freezing vials and frozen at -70°C

overnight and were then transferred to LiN, for long term storage.
3.3 Villous Cytotrophoblast Culture

Thawing of Cryopreserved Stocks and Basic Culture

Trophoblasts were thawed at 37°C after cryopreservation into 10 mL of
IMDM/2% FCS and centrifuged at 1500 rpm for 7 minutes in a Beckmann CS-6R
centrifuge at 4°C. Cells were resuspended in IMDM/10% FCS/2%Pen/Strep stock
[10,000 U/ml penicillin and 10,000 pg/ml streptomycin}/1%L-glutamine at a density of
1x10° cells per mL of media. Cells were plated in 96 well NUNC plates at 150 uL/well
(1.5x10* cells per well) and allowed to adhere for a minimum of 4 hours in a 37°C
ambient air/5% CO, incubator. After 4 hours, non-adherent cells and debris were
removed by gentle washing with IMDM/2%FCS, after which all media was removed and
replaced with fresh IMDM/10%FCS/2%Pen/Strep/ 1%L-glutamine [IMDM-complete].
Cells were cultured for 5 days, media being changed on day 1 and then every other day.

Concentrations of each treatment are listed in detail in Table 3.1 below.

Culture with Peptide Inhibitors
Trophoblasts were routinely thawed and plated for 4-6 hours in 96 well plates at

the density mentioned above, after which the cultures were washed as described above
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and media was replaced with IMDM-complete media in which inhibitors were diluted.
All peptide inhibitors were dissolved originally in DMSO, final inhibitor concentrations
being 10 uM [SB203580 (4-(4-Fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-
pyridyl)1H-imidazole), PD098590 (2-(2-Amino-3-methoxyphenyl)-4H-1-benzopyran-4-
one), SB202474 (4-Ethyl-2(p-methoxyphenyl)-5-(4'-pyridyl)-IH-imidazole), SB202190
(4-[4-(4-Fluorophenyl)-5-(4-pyridinyl)-1H-imidazol-2-yl]phenol)], 20 uM [ZVAD-fmk],
or 90 nM [JNK II Inhibitor and JNK II negative control inhibitor]. Upon dilution, DMSO
concentration was between 0.1 and 0.3%, concentrations of which were added to separate
wells as vehicle treatment. Figure 3.1 shows where the inhibitors act in the TNFa

signaling cascade.

Culture with Neutralizing Antibodies

Trophoblasts were routinely thawed and plated at a density of 1.5x10* cells per
well in 100 gL of media in 96 well plates, 50 uL of media containing 7.5 pug/ml of
neutralizing antibody to TNFa, IL1P or IgG; isotype control were added to plated cells
within 5 minutes of plating. Cells were allowed to adhere for 4-6 hours and then washed
with 2%FCS/IMDM. Media was replaced with fresh media containing antibodies added
to a final concentration of 2 (IL-1B) or 2.5 (TNFa) pg/ml in IMDM-complete. 2 pg/ml of
neutralizing antibody to IL-1p should neutralize 50 ng/mL of IL-1p and 2.5 pg/ml of
neutralizing antibody to TNFa should neutralize of 20 ng/mL TNFao.

Culture with TNFa, EGF and 8-bromo-cAMP

Trophoblasts were routinely thawed and plated at the density of 1.5x10* cells per
well in 150 pL of media in 96 well plates. Cells were allowed to adhere for 4-6 hours,
after which non-adherent cells were washed with 2%FCS/IMDM. Media was replaced
with fresh media containing concentrations of TNFa (0.01, 0.1, 1 and 10 ng/ml), EGF (10
ng/ml), or 8-bromo-cAMP (10° M) diluted in IMDM-complete.
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Figure 3.1 Site of action of peptide inhibitors of p38 MAPK, ERK1/2 and INK
MAPK and the caspase inhibitor ZVAD-fmk.
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Table 3.1. Culture treatments and concentrations.

Final

Treatment Concentration Time Added Company
Peptide Inhibitors
DMSO Vehicle 0.1t00.3% After washing Sigma
p38 MAPKo/B 10 uM After washing Calbiochem
inhibitor
SB203580
p38 MAPKo/B 10 uM After washing Calbiochem
inhibitor
SB202190
negative control for | 10 uM After washing Calbiochem
p38 MAPKoa/
inhibitors
SB202474
MEK1/2 (ERK1/2 10 uM After washing Sigma
inhibitor)
PD098590
JNK II Inhibitor 90 nM, 10 UM After washing Calbiochem
SP600125
JNK II Inhibitor 90 nM, 10 uM After washing Calbiochem
negative control
ZVAD 20 uM After washing R & D Systems
Antibodies
IgG, isotype control | 2.5 ug/mL At plating Dakocytomation
Neutralizing 2.5 pg/ml (NDspis | At plating Upstate
antibody to hTNFa | 0.3 ng/ml) Biotechnology,
(IgGy) clone 2C8 Lake Placid, NY
Neutralizing 2ug/ml (NDsg of 50 | At plating R&D Systems,
antibody to hIL-1B | pg/ml is Minneapolis, MN
(IgG)) 0.001pg/ml)

Growth, Differentiation and Death Inducing Factors

Recombinant human | 0.01, 0.1, 1, and 10 | At plating or Hoffman-ILaRoche
TNFa ng/ml After washing

recombinanthuman | 10 ng/ml After washing Pepro-Tech, Rocky
EGF Hill, NJ
8-bromo-cAMP 10°M After washing Sigma

Culture at 5% and 2% Oxygen

Trophoblasts were routinely thawed and plated at a density of 1.5x10* cells per

well in 150 pL. of media. Cells were allowed to adhere for 4-6 hours at one of three

oxygen tensions (all environments were fully humidified): 1) ~140 mmHg or in a

standard 5 per cent CO2 in air incubator; 2) ~38 mmHg or in a controlled oxygen
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incubator (Forma Series II, Forma, Marietta, OH, USA) regulated at 7 per cent CO; and
at 5 per cent oxygen; or 3) ~ 15 mmHg or in a modular-incubator chamber (Billups-
Rothenberg, DeMar, CA, USA) in which air was replaced with nitrogen containing 2
percent oxygen and 5 per cent CO; by a time and flow (15.0 min, 200 mL/sec) controlled
purge, after which non-adherent cells were washed with 2%FCS/IMDM. Media was
replaced with 100 pL fresh media [IMDM-complete] and plates were returned to
respective oxygen tensions. Media was pre-warmed and changed at 24 and 72 hours,

plates being out of the incubator for less than 5 minutes.
3.4 Preparation of Cell Lysates for Western Blot Analysis

Plating of Cells For Western Blot Analysis

Trophoblasts were thawed into IMDM/2%FCS, centrifuged and resuspended in
IMDM-complete media at a density of 3.33x10° cells per mL. Cells were plated at a
density of 3.33x10° cells per well in Costar 6-well tissue culture plates and allowed to
adhere for 6 hours in a 37°C ambient ait/5% CQO; incubator. Non-adherent cells and
debris were removed by gentle rocking of the plate and rinsing with IMDM/2%FCS.
Media was replaced with IMDM-complete.

Phosphorylation of p38 MAPK in Cytotrophoblasts

Normal trophoblasts were cultured as described above for 18 hours in an ambient
air/5% CO2 incubator. Media was removed and inhibitors SB203580 or SB202190 were
added at a final concentration of 10 uM and cells were returned to the incubator for 1
hour. For EGF and TNFa stimulation of p38 MAPK phosphorylation, cytokines were
added to a final concentration of 10 ng/ml with or without inhibitors SB203580 or
SB202190 in IMDM-complete media with 3 wells per treatment. At time points of 5, 10,
15, 20 and 30 minutes after addition of EGF or TNFa, media was removed, cells were
rinsed with cold PBS and placed on ice. PBS was removed and 100 gL of 2X SDS-
PAGE loading buffer [100 mM Tris-Cl (pH 6.8), 20% B-mercaptoethanol, 4% SDS, 0.2%

bromophenol blue and 10% glycerol] was added to each well. Cells were scraped and
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lysates from 3 individual wells were pooled into one tube. Lysates were then boiled for 7

minutes and stored at -20°C until use.

Phosphorylation of ERK1/2 in Cytotrophoblasts

Normal trophoblasts were cultured as described above for 18 hours in an ambient
air/5% CO2 incubator. Media was removed and the inhibitor PD098590 was added at a
final concentration of 10 uM and cells were returned to the incubator for 1 hour. For
EGF and TNFa stimulation of ERK1/2 phosphorylation, cytokines were added to a final
concentration of 10 ng/ml with or without inhibitor PD098590 in IMDM-complete media
with 3 wells per treatment. At time points of 5, 10, 15, 20 and 30 minutes after addition
of EGF or TNFa, media was removed, cells were rinsed with cold PBS and placed on ice.
PBS was removed and 100 uL of 2X SDS-PAGE loading buffer was added to each well
after which the cells were scraped and lysates from 3 individual wells were pooled into

one tube. Lysates were then boiled for 7 minutes and stored at -20°C until use.

Phosphorylation of JNK in Cytotrophoblasts

Normal trophoblasts were cultured as described above for 18 hours in an ambient
air/5% CO2 incubator. Media was removed and the inhibitor JNK II Inhibitor was added
at a final concentration of 10 uM and cells were returned to the incubator for 1 hour. For
EGF and TNFa stimulation of JNK phosphorylation, cytokines were added to a final
concentration of 10 ng/ml with or without JNK II Inhibitor in IMDM-complete media
with 3 wells per treatment. At 30 minutes after addition of EGF or TNFa, media was
removed, cells were rinsed with cold PBS and placed on ice. PBS was removed and 100
pL of 2X SDS-PAGE loading buffer was added to each well. Cells were scraped and
lysates from 3 individual wells were pooled into one tube. Lysates were then boiled for 7

minutes and stored at -20°C until use.
Syncytin and GCM-1 Expression in Mixed Cytotrophoblast/Syncytiotrophoblast Culture
Normal and IUGR trophoblasts were thawed as described above and after

washing were cultured in either IMDM-complete, IMDM-complete supplemented with
10ng/ml EGF, or IMDM-complete supplemented with 10> M 8-bromo-cAMP for 3 days,
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media being changed after 24 hours, in an ambient air/5% CO?2 incubator. After 72 hours
of culture, cells were rinsed with cold PBS and placed on ice. PBS was removed and 100
pL of lysis buffer [1% TritonX-100, 10% Glycerol, 2mM EDTA, 20 mM Tris, pH 7.5,
150 mM NaCl, 5 mM PMSF, 10% Phosphatase Inhibitor Cocktail (Sigma), 10%
Mammalian Protease Inhibitor Cocktail (Sigma)] was added to each well. Cells were
scraped and lysates from 3 individual wells were pooled into one tube. Lysates were
incubated on ice for 15 minutes, after which they were frozen at -20°C. Protein
concentration of total cell lysates was determined by the BCA method. 30 ug of total
protein was mixed with SDS-PAGE loading buffer to a final concentration of 10% [3-
mercaptoethanol, 10% glycerol, 2% SDS, 0.1% Bromophenol blue, 50 mM Tris-HCI, pH

6.8 and boiled for 7 minutes. Insoluble matter was pelleted briefly by centrifugation.

Caspase-8 Cleavage in Cytotrophoblasts

Trophoblasts were routinely thawed and cultured in an ambient air/5% CO2
incubator for 4-6 hours in IMDM-complete, after which they were washed with
IMDM/2% FCS and cultured in IMDM complete for 18 hours. The following day, the
following treatments were applied as follows: control (IMDM-complete) for 12 hours,
ZVAD (20 uM ZVAD in IMDM-complete) for 12 hours, TNFa (10 ng/ml in IMDM-
complete) for 6 and 12 hours, TNFo + ZVAD (10 ng/ml TNFa and 20 uM ZVAD in
IMDM-complete) for 6 and 12 hours. The cultures were returned to the incubator for the
specified time periods, after which the media was removed and the cultures were rinsed
with cold PBS and placed on ice. PBS was removed and 100 pL of lysis buffer [1%
TritonX-100, 10% Glycerol, 2mM EDTA, 20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM
PMSF, 10% Phosphatase Inhibitor Cocktail (Sigma), 10% Protease Inhibitor Cocktail
(Sigma)] was added to each well. Cells were scraped and lysates from 3 individual wells
were pooled into one tube. Lysates were incubated on ice for 15 minutes, after which
they were frozen at -20°C until use. Protein concentration of total cell lysates was
determined by the BCA method. 40 pg of total protein was mixed with SDS-PAGE
loading buffer to a final concentration of 10% B-mercaptoethanol, 10% glycerol, 2%
SDS, 0.1% Bromophenol blue, 50 mM Tris-HCI, pH 6.8 and boiled for 7 minutes.

Insoluble matter was pelleted briefly by centrifugation.
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Caspase-3 Cleavage in Cytotrophoblasts

Trophoblasts were routinely thawed and cultured in an ambient ait/5% CO2
incubator for 4-6 hours in IMDM-complete, after which they were washed with
IMDMY/2% FCS and cultured in IMDM complete for 18 hours. The following day, the
following treatments were applied for 18 hours as follows: control (IMDM-complete),
cycloheximide (10 pg/ml in IMDM-complete), TNFa (10 ng/ml in IMDM-complete),
TNFo + ZVAD (10 ng/ml TNFa and 20 pM ZV AD in IMDM-complete), TNFa +
cycloheximide (10 ng/ml TNFa and 10 pg/ml cycloheximide in IMDM-complete), and
TNFo + ZVAD + cycloheximide (10 ng/ml TNFa, 10 pg/ml cycloheximide and 20 uM
ZVAD in IMDM-complete). The cultures were returned to the incubator, after which the
media was removed and the cultures were rinsed with cold PBS and placed on ice. PBS
was removed and 100 uL of lysis buffer [1% TritonX-100, 10% Glycerol, 2ZmM EDTA,
20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM PMSF, 10% Phosphatase Inhibitor Cocktail
(Sigma), 10% Protease Inhibitor Cocktail (Sigma)] was added to each well. Cells were
scraped and lysates from 3 individual wells were pooled into one tube. Lysates were
incubated on ice for 15 minutes, after which they were frozen at -20°C until use. Protein
concentration of total cell lysates was determined by the BCA method. 40 pg of total
protein was mixed with SDS-PAGE loading buffer to a final concentration of 10% [-
mercaptoethanol, 10% glycerol, 2% SDS, 0.1% Bromophenol blue, 50 mM Tris-HCI, pH

6.8 and boiled for 7 minutes. Insoluble matter was pelleted briefly by centrifugation.

Electrophoresis and Transfer

Denatured lysates were loaded onto a discontinuous SDS-PAGE gel with 10%
resolving and 4% stacking gels and electrophoresed at 80V through the stacking gel and
120 V through the resolving gel using a Mini-Protean II system and Tris-glycine
electrophoresis buffer [25 mM Tris, 250 mM glycine, 0.1% SDS]. After electrophoresis
was complete, the resolved proteins were transferred using a Mini-Protean II system onto
PVDF membranes using either 26 mAmps of current for 17 hours or 4 hours at 200

mAmps of current in Towbin’s Buffer (39 mM glycine, 48 mM Tris, 20% methanol).
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Blocking and Antibody Incubation

Membranes were rinsed for 5 minutes in TBS buffer [100 mM Tris (pH 7.5) with
140 mM NaCl] containing 0.1% Tween-20 (TBST) and subsequently blocked in 5% skim
milk powder dissolved in TBST for 1 hour at room temperature. Membranes were
incubated overnight at 4°C with primary antibody dilution (Table 3.2) in either 5% skim
milk powder dissolved in TBST or 5% BSA dissolved in TBST. The next morning,
membranes were then washed 3 times 15 minutes each in TBST on a rocking horizontal
shaker and then probed with an appropriate secondary antibody conjugated to HRP
(diluted in 5% milk/TBST) for 1.5 hours at room temperature. Following this,
membranes were washed for 3 times 10 minutes each. Membranes were developed using
enhanced chemiluminescence reagent [Amersham Pharmacia Biotech, Buckinghanshire,
UK] on X-ray films. Membranes were subsequently stripped in stripping buffer (100
mM B-mercaptoethanol, 2% sodium dodecyl sulfate, and 62.5 mM Tris-HCl, pH 6.6) for
30 minutes at 50°C with gentle agitation and rinsed in large volumes of TBST 2 times for
10 minutes each. Individual membranes were re-blocked and probed up to 3 times with
antibodies of different molecular weight. All membranes were probed with a-actin to

control for total protein loading.

3.5 Densitometry of Western Blots

Following X-ray development with ECL reagent, films were scanned using an
Epson scanner at 3200 dpi resolution. Densitometry (density per square millimeter) was
analyzed using Quantity One imaging software (Bio-Rad). The density of the bands was
subtracted from the background density. Each band was normalized to the density of a-

actin staining for comparison between protein expression in each lane.
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Table 3.2. Antibody suppliers and dilutions.

Antibody Dilution Company Species
Phospho-p38 MAPK 1:1000 Cell Signaling | Mouse (monoclonal)
(Thr180/Tyr182)
p-38 MAPK (total) 1:1000 Cell Signaling | Rabbit (polyclonal)
Phospho-p44/42 (ERK1/2) | 1:1000 Cell Signaling | Rabbit (polyclonal)
Thr202/Tyr204
p44/42 (ERK1/2) total 1:1000 Cell Signaling { Rabbit (polyclonal)
o-Actin 1:10,000 Chemicon Mouse
Phospho- 1:1000 Cell Signaling | Rabbit
SAPK/INK(Thr183/Tyr185)
Syncytin 1:1000 Gift Mouse
(HERV-W)
Glial Cell Missing-1 1:1000 Aviva Rabbit
phospho-MEK1/2 1:1000 Cell Signaling | Rabbit
(Ser217/221)
MEK1/2 (47E6) 1:1000 Cell Signaling | Rabbit (Monoclonal)
Anti-caspase 8 1:1000 Medical and Mouse

Biological

Laboratories
Anti-caspase 3 1:2000 Stressgen Rabbit

3.6 Immunofluorescent Staining-Desmoplakin

After 5 days in culture, media was removed from the culture and the cells were

rinsed with PBS. Cells were fixed with acetone:methanol (1:1) for 10 minutes at

-20°C and rehydrated with PBS. Non-specific staining was blocked with 10% normal

goat serum in PBS for 1 hour at room temperature. Anti-desmoplakin antibody [IgG

monoclonal antibody, 10ug/ml; ICN ImmunoBiologicals, Costa Mesa, CA] was diluted

1:100 (10 pg/ml) in antibody diluent (Dakocytomation) and incubated overnight at 4°C.

Wells were washed 3 times 2 minutes each with PBS and then secondary antibody [Alexa

Fluor goat anti-mouse IgG (H+L) 488 conjugate (Molecular Probes)] was added at a

dilution of 1:500 in antibody diluent for 1 hour at room temperature. Nuclei were stained
with 4°,6-diamino-phenylindole (DAPT; 100 pl of 1.4 pg/ml; Molecular Probes) for 10

minutes at room temperature. Wells were then washed 3 times for 2 minutes each with

PBS.
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3.7 Immunofluorescent Staining- Placental Alkaline Phosphotase

After 5 days in culture, media was removed from the culture and the cells were
rinsed with PBS. Cells were fixed with 4% Paraformaldehyde for 10 minutes at room
temperature and rehydrated with PBS. Non-specific staining was blocked with 10%
normal goat serum in PBS for 1 hour at room temperature. Anti-Placental Alkaline
phosphatase antibody [IgG2a monoclonal antibody, clone 8B6, 10 pg/ml; Sigma, St.
Louis, MO] was used at 2 ug/ml, diluted in antibody diluent, and incubated overnight at
4°C. Wells were washed 3 times 2 minutes each with PBS and then incubated with
1pg/ml Alexa Fluor goat anti mouse (H+L) 546 conjugate [Molecular Probes] antibody
in the dark at room temperature for 1.5 hours. Wells were washed with PBS 3 times for 2

minutes each.

3.8 Immunofluorescent Staining-TUNEL

After 5 days in culture, media was removed from the culture and the cells were
rinsed with PBS. Cells were fixed with acetone:methanol (1:1) for 10 minutes at
-20°C and rehydrated with PBS. Fixed cultures were preincubated with TdT buffer [30
mM Tris-base, pH 7.2; 140 mM sodium cacodylate; 1mM cobalt chloride] for 10 minutes
at room temperature while TUNEL reaction mixture was prepared. TUNEL reaction
(5/p1 TdT, 16.5 uM dATP, 16.5 uM bio-16-dUTP in TdT buffer) was carried out at 37°C
for 1 hour. The reaction was stopped by adding 2X SSC [300 mM NaCl; 30mM sodium
citrate] for 10 minutes. The fixed cells were washed once with PBS to neutralize the pH.
Non-specific staining was blocked with 10% normal goat serum in PBS for 1 hour at
room temperature. Biotinylated d-UTP was detected by incubation with 1:500 dilution of
Alexafluor 546 Strepavidin conjugate. Nuclei were stained for 10 minutes with DAPI
(100 pl of 1.4 pg/ml; Molecular Probes) and unbound antibody and dye'were removed by

washing 3 times 2 minutes each in PBS.
3.9 Immunofluorescent Staining-GCM-1
After 2, 3, 4 and 5 days in culture, media was removed from the culture and the

cells were rinsed with PBS. Cells were fixed with acetone:methanol (1:1) for 10 minutes

at -20°C and rehydrated with PBS. Non-specific staining was blocked with 10% normal
-54-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



goat serum in PBS for 1 hour at room temperature. After blocking solution was removed,
a 1:500 dilution of GCM-1 antibody (Aviva) in antibody diluent was added to the wells
and incubated overnight at 4°C. Unbound antibody was removed by washing 3 times 2
minutes each in PBS. GCM-1 expression was detected by incubation with 1:500 dilution
of Alexafluor 546 goat anti rabbit conjugate in antibody diluent for 1 hour at room
temperature. Nuclei were stained for 10 minutes with DAPI and unbound antibody and

dye were removed by washing 3 times for 2 minutes each in PBS.

3.10 Visualization of Immunofluorescent Staining, Digital Photography and
Analysis

Images were obtained using an Olympus 1X2-UCB motorized inverted research
microscope equipped with a Lambda DG-4 high-speed filter changer and a Roper
Scientific Cascade 16 bit digital monochrome camera (Olympus, Melville, NY) using a
10 power long range objective. Digital images of each well (four fields per well) were
obtained with DAPI- 350 nm wavelength (blue), Cy3-546 nm wavelength (red), or FITC-
488 nm wavelength (green) filters. Slidebook 3.0 software [Carsen, Markham, Ontario,
Canada] was used to capture and export the images. Multinucleation was determined by
manual counting of digital images of nuclei/desmoplakin-stained cells using Adobe
Photoshop software. Placental alkaline phosphatase staining intensity was analyzed using
Image Pro-Plus (Media Cybernetics, Del Mar, CA) setting isotype control (IgGs,) treated

wells as zero and the relative intensity of the fluorescent areas was calculated.

3.11 Quantitation of Syncytialization

After dual exposure of desmoplakin/DAPI stained cells to FITC (488 nm) and
DAPI (350 nm) wavelengths, pictures were exported and manually assessed. Total nuclei
per field at 10 x magnification were assessed. In addition, the total number of nuclei
present in syncytia (defined as >2 DAPI-stained nuclei per desmoplakin-delineated area)
was recorded. The syncytialization rate was determined by the calculation of total
syncytialized nuclei/total nuclei present to give % syncytializated nuclei. Conversion
from nuclei present in 10 power field to nuclei present in well was done using the average

number of nuclei per field and multiplying by 297.56 (area of 96 well plate surface=0.33
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cm? or 33 mm? and area of field under microscope at 10 X= calculated as follows: 1
nuclei=10 uM=17 pixels, area of field= 652 by 492 pixels or 383.53 pm by 289.4 um
which gives an area of 0.1109 mm? conversion factor to go from 0.1109 mm? to 33 mm®

is 33mm? /0.1109 mm? or 297.56).

3.12 Quantitation of Apoptosis

After dual exposure of TUNEL positive/DAPI stained cells to Cy3 (546 nm) and
DAPI (350 nm) wavelengths, pictures were exported and manually assessed. Total nuclei
per field at 10 x magnification were assessed. In addition, the total number of nuclei
fluorescing red (TUNEL positive) were recorded. The apoptosis rate was determined by
the calculation of total TUNEL positive nuclei/total nuclei present to give % apoptotic
nuclei. Conversion from nuclei present in 10 power field to nuclei present in well was
done using the average number of nuclei per field and multiplying by 297.56 (area of 96

well plate surface=0.33 cm” and area of field under microscope at 10 X=0.1109 mm?®).
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CHAPTER 4: RESULTS

4.1 Patient Population Comprising Study Groups.

Placentae were collected after delivery from three study groups, normal (n=14),
IUGR (n=14) and IUGR-PE (n=3) with patient characteristics found in Table 4.1.
Statistical significance was determined using the non-parametric Kruskal-Wallis test
comparing medians due to the small numbers of IUGR-PE placentaec. We separated
TUGR and IUGR-PE initially because we wanted to explore the differences between
TUGR and normal and felt that the preeclamptic condition may further confound our
results. Among the three study groups, maternal age was significantly different with
mothers of normal infants being significantly older (30.5 + 4.9 years) than those mothers
bearing IUGR (25 + 5.2 years) or IUGR-PE (19 + 4.9 years) babies. Maternal smoking
was more prevalent in mothers bearing IUGR babies (50% smokers) compared to one of
three smoking mothers in the IUGR-PE group and one of fourteen in the normal group.
As smoking is a risk factor for [IUGR, exclusion of placentae from smoking mothers
would have limited our sample size. Amongst the three groups, blood pressure was only
significantly higher in the [IUGR-PE group. Only women with preeclampsia experienced
proteinuria. All of the babies born in the normal and [IUGR-PE groups were delivered via
caesarian section as were 9 of 14 babies in the IUGR group. The gestational age in the
normal group was significantly later than IUGR or [UGR-PE groups with a median
gestational age of 38.8 + 0.6 weeks compared to 36.6 + 2.8 weeks (IUGR) and 34 + 2.64
weeks (IUGR-PE). The gestational age was significantly lower in IUGR; however the
median age of IUGR infants was still near to term. The birthweight was significantly
greater in the normal group (3215 + 623 grams) compared to the IUGR (2182 + 637
grams) and IUGR-PE (1340 + 650 grams). All of the babies born in the normal group
were between the 10th and 90th centiles for their gestational age, all of the IUGR and
IUGR-PE babies being born below the 10th percentile. The gender distribution amongst
the normal group was 50% male/50% female, but higher numbers of male babies were
born in the ITUGR (9 of 14) and IUGR-PE (2 of 3) groups. All of the babies in the normal

group had normal Doppler flow as well as normal amniotic fluid levels. In contrast, all of

-57-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the babies born in the JTUGR or IUGR-PE study groups had either abnormal umbilical
Doppler flow, low amniotic fluid levels or asymmetric growth. Of the placental weights
recorded, there was a significant difference between the three groups with normal babies
having heavier placentae (598 + 49 grams; n=5) than the IUGR (353.5 + 157 grams; n=6)
and IUGR-PE (245.9 grams; n=1) groups.

4.2 Trophoblast apoptosis is increased in [IUGR after 5 days under standard culture
conditions.

Previous studies in our lab have shown that at 20% oxygen (standard culture conditions),
normal and IUGR trophoblasts exhibit the same amount of apoptosis within the first 24
hours of culture, indicating CT apoptosis is unchanged between normal and IUGR.
Apoptosis of trophoblasts remaining in culture after 5 days was measured as the fraction
of nuclei having double-stranded DNA nicks as visualized by TUNEL analysis.
However, after 5 days of culture at 20% oxygen, I found that apoptosis was significantly
greater when compared by an unpaired t test (p<0.05) in IUGR trophoblast cultures
(values expressed as mean + standard deviation: 15.3 + 4.8% TUNEL positive nuclei)

than in normal trophoblast cultures (5.8 + 1.7% TUNEL positive nuclei) (Figure 4.1).
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Table 4.1. Patient characteristics of normal, IUGR and IUGR-PE study groups.
Values presented are means =+ standard deviation and statistical significance was
determined by the Kruskal Wallis test (which compared the medians) for non-parametric
data with p<0.05 versus normal (*) and p<0.05 IUGR versus IUGR-PE (#) considered

significant.

Normal (n=14) IUGR IUGR-PE
(n=14) (n=3)
Maternal Age 30.7+4.9 25.1 £5.2* 21.3 +4.9*
Maternal Smoking 1/14 7/14%* 1/3
Maternal Blood
Pressure(mmHg):
Systolic 119+6.7 123 +9.1 160 + 21+
Diastolic 78 + 6.7 75+ 8.5 98 + 10 **
Proteinuria negative negative All >2+*
Mode of Delivery:
Vaginal 0 5 0
Ceasarian 14 9 3
Primiparous 2/14 4/14 3/3%"
Gestational Age 38.6 + 0.62 36.1 + 2.8% 34 +2.64%"
(weeks)
Birth weight (g) 3443 + 623 2034 + 637* 1592+ 650*"
Birth weight
Centile:
10th to 90th % 14 0* 0*
5th to 10th % 0 7 0
<5th % 0 7 3
Sex:
Male 7/14 9/14 2/3
Female 7/14 5/14 1/3
Abnormal Doppler
Flow (ADF) 0/14 6/14* 1/3*
Oligohydramnios
(OH) 0/14 6/14* 3/3*
(Fluid <7 cm)
Asymmetric Growth
(AG)
(Head/abdominal 0/14 11/14%* 3/3*
circumference <1.2)
Placental weight (g) 603 + 49 361 + 157* 245.9
(n=5) (n=6) (n=1)

Reproduced with permission of the copyright owner.
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4.3 Trophoblast differentiation as assessed by syncytialization, hCG and hPL
production is increased in IUGR but not in IUGR-PE.

Trophoblast differentiation in culture has been extensively studied in our lab. Our
cultures of >99.9% pure CT can spontaneously differentiation over a period of time, with
maximal differentiation (as assessed by peak hCG production) seen at day 5 of culture
under standard culture conditions (100). Trophoblast differentiation was assessed using
three markers: percentage of syncytialized nuclei, production of human chorionic
gonadotropin, and production of human placental lactogen. Supernatants from normal,
IUGR and IUGR-PE trophoblast cultures were collected after Day 1, Day 3 and Day 5,
after which cultures were fixed and stained for desmoplakin to delineate cellular
boundaries and DAPI to visualize the nuclei. Percent syncytialization of trophoblast
cultures was determined by taking the average number of nuclei contained within a
syncytium (>2 nuclei/desmoplakin delineated area) and dividing by the average total
number of nuclei per field followed by multiplying by 100. Production of hCG and hPL
was assessed in Day 1, Day 3 and Day 5 supernatants by high sensitivity ELISA
(detection limit for B-hCG: <1mU/ml; for hPL: 0.3pug/ml), the sum of the three values
being the total hCG or hPL produced over the 5 day period. Hormone production was
normalized to the number of nuclei remaining in the well (10* nuclei/well).

IUGR trophoblast cultures exhibit significantly higher (p<0.05) amounts of
syncytialization (mean + standard deviation: 32.4 + 7.6%) than either normal (15.7 +
6.8%) or IUGR-PE (13.1 + 0.6%) trophoblast cultures after 5 days (Figure 4.2-upper
panel [summary and representative picture of desmoplakin staining from each group]).
Similarly, IUGR trophoblasts produce significantly higher (p<0.05) levels of hCG (30.6 +
18.8 mU/10* nuclei) and hPL (0.51 + 0.28 ne/ 10* nuclei) than either normal (hCG: 11.0 +
5.9 mU/10* nuclei; hPL: 0.24 + 0.18 pg/10* nuclei) or IUGR-PE (hCG: 5.5 * 4.2 mU/10*
nuclei; hPL: 0.08 + 0.11 pg/10* nuclei) trophoblast cultures (Figure 4.2-center and
bottom panels).

Taken together, these observations suggest that IUGR trophoblast cultures
undergo greater rates of apoptosis and differentiate more than normal trophoblast cultures
and that IUGR trophoblast cultures and IUGR-PE trophoblast cultures are fundamentally

different with IUGR-PE cultures behaving as normal in culture. As I wanted to explore
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the difference between IUGR and normal, I excluded IUGR-PE placentae from the rest of
this study.

4.4 Elevated trophoblast apoptosis and differentiation in IUGR is blocked by
neutralizing antibody to TNFo.

Previously, our lab has shown that elevated apoptosis after 24 hours in [IUGR
trophoblast cultures can be blocked by addition of neutralizing antibody to TNFa (115).
Upon addition of excess neutralizing antibody to TNFa for the 5 day culture period,
IUGR trophoblast cultures exhibited a significant (p<0.05) decrease in the percentage of
TUNEL positive nuclei (from 14.0 £ 5.0% TUNEL positive nuclei versus 8.0 +4.1% in
IgG isotype control) while normal trophoblast cultures remained unchanged ( 5.8 +1.7%
versus 5.6 £ 0.9% in isotype control) (Figure 4.3). This indicates that either IUGR
trophoblast cultures are more sensitive to TNFa levels than normal trophoblast cultures or
that IUGR trophoblasts are producing more TNFa than normal cultures. Indeed, after
addition of neutralizing antibody to TNFa, IUGR trophoblast cultures had more nuclei
remaining after 5 days in culture than isotype treated controls although this failed to reach
significance (Figure 4.4-bottom panel).

When trophoblast differentiation markers were assessed after addition of
neutralizing antibody to TNFa, I found that elevated levels of syncytialization in IUGR
were blocked (mean + standard deviation: from 30.0 + 5.6% [isotype control] to 18.4 +
3.7% [neutralizing antibody to TNFa]) while syncytialization was slightly stimulated in
normal trophoblast cultures (from 17.5 + 5.9% [isotype control] to 23.1 + 8.4%
[neutralizing antibody to TNFa]) (Figure 4.4-top panel). Interestingly, inhibition of
excess syncytialization was only seen when antibody to TNFa was added at plating (data
not shown), indicating that the environment in which the CT attach to the plate influences
differentiation markers later on in culture. Similarly, antibody to TNFa also decreased
the amount of hCG produced in IUGR trophoblast cultures (mean + standard deviation:
45.8 +29.6 mU/10* nuclei [isotype control] versus 28.5 £ 11.6 mU/ 10* nuclei
[neutralizing antibody to TNFa]) to levels near normal (19.6 + 3.3 mU/ 10* nuclei
[isotype control] versus 18.0 + 3.0 mU/ 10* nuclei [neutralizing antibody to TNFa])

(Figure 4.4-centre panel). Contrary to previous findings using the BeWo cell line,
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neutralizing antibody to IL-1p in a dose calculated to neutralize 50 ng/ml of IL-1p did not
have a significant effect on either normal (17.5 £ 5.9% [isotype control] versus 15.0 £
0.1% [neutralizing antibody to IL-1B]) or IUGR (30.0 + 5.6% [isotype control] versus
27.6 +7.9% [neutralizing antibody to IL-1B]) trophoblast syncytialization. Similarly,
neutralizing antibody to IL-1f did not significantly impact the production of hCG by
either normal (19.6 + 3.3 mU/ 10* nuclei [isotype control] versus 12.4 + 3.0 mU/ 10*
nuclei [neutralizing antibody to IL-1f]) or [IUGR (45.8 +29.6 mU/ 10* nuclei [isotype
control] versus 51.7 + 22.4 mU/10* nuclei [neutralizing antibody to IL-1B]) trophoblast
cultures (Figure 4.4-centre panel). In BeWo cells, inhibition of IL-1p signaling through
neutralizing antibody decreased hCG production, however, IL-18 signaling inhibition had

no effect on either normal or IUGR primary trophoblast cultures.

4.5 TNFa is able to activate the phosphorylation of p38 MAPK, ERK1/2, JNK and
caspase 3 cleavage.

TNFa has been shown in other epithelial cells to activate the phosphorylation of
the MAPKS (p38, ERK1/2 and JNK) as well as the activation of the caspase cascade
including caspase 8 and caspase 3 cleavage. Addition of 10 and 80 ng/ml of TNFa for 10
minutes to 3 different normal trophoblast cultures (24 hour old cultures-majority of cells
as CT) resulted in the phosphorylation of p38 MAPK (Figure 4.5-a,b). Stimulation of CT
cultures with 10 ng/ml of EGF for 10 minutes also stimulated the phosphorylation of p38
MAPK which served as a positive control as EGF has previously been shown to activate
p38 MAPK phosphorylation (100).

Addition of TNFa, to CT cultures (which are 24 hours old) for 10 minutes also
stimulates the phosphorylation of ERK1/2 (Figure 4.6). Again, EGF was used as a
positive control as our lab has previously demonstrated EGF activation of ERK1/2
phosphorylation (100). In agreement with data previously reported, I found that addition
of 10 ng/ml of EGF stimulated ERK1/2 phosphorylation versus untreated controls
(Figure 4.6-a,b). Similarly addition of 10 and 80 ng/ml of TNFa to CT cultures for 10
minutes resulted in an increase in ERK1/2 phosphorylation versus untreated controls.

ERK1/2 phosphorylation by TNFa was inhibited by two hour pretreatment with the
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specific inhibitor PD098059 which prevents the upstream activity of MEK1/2 thus
preventing phosphorylation of downstream ERK1/2 (Figure 4.6-b,d).

TNFa was also able to phosphorylate JNK (Figure 4.7). Treatment of 3 different
normal CT cultures with 10 ng/ml of TNFa resulted in strong phosphorylation of JNK,
much higher than the weak signal stimulated by addition of 10 ng/ml of EGF.

TNFa binding to TNFR1 on the surface of epithelial cells triggers caspase 8 and
caspase 3 cleavage (49). As such, I hypothesized TNFa would stimulate the cleavage of
both caspase 8 and 3 in trophoblast cultures. Treatment of two different normal CT
cultures with 10 ng/ml of TNFa for 6, 12 and 18 hours did not result in significant
upregulation of caspase 8 cleavage (Figure 4.8-a,b,c). In contrast, when CT lysates were
assessed by caspase 3 cleavage after treatment with TNFa for 18 hours, significant
cleavage was seen (Figure 4.8-d). As caspase 8 cleavage remained undetectable by
western blotting, I hypothesized that CT cultures were responding to the TNFa challenge
by increasing the expression of an anti-apoptotic protein (such as Bcl-2 or Mcl-1). To
counteract this anti-apoptotic protein expression, I used the protein synthesis inhibitor
cyclohemixide to prevent any protein expression. When CT cultures were treated with 10
pg/ml of cycloheximide for 18 hours, caspase 3 cleavage was stimulated (Figure 4.8-d)
but caspase 8 cleavage remained undetectable (Figure 4.8-¢). Similarly, when CT
cultures were treated with 10 ng/ml of TNFa for 18 hours, caspase 3 cleavage was
stimulated (Figure 4.8-d) but caspase 8 cleavage remained undetectable (Figure 4.8-c).
When protein synthesis was inhibited at the same time cells were exposed to 10 ng/ml of
TNFa, there were increased amounts of caspase-3 cleavage (Figure 4.8-d). TNFa
induced cleavage of caspase 3 was inhibited by 20 uM of ZVAD even in the presence of
protein synthesis inhibition (Figure 4.8-d). There appears to be small amounts of
caspase 8 cleavage at 6, 12, or 18 hours with or without TNFa treatment, but ZVAD did

not reduce this (Figure 4.8-a, b, c).
4.6 Addition of exogenous TNFa stimulates apoptosis and cell loss in normal and
IUGR trophoblasts.

Our lab has previously shown that TNFa is able to stimulate trophoblast apoptosis

in normal cultures (35, 70). I also have found that TNFa is able to stimulate apoptosis as
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assessed by % TUNEL positive nuclei on day 5 in normal trophoblasts (n=2) in a dose
dependent manner (Figure 4.9) but does not have a significant effect on [IUGR
trophoblasts (n=4). In normal trophoblast cultures, the lowest dose of TNFa (0.01 ng/ml)
did not have any significant effect on trophoblast apoptosis (mean + standard deviation:
7.2 +0.7% TUNEL positive nuclei [control] versus 6.7 + 0.1% TUNEL positive nuclei
[0.01 ng/ml TNFa]). However, with increasing doses of TNFa, there are increasing
numbers of TUNEL positive nuclei (10.3 + 0.2% TUNEL positive nuclei [0.1 ng/ml
TNFa] to 13.4 £ 0.6% TUNEL positive nuclei [1 ng/ml TNFa] to 11.4 +£0.2% TUNEL
positive nuclei [10 ng/ml TNFa]). Statistical significance as determined by 2-way
ANOVA followed by Bonferroni post-tests showed that only the 1 ng/mi dose of TNFa
had significantly higher amounts of apoptosis on Day 5 than untreated normal trophoblast
control cultures. In contrast, [UGR trophoblast cultures (n=4) did not exhibit increased
apoptosis on Day 5 of culture upon exposure to increasing doses of TNFa compared to
untreated control cultures (mean =+ standard deviation of % TUNEL positive nuclei: 15.2
+4.8% [control]; 13.1 £2.9% [0.01 ng/ml TNFa]; 12.7 + 3.5% [0.1 ng/ml TNFa]; 16.5 +
1.7% [1 ng/ml TNFa]; and 14.2 + 2.0% [10 ng/ml TNFa]).

As apoptosis on Day 5 was a ‘snapshot’ of the effects of TNFo on cell survival, I
also assessed the number of nuclei remaining in each well after treatment with TNFa.
Increasing doses of TNFa caused increasing cell loss over the 5 days in culture in both
normal and IUGR trophoblasts (Figure 4.10). In normal trophoblast cultures (n=9),
control (43.9 x 10® = 9.6 x 10 nuclei/well), 0.01 ng/ml TNFa (46.4 x 10° + 11.6 x 10°
nuclei/well) and 0.1 ng/ml TNFa, (40.4 x 10° + 7.2 x 10° nuclei/well) treatments did not
significantly affect the number of cells remaining; however, 1 ng/ml TNFo (29.8 x 10 +
5.0 x 10° nuclei/well) and 10 ng/ml TNFa (31.5 x 10°+1.1x 10° nuclei/well) caused a
significant (p<0.05) decline in the number of nuclei remaining after 5 days. In IUGR
trophoblast cultures (n=10), only the highest dose of TNFa caused a significant (p<0.05)
decrease in the number of nuclei remaining after 5 days (27.0 x 10° +7.6 x 10°
nuclei/well) compared to control (41.4 x 10® + 1.5 x 10 nuclei/well), 0.01ng/ml TNFao,
(43.2 x 10° = 15.6 x 10° nuclei/well), 0.1 ng/ml TNFo. (34.9 x 10* + 11.2 x 10°
nuclei/well) or 1 ng/ml TNFa (31.5 x 10° +4.3x 10° nuclei/well) treatments (Figure
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4.10). Thus, although TNFa did not significantly increase apoptosis in normal

trophoblast cultures at a concentration of 10 ng/ml, it did induce nuclei loss.

4.7 Addition of exogenous TNFa stimulates syncytialization in normal trophoblasts
in a dose dependent manner.

Previously I showed that neutralizing antibody to TNFa prevented both increased
apoptosis and increased differentiation in IUGR trophoblasts (Figure 4.3 and 4.4).
Addition of exogenous TNFa was shown to stimulate trophoblast syncytialization in
normal trophoblast cultures (n=5) but did not affect IUGR trophoblast cultures (n=8)
(Figure 4.11-a). In untreated controls, normal trophoblast cultures had significantly
(p<0.05) less syncytialization (17.5 £ 6.0%) than IUGR trophoblast cultures (29.8 +
5.8%). The significant difference between the groups was maintained with the 0.01
ng/ml TNFa treatment (normal: 25.0 £ 9.5%; IUGR: 34.3 £ 8.5%). However, with 1
ng/ml (25.6 £ 7.2%) and 10 ng/ml (27.8 + 5.7%) TNFa treatments trophoblast
syncytialization became significantly different from the control treatment in normal
cultures (Figure 4.11-a). At the higher doses of TNFa, the significance between the
groups was lost (normal: 27.0 + 10.9%; IUGR: 35.1 £ 8.0% [0.1ng/ml TNFa], normal:
25.9 £7.2%; IUGR: 35.3 £ 11.3% [1 ng/ml TNFa], and normal: 27.8 + 5.7%; IUGR: 31.7
+4.5% [10 ng/ml TNFa]). When I expressed total nuclei number present as ST and CT
(in contrast to percentage of syncytialized nuclei), I found that increasing dose of TNFa
significantly decreased the number of ST nuclei in IUGR trophoblast cultures alone at 10
ng/ml and decreased the number of CT nuclei in both normal at 1 ng/ml and 10 ng/ml and

IUGR at 10 ng/ml (Figure 4.11-b).

4.8 Exogenous TNFa suppresses hCG production in both normal and IUGR
trophoblasts.

Neutralization of endogenous TNFa action by addition of neutralizing antibody
suppressed the elevated levels of hCG seen in IUGR trophoblast cultures. This suggested
that endogenous TNFa was able to stimulate hCG production because when endogenous
TNFa was neutralized, hCG production was inhibitied in IUGR trophoblast cultures. As

such, I wanted to determine if exogenous TNFa could stimulate trophoblast hCG
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production. Contrary to what I expected, exogenous TNFa suppressed hCG production
in both normal and IUGR trophoblast cultures in a dose dependent manner (Figure 4.12).
In normal trophoblast cultures (n=5), hCG production was decreased slightly by addition
of 0.01 ng/ml TNFa (mean + standard deviation: 8.8 + 4.7 mU/10* nuclei) compared to
the control (12.6 + 5.8 mU/ 10* nuclei). However, with addition of 0.1 ng/ml of TNFa,
hCG production significantly decreased to 4.0 + 3.8 mU/ 10* nuclei TNFo and was even
further decreased with addition of 1 ng/ml TNFa. (1.0 + 0.9 mU/10* nuclei)and 10 ng/ml
of TNFa (0.3 £ 0.3 mU/ 10* nuclei). In IUGR trophoblast control cultures (n=8), there
was significantly more hCG produced (20.4 + 10.2 mU/10* nuclei) compared to normal
control cultures (12.6 + 5.8 mU/10* nuclei) and this was unaffected by addition of 0.01
ng/ml TNFa (21.7 + 10.7 mU/10* nuclei). Similarly to normal trophoblast cultures,
addition of 0.1 ng/ml of TNFa significantly decreased hCG production by IUGR
trophoblast cultures (12.4 + 8.8 mU/10* nuclei) and this was further decreased by
addition of 1 ng/ml (3.3 £3.2 mU/10* nuclei) and 10 ng/ml (3.1 £ 2.9 mU/10* nuclei) of
TNFa.

4.9 Inhibition of p38a and ERK1/2 MAPKSs has differential effects on normal and
IUGR trophoblasts.

Previously, our lab has shown that EGF signaling -through p38 MAPK stimulates
both hCG production and syncytialization in normal trophoblast cultures (101). As1
previously showed TNFa to stimulate p38 MAPK phosphorylation, I used an inhibitor of
p38 MAPK to determine if endogenously produced TNFa was mediating the elevated
differentiation in IUGR trophoblast cultures. SB203580 is a specific inhibitor of the o
and P isoforms of p38 MAPK. SB202474 is a negative control compound to be used
with SB203580. When normal trophoblast cultures (n=7) are exposed to the vehicle
(0.1% DMSO), there is significantly less (p<0.05) syncytialization (16.0 + 6.2%) than in
IUGR trophoblast cultures (n=8) (29.2 + 7.8%) exposed to the vehicle control (Figure
4.13). The negative control compound SB202474 (10uM) did not significantly alter
syncytialization in normal (15.3 £ 4.4%) or IUGR (24.7 + 4.5%) trophoblast cultures. In
contrast, the specific p38 MAPKa inhibitor, SB203580 (10uM), significantly (p<0.05)
decreased both normal (7.3 + 2.6%) and IUGR (15.5 + 2.6%) trophoblast
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syncytialization. In fact, syncytialization in IUGR with p38 MAPK inhibition was the
same as that of normal trophoblast control cultures.

Other research has shown both p38 MAPK and ERK1/2 to be involved in
trophoblast differentiation (51). As I previously demonstrated that TNFa was able to
activate ERK1/2 phosphorylation, I used an inhibitor of ERK1/2 phosphorylation to
determine if endogenous TNFa was involved in the elevated differentiation seen in IUGR
trophoblast cultures. PD098059 is a specific inhibitor of the activity of MEK1/2, the
upstream enzyme which phosphorylates ERK1/2. Inhibition of ERK1/2 with PD098059
(10uM) did not affect normal trophoblast (n=7) syncytialization (16.0 + 6.2% [control]
versus 16.9 +4.7% [PD098059]) but significantly decreased syncytialization in [TUGR
trophoblast cultures (n=8) (29.2 + 7.8% [control] versus 20.1 x+ 8.1% [PD0980591).
When both ERK1/2 and p38 MAPKa are inhibited with 10uM each of PD098059 and
SB203580, syncytialization is slightly more reduced in normal (5.7 + 2.3%) compared to
SB203580 alone (7.3 £ 2.6%) but is significantly lower (9.1 £ 6.0%) than inhibition with
either PD098059 (20.1 + 8.1%) or SB203580 (15.5 £2.6%) alone in IUGR trophoblast
cultures (Figure 4.13-i1pper panel).

The production of hCG appears to be differentially regulated by ERK1/2 and p38
MAPK in normal and IUGR trophoblasts. As seen before (Figure 4.12) only this time
with vehicle (0.1% DMSO), normal trophoblast cultures (n=7) produced significantly less
(p<0.05) hCG (mean =+ standard error of the mean (SEM): 12.5 + 1.4 mU/ 10* nuclei) than
IUGR trophoblast cultures (n=8) (45.5 = 10.9 mU/ 10* nuclei) exposed to the vehicle
(Figure 4.13-lower panel). When the negative control compound SB202474 (10 uM)
was added to normal trophoblast cultures, there was a slight (11.4 + 1.3 mU/ 10* nuclei)
but not significant decrease in the amount of hCG produced compared to the control (12.5
+ 1.4 mU/10* nuclei). However, in IUGR trophoblast cultures, addition of the negative
control compound SB202474 significantly decreased the amount of hCG produced over
the five day period (16.5 * 6.7 mU/10* nuclei) compared to control (45.5 + 10.9 mU/ 10*
nuclei) indicating that the analogue compound to the p38 MAPKa inhibitor has some
non-specific inhibitory effect in IUGR trophoblast cultures which may be more sensitive
to the presence of a foreign compound than normal trophoblast cultures. Addition of the

p38 MAPK specific inhibitor SB203580 resulted in complete suppression of hCG
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production in both normal (0.13 £ 0.06 mU/ 10* nuclei) and IUGR (0.63 + 0.45 mU/ 10*
nuclei) trophoblast cultures. In contrast, addition of ERK1/2 inhibitor PD098059 resulted
in a significant decrease in hCG production in IUGR trophoblast cultures (24.8 +£ 7.0
mU/10* nuclei) alone but did not have an effect on normal trophoblast cultures (13.2 +
1.9 mU/10* nuclei). Inhibition of both ERK1/2 and p38 MAPK phosphorylation resulted
in complete suppression of hCG production in both normal (0.17  0.06 mU/10* nuclei)
and TUGR (0.16 + 0.07 mU/10* nuclei) trophoblast cultures.

Cellular survival over the 5 day period was assessed by quantification of the
total number of nuclei remaining in each well. I found that there were significantly fewer
nuclei remaining in the ITUGR trophoblast cultures (mean + SEM: 32.7 +6.1 x 10
nuclei/well) than in the normal cultures (44.6 + 6.0 x 10° nuclei/well) exposed to 0.1%
DMSO (vehicle) (Figure 4.14). The number of nuclei remaining was not significantly
affected by any of the treatments, but there was a trend towards increased nuclei loss in

the presence of ERK1/2 inhibition with PD098059.

4.10 The pan-caspase inhibitor ZVAD does not inhibit elevated differentiation seen
in IUGR.

Previous work using placental explants has shown caspase-8 to be involved and
required for CT differentiation into ST as well as hCG production (16). I previously
found that TNFa was able to stimulate caspase-3 cleavage (a caspase which is
downstream of caspase-8) and that caspase-3 was not cleaved in the presence of 20 uM
of the pan-caspase inhibitor ZVAD (Figure 4.8). As TNFa is known to activate the
caspase cascade and increased TNFa signaling appears to mediate elevated trophoblast
differentiation in IUGR trophoblasts (both increased syncytialization [Figure 4.4-a] and
hCG production [Figure 4.4-b]), I hypothesized that inhibition of caspase activity with
the pan-caspase inhibitor ZVAD would decrease elevated differentiation seen in IUGR
trophoblast cultures. Contrary to my hypothesis and the placental explant work,
inhibition of caspases with ZVAD had no effect on either trophoblast differentiation
marker (syncytialization- Figure 4.15-upper panel or hCG production-Figure 4.15-
centre panel) in both normal and IUGR trophoblast cultures. As found previously,

normal trophoblast cultures (n=8) had significantly less syncytialization (mean + SEM:
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20.3 +£2.9%) than IUGR trophoblast cultures (n=7) (31.2 +2.4%) exposed to 0.1%
DMSO (vehicle) in addition to significantly less hCG production (normal (n=10): 14.1 £
2.3 mU/10” nuclei; TUGR (n=9): 29.5 + 8.5 mU/10* nuclei) over the 5 day period. These
two markers of trophoblast differentiation were unaffected by inhibition of caspase
cleavage as both syncytialization in normal (27.2 + 1.6%) and IUGR (34.2 + 8.1%)
trophoblast cultures as well as hCG production in normal (9.0 £ 2.3 mU/ 10* nuclei) and
TUGR (20.2 + 9.7 mU/10" nuclei) cultures were not significantly altered by the presence
of ZVAD.

Surprisingly, inhibition of caspase activity also failed to impact trophoblast
survival (Figure 4.15-bottom panel). Treatment with ZVAD did not significantly
increase the number of nuclei remaining over the 5 day period in either normal ([mean +
SEM] control: 48.5 +3.6 x 10° nuclei/well; ZVAD: 51.0 + 16.6 x 10° nuclei/well) or
TUGR trophoblast (control: 44.9 + 4.6 x 10° nuclei/well; ZVAD: 48.3 + 7.2 x 10
nuclei/well) cultures although there was a slight trend towards increased survival with
slightly higher numbers of nuclei present in the ZVAD treatment group. However,
addition of ZVAD to cultures treated with TNFa suppressed the TNFa induced cell loss
(Figure 4.17) indicating that the ZVAD was still functional.

4.11 JNK inhibition has no significant effect on syncytialization or hCG in normal
trophoblasts.

Our lab has previously shown that the JNK MAPKSs are important in trophoblast
survival signaling (141). As TNFa is able to activate the phosphorylation of INK and
appears to be increased in IUGR as neutralizing antibody to TNFa blocks elevated
differentiation in IUGR, I wanted to determine if JNK 1 and 2 were involved in
trophoblast differentiation. Initial experiments were done using concentrations of 10 uM
JNK II inhibitor, but massive cell death (~95% death by Day 4 in culture) resulted in
necessitating a decreased concentration of inhibitor. Previously, our lab used a
concentration of 90 nM and found it to significantly decrease cell survival (141).
Compared to vehicle (0.1% DMSO) control [mean + SEM: 21.5 + 2.2%], syncytialization
was unchanged in normal trophoblast cultures (n=4) when JNK II negative control

compound (90 nM) [23.1 + 3.7%] or JNK II inhibitor (SP600125- 90 nM) [23.7 = 2.2%]
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was added (Figure 4.16-top panel). JNK II inhibitor in combination with SB203580 (10
pM) significantly reduced (8.6 + 1.0%) syncytialization as did JNK II inhibitor in
combination with PDO98059 (10 uM) (11.8 + 2.2%), which was in contrast to the lack of
inhibition seen with PD098059 alone in normal trophoblast cultures (Figure 4.13-top
panel). The presence of all three MAPK inhibitors (SB203580, PD098059 and JNK II
inhibitor) had no further effect on syncytialization (9.5 = 0.8%).

The effect of INK II inhibition on hCG production was largely non-existent.
Compared to 0.1% DMSO control (vehicle) (20.3 £ 11.4 mU/ 10* nuclei), the addition of
JNK II negative control (20.0 + 9.4 mU/ 10* nuclei) and JNK II inhibitor (20.9 £ 8.4
mU/10* nuclei) itself did not have a significant impact on hCG production (Figure 4.16-
centre panel). However, addition of the p38 inhibitor SB203580 prevented all hCG
production (0.05 = 0.05 mU/ 10* nuclei), similar to its effects alone (Figure 4.13-centre
panel). Dual inhibition of INK II (with SP600125) and ERK1/2 (with PD098059), in
contrast to their effect on syncytialization (Figure 4.16-top panel), did not significantly
decrease hCG production (19.8 + 6.5 mU/10* nuclei). Addition of all three MAPK
inhibitors abolished hCG production (0.07  0.04 mU/10* nuclei), probably attributable
to p38 MAPKa inhibition. Trophoblast survival was unaffected by inhibition of JNK II
at 90 nM concentration with and without the presence of p38 MAPK or ERK1/2
inhibition (Figure 4.16-bottom panel).

4.12 Exogenous TNFa has differential effects on trophoblast differentiation
markers which are mediated by p38 MAPK and ERK1/2.

As exogenous TNFa was able to stimulate syncytialization in normal trophoblast
cultures (Figure 4.11), but suppressed hCG production (Figure 4.12). I wanted to
determine which pathway TNFo was acting through to stimulate syncytialization. Since
neutralizing antibody to TNFa only decreased syncytialization and hCG production in
TUGR when it was present during plating (the first four hours of culture), I also wanted to
determine if adding TNFa during the first four hours of culture would impact trophoblast
differentiation markers. My hypothesis was that TNFa addition at plating would
stimulate syncytialization and hCG production and TNFa present during the entire

culture period would stimulate syncytialization but decrease hCG production. I found
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that when compared to control cultures (n=5) (mean + SEM: 18.5 £ 2.0%), normal
trophoblast syncytialization was increased (although not significantly) by a dose of 1
ng/ml TNFa added for the first four hours of culture (24.6 £ 1.7%) (Figure 4.17). When
1 ng/ml of TNFa was present for the duration of culture (at washing to Day 5),
syncytialization was significantly greater than the control (27.4 + 3.0%). Addition of
ERK1/2 inhibitor (PD098059) in addition to TNFa decreased TNFa stimulated
syncytialization back to control levels (17.5 + 2.1%). Addition of p38 MAPKau inhibitor
(SB203580) suppressed TNFa induced syncytialization (6.3 + 0.5%) and brought
syncytialization down to levels seen with SB203580 inhibition alone (7.3 + 2.6% -
Figure 4.13). To confirm that TNFa was not mediating increased syncytialization
through the activation of caspases, I used the inhibitor ZVAD (20 uM) and found that it
did not inhibit the elevated syncytialization seen with TNFa treatment (27.2 + 0.7%).

The production of hCG over the 5 day culture period was assessed and I found
those trophoblast cultures exposed to 1 ng/ml TNFa for the first four hours of plating
were able to produce the same amount of hCG (23.3 + 5.0 mU/ 10* nuclei) compared to
control cultures (22.4 + 6.0 mU/ 10* nuclei) (Figure 4.17). In contrast, the presence of 1
ng/ml TNFa for the entire culture period (from washing to Day 5) resulted in suppression
of hCG production (2.4 + 1.2 mU/ 10* nuclei). TNFa induced suppression of hCG
production was slightly less when ERK1/2 was inhibited (6.8 + 2.3 mU/ 10* nuclei).
However, addition of p38 MAPK inhibitor (SB203580) resulted in complete suppression
of hCG production (0.0 = 0.0 mU/ 10* nuclei). ZVAD was unable to prevent the TNFa
induced inhibition of hCG production (3.4 + 1.2 mU/ 10* nuclei).

Cellular survival was assessed after 5 days in culture in the presence or absence of

TNFa with and without inhibitors PD098059, ZVAD and SB203580 by determining the
average total number of nuclei remaining in each well. I found that addition of 1 ng/ml
of TNFa to normal trophoblast cultures for 4 hours at plating slightly decreased (49.1 +
6.9 x10” nuclei/well) the number of nuclei remaining compared to the untreated control
(44.6 + 5.3 x10° nuclei/well). However, the presence of 1 ng/ml of TNFa for 5 days
significantly decreased the number of nuclei remaining on day 5 (30.5 £3.0 x10°
nuclei/well). Addition of the ERK1/2 inhibitor (PD098059) did not prevent TNFa
induced nuclei loss (29.7 £ 5.6 x10° nuclei/well). The p38 MAPK inhibitor (SB203580)
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slightly increased the number of nuclei remaining (37.4 + 2.0 x10° nuclei/well) but

ZVAD completely prevented the TNFa induced nuclei loss (48.0 6.2 x10° nuclei/well).

4.13 Trophoblast differentiation markers (syncytialization and hCG production)
are differentially regulated by changes in oxygen tension.

Previous trophoblast differentiation work in our lab has been done under standard
culture conditions (oxygen tension ~138 mmHg). We have previously shown that hCG
production is initially absent and reaches a peak at day 5 or 6 of culture, corresponding
with maximal syncytialization induced by EGF (101) under standard conditions. As
trophoblast differentiation in vivo does not occur at 138 mmHg of oxygen and is more
likely occurring at oxygen tensions of between 38 mmHg (5%) and mmHg (8%) (115), I
wanted to confirm that elevated differentiation seen in [IUGR was also reflected in
conditions normoxic (5%) for the placenta. I chose three oxygen tensions: 1) standard
culture conditions or hyperoxia (~138 mmHg or 18% oxygen); 2) low-normoxia (~38
mmHg or 5% oxygen); and 3) hypoxia (~15 mmHg or 2% oxygen). Also, as IUGR
placentae appear to have a wider range of oxygen tensions within the intervillous space
(167), I felt it was important to verify the role oxygen may play in trophoblast
differentiation. Figure 4.18 shows representative images of desmoplakin staining of one
normal and one IUGR trophoblast culture on day 5 under three different oxygen tensions.
I found that syncytialization was not changed by oxygen tension and that [UGR
trophoblast cultures (n=6) (mean £ SEM: 31.1 + 2.3%) had significantly more
syncytialization compared to normal trophoblast cultures (n= 6) (23.7 + 2.9%) on Day 5
(Figure 4.19-upper panel) under standard conditions. This held true at the lower two
oxygen tensions: IUGR trophoblast cultures have significantly more syncytialization at
5% (33.1 £ 2.2%) and 2% oxygen (29.0 = 1.9%) than normal trophoblast cultures at 5%
(24.4 £2.7%) and 2% (25.6 = 2.7%).

In contrast to syncytialization, oxygen tension dramatically altered hCG
production ih both normal and IUGR trophoblast cultures by day 5 of culture (Figure
4.19-centre panel). At standard culture conditions (hyperoxia), [UGR trophoblast
cultures produced significantly more hCG (60.8 + 11.0 mU/ 10* nuclei) than normal

trophoblast cultures (17.0 + 2.1 mU/10* nuclei). In contrast, TUGR trophoblast cultures
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under 5% oxygen had significantly less hCG production (6.6 = 1.9 mU/10* nuclei), which
was even lower than normal trophoblast cultures (12.1 + 2.4 mU/ 10* nuclei). This was
further suppressed by conditions of hypoxia (2% oxygen) in which hCG production was
abolished in both TUGR (0.9 + 0.5 mU/10* nuclei) and normal (0.5 + 0.3 mU/ 10* nuclei)
trophoblast cultures.

Previous work done in primary trophoblast cultures suggests that low oxygen is
able to stimulate trophoblast proliferation. I found that the number of nuclei remaining
under the three oxygen tensions were dependent on the placenta type and not on the
oxygen tension (Figure 4.19-bottom panel). Under standard conditions, there were
significantly more nuclei remaining in the normal trophoblast cultures (48.9 +2.3 x10°
nuclei/well) than in the IUGR trophoblast cultures (38.4 + 2.4 x 10° nuclei/well). The
number of nuclei remaining in each well was slightly higher when trophoblasts were
cultured at 5% oxygen (normal: 61.5 + 4.3 x 10° nuclei/well; IUGR: 42.4 + 5.5 x 10°
nuclei/well) but this failed to reach significance. Hypoxia did not change the number of
nuclei remaining in either normal (52.6 + 5.0 x 10* nuclei/well) or IUGR (32.6 + 8.2 x

10° nuclei/well) trophoblast cultures over the 5 day period.

4.14 cAMP induces differentiation in both IUGR and normal trophoblasts.

Our lab has previously shown that the cell permeable cAMP analogue 8-bromo-
cAMP is able to stimulate hCG production in normal trophoblasts (99). Furthermore, it is
well known that cAMP is an inducer of trophoblast syncytialization and hCG production
(125, 180). To confirm that IUGR trophoblasts were able to undergo cAMP induced
differentiation, I treated IUGR and normal trophoblast cultures with 10" M of 8-bromo-
cAMP at standard culture conditions (or 18% oxygen). I found that in untreated controls,
there was significantly less syncytialization in normal trophoblast cultures (n=2) (mean +
SEM: 14.1 £ 0.5%) than in IUGR trophoblast cultures (n=2) (32.9 + 1.7%) (Figure 4.20-
upper panel). The difference between the groups was lost upon the addition of 8-bromo-
cAMP, resulting in nearly 100% syncytialization in both normal (85.6 +4.9%) and IUGR
(95.8 £0.6%) trophoblast cultures.

When I determined the amount of hCG produced per nuclei in normal and IUGR

trophoblast cultures, I found that there was significantly more hCG produced in IUGR
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cultures (n=6) (38.0 + 12.4 mU/10* nuclei) than in normal cultures (n=5) (20.0 = 3.7
mU/10* nuclei) (Figure 4.20-lower panel). Upon addition of 8-bromo-cAMP, there was
a significant increase in the amount of hCG produced in both normal (60.9 + 9.4 mU/10*
nuclei) and TUGR cultures (94.9 + 18.7 mU/10* nuclei), although the significant
difference between normal and IUGR was maintained. Thus, I was able to confirm that
IUGR trophoblast cultures were still capable of increased differentiation despite their lack

of response to exogenous TNFa.

4.15 cAMP induces nuclear translocation of transcription factor GCM1 in both
normal and IUGR trophoblasts.

Previous research has shown that transcription factor GCM-1 expression is
localized to villous CT and that expression does not occur in the extravillous trophoblast
(8). Others have shown trophoblast GCM-1 expression to be upregulated by cAMP (37).
I wanted to determine the cellular pattern of GCM-1 expression in normal trophoblast
cultures under standard culture conditions (18% oxygen) in order to confirm that our
cultures consisted mainly of villous CT. I found that GCM-1 was expressed in both the
cytoplasmic and nuclear compartments of both syncytialized and non-syncytialized
trophoblasts (Figure 4.21). Upon addition of 8-bromo-cAMP (10 M) to normal
trophoblast cultures, there is an increase in nuclear GCM-1 expression and an increase in
the number of GCM-1 positively stained nuclei (Figure 4.22), indicating nuclear

translocation of GCM-1.

4.16 cAMP upregulates GCM1 but not syncytin protein expression.

Previous work has shown that GCM-1 expression is upregulated by exposure to
cAMP (37). When Day 3 mixed CT/ST cultures from normal and IUGR placentae
cultured under standard culture conditions (18% oxygen) are evaluated for GCM-1
expression, I found that there was increased nuclear expression of GCM-1 upon exposure
to 8-bromo-cAMP (IO'SM) (Figure 4.23). In addition, upregulation of GCM-1
expression should lead to increased expression of syncytin, a fusigenic protein involved

in trophoblast fusion (211). However, there is decreased syncytin expression upon cAMP
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treatment in both normal and IUGR when compared to untreated control lysates from day

3 cultures (Figure 4.24).
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Figure 4.1. The effect of IUGR on trophoblast apoptosis after 5 days under
standard culture conditions. IUGR trophoblast cultures have higher numbers of
apoptotic nuclei than normal trophoblast cultures after 5 days in 20% oxygen. Values are
presented as mean + standard error of the mean and statistical significance determined by
an unpaired t-test with p<0.05 being significant. Letters denote statistical significance,
letters that are the same indicate no significant difference and those that are different

indicate p<0.05.
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Figure 4.2. The effect of pregnancy complications on three differentiation markers
(syncytialization, hCG and hPL) in normal, IUGR and IUGR-PE trophoblasts.
Syncytialization (a (representative picture), b), hCG production (c), and hPL production
(d) are increased after 5 days in culture in IUGR trophoblasts compared to normal or
[UGR-PE trophoblasts. Values are presented as mean =+ standard error of the mean and
statistical significance determined by 1-way ANOVA with p<0.05 being significant.
Letters denote statistical significance, letters that are the same indicate no significant
difference and those that are different indicate p<0.05.
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Figure 4.3. The effect of neutralizing antibody to TNFa on trophoblast apoptosis in
normal and IUGR cultures. Neutralizing antibody to TNFa suppresses elevated
apoptosis in JIUGR trophoblast cultures but does not affect normal trophoblast apoptosis.
Values are presented as mean =+ standard error of the mean and statistical significance
determined by 2-way ANOVA followed by Bonferroni post test with p<0.05 being
significant. Letters denote statistical significance, letters that are the same indicate no
significant difference and those that are different indicate p<0.05.
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Figure 4.4. The effect of neutralizing antibodies to TNFa and IL1§ on
syncytialization, hCG production and number of nuclei remaining in normal and
IUGR. a) Syncytialization is unaffected by neutralizing antibody to IL1p in both normal
and IUGR cultures, but syncytialization significantly decreased in IUGR cultures and
slightly increased in normal cultures after addition of neutralizing antibody to TNFa. b)
hCG production is unchanged by addition of antibody to IL1p in both normal and IUGR
cultures, but neutralizing antibody to TNFa suppresses hCG production in IUGR cultures
alone. ¢) The number of nuclei remaining after 5 days of culture is unchanged by the
addition of neutralizing antibodies to TNFa or IL1B. Values are presented as mean +
standard error of the mean and statistical significance determined by 2-way ANOVA with
p<0.05 being significant. Letters denote statistical significance, letters that are the same
indicate no significant difference and those that are different indicate p<0.05.
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Figure 4.5. The effect of TNFa and EGF on p38 MAPK phosphorylation in normal
trophoblast cultures (n=3). a) Expression of phosphorylated p38 MAPK (upper panel)
after treatment with control media, two doses (10 ng/ml and 80 ng/ml) of TNFa and EGF
(10 ng/ml) for 10 minutes in three different normal trophoblast cultures. TNFa and EGF
are both able to stimulate p38 MAPK phosphorylation. The centre panel shows the total
amount of p38 MAPK expressed and the bottom panel shows the actin loading control.
b) Densitometry of the ratio of p-p38 normalized to actin to total p38 normalized to actin
with significant differences determined by 1-way ANOVA followed by Tukey’s test.
EGF and TNFa significantly increased phosphorylation of p38 MAPK.
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Figure 4.6. The effect of TNFa, EGF and ERK1/2 inhibitor PD098590 on ERK1/2
phosphorylation in normal trophoblast cultures (n=3). a) Expression of
phosphorylated ERK1/2 in three different normal trophoblast cultures (upper panel) is
stimulated by 10 minute exposure to 10 ng/ml or 80 ng/ml of TNFa as well as 10 ng/ml
of EGF. The centre panel shows non-phosphorylated ERK1/2 and the lower panel shows
the actin loading control. b) Phosphorylation of ERK1/2 is stimulated by 10 ng/ml of
TNFa and inhibited by pretreatment with PD098059, a MEK1/2 inhibitor which prevents
phosphorylation of ERK1/2. The centre panel shows the non-phosphorylated ERK1/2
pool and the lower panel represents the total cellular protein loaded as actin expression.
¢,d) Densitometry of the log ratio of pERK1/2 normalized to actin to non-phosphorylated
ERK1/2 normalized to actin with significant differences determined by 1-way ANOVA
followed by Tukey’s test. ¢) TNFa significantly increased the ratio of pERK1/2 to
ERK1/2, ERK1/2 phosphorylation being even greater with EGF. d) TNFa significantly
increased ERK1/2 phosphorylation which was inhibited by PD098059.
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Figure 4.7. The effect of EGF and TNFa on JNK1 and JNK2 phosphorylation.
Treatment with 10 ng/ml of EGF did not significantly stimulate JNK1/2 phosphorylation,
however, treatment with 10 ng/ml of TNFa increased JNK1/2 phosphorylation in relation
to the total amount of protein in normal trophoblast CT culture lysate.

- 82 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a 6 hours b 12 hours
TNFa + TNFa +

pro-caspase 8
ZVAD i oS ZYAD TP ZVAD,

Control ZVAD TNFa

cleaved
caspase 8
43 kDa
26 kDa

/18 kDa

c 18 hours

75 kDa=S pro-caspase 8
(55/54 kDa)

50 kDa = ' , cleaved caspase 8
. ' 43 kDa
26 kDa
18 kDa

37 kDa =y

- . <+ actin (45 kDa)
TNFa + TNFa+  TNFa,CHX
Control CHX TNFa ZVAD CHX + ZVAD
L L — W By |

d n1oNe N N2 N1 N2 Nt N2 N1 N2 N1 N2

37 kDa
pro-caspase 3
(36 kDa)

25 kDa
cleaved

caspase 3
20 kDa
18 kDa

actin (45 kDa)

Figure 4.8. The effect of TNFa, ZVAD and cycloheximide on caspase 8 (a, b, and c)
and caspase 3 cleavage in normal trophoblast cultures. a) 6 hours after treatment
with control media, ZVAD (20 pM), TNFa (10 ng/ml) or TNFa. (10 ng/ml) and ZVAD
(20 pM) did not alter the amount of caspase 8 cleavage in normal trophoblast CT culture
(n=1). b) 12 hours after treatment with caspase inhibitor (ZVAD), apoptosis inducer
TNFa or the combination of the two treatments did not increase the amount of caspase 8
cleavage in a normal CT culture. ¢) CT cultures (n=2 normals) were exposed to protein
synthesis inhibitor cycloheximide (CHX), TNFa (10 ng/ml), TNFa (10 ng/ml) in
combination with ZVAD (20 puM) , TNFa with cycloheximide or TNFa, cylcoheximide
and ZVAD. Caspase 8 cleavage was largely unchanged following 18 hours of exposure
to the treatments. d) The same blot from Figure 4.8 ¢ was stripped and probed with
antibody to caspase 3. Treatment with cycloheximide and/or TNFa resulted in an
increase in caspase 3 cleavage as seen by an increase in the density of the 20 and 18 kDa
cleavage products. Treatment with ZVAD (20 uM) prevented both TNFa and
cycloheximide induced caspase 3 cleavage.
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Figure 4.9. The effect of exogenous TNFa dose on trophoblast apoptosis in normal
and IUGR cultures after 5 days of exposure. Increasing doses of TNFa significantly
increases the percentage of TUNEL positive nuclei in normal trophoblast cultures but has
no significant effect on IUGR trophoblasts over a period of 5 days in culture. Values are
presented as mean =+ standard error of the mean and statistical significance determined by
2-way ANOVA with p<0.05 being significant. Letters denote statistical significance,
letters that are the same indicate no significant difference and those that are different

indicate p<0.05.
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Figure 4.10. The effect of TNFa dose on normal and IUGR trophoblast survival
over a 5 day period. Increasing dose of TNFa significantly decreases the number of
nuclei remaining after 5 days in culture. Values are presented as mean + standard error of
the mean and statistical significance determined by 2-way ANOVA with p<0.05
considered significant. Letters denote statistical significance, letters that are the same
indicate no significant difference and those that are different indicate p<0.05.

_85.-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Y
Ny

b
I Normal (n=5)
b I l r-tf; =3 1UGR (n=8)

@
g

2

% syncytialized nuclei
N
g

<

0.01.1110'0.01.1110

TNFa (ng/ml)

b =1 Syncytialized Nuclei
IR Non-Syncytialized Nuclei

a

400009 =
ab b

30000~
bc be b,c
b,c

20000- @

o .01 .1 1 0 .01

TNFa anlmlz

Normal (n=5) IUGR (n=8)

“Total nuclei

10000+

O-

Figure 4.11. The effect of TNFa dose on syncytialization in normal and JIUGR
trophoblasts. a) The effect of TNFa does not react significance in IUGR trophoblasts,
but stimulates trophoblast syncytialization in normal trophoblast cultures in a dose
dependent manner, attaining significance at 1 and 10 ng/ml. b) TNFa dose dependently
decreases the number of CT nuclei in both normal (at 1 and 10 ng/ml) and TUGR (at 10
ng/ml) and decreases only IUGR ST nuclei number at 10 ng/ml. Values are presented as
mean + standard error of the mean and statistical significance determined by 2-way
ANOVA with p<0.05 considered significant. Letters denote statistical significance, those
letters the same indicate the difference is not significant and different letters indicate
significance p<0.05.
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Figure 4.12. The effect of TNFa on hCG production in normal and IUGR
trophoblasts. TNFa dose dependently decreases hCG production in both normal and
TUGR trophoblasts over a 5 day period in culture. Basal hCG production is higher in
TUGR trophoblasts despite the presence of TNFo. Values are presented as mean +
standard error of the mean and statistical significance determined by 2-way ANOVA with
p<0.05 considered significant. Letters denote statistical significance, letters that are the
same indicate no significant difference and those that are different indicate significance
or p<0.05.
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Figure 4.13. The effects of p38 MAPK and ERK1/2 inhibition on normal and TUGR
trophoblast syncytialization and hCG production. a) Syncytialization in normal
trophoblasts is decreased when p38 MAPK is inhibited with SB203580 but is unaffected
by ERK1/2 inhibition with PD098059. In contrast, IUGR trophoblast syncytialization is
decreased by both ERK1/2 and p38 MAPK inhibition. b) hCG production in normal and
IUGR trophoblasts is dependent on p38 MAPK but in IUGR is also decreased by ERK1/2
inhibition. Values are presented as mean + standard error of the mean and statistical
significance determined by 2-way ANOVA with p<0.05 considered significant. Letters
denote statistical significance, letters that are the same indicate no significant difference
and those that are different indicate p<0.05.
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Figure 4.14. The effects of p38 MAPK and ERK1/2 inhibition on normal and IUGR
trophoblast survival over 5 days in culture. Fewer nuclei remain after 5 days in
culture in IUGR trophoblasts than normal. ERK1/2 inhibition (PD098059) slightly
decreases the number of nuclei remaining in both populations of trophoblasts. Values are
presented as mean =+ standard error of the mean and statistical significance determined by
2-way ANOVA with p<0.05 considered significant. Letters denote statistical
significance, letters that are the same indicate no significant difference and those that are
different indicate p<0.05.
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Figure 4.15. The effect of pan-caspase inhibitor ZVAD-fmk on trophoblast
differentiation and survival in normal and IUGR. Syncytialization (upper panel),
hCG production (centre panel), and cell survival (bottom panel) are not affected by
inhibition of caspase activity with ZVAD-fmk in either normal or IUGR trophoblasts.
Values are presented as mean + standard error of the mean and statistical significance
determined by 2-way ANOVA with p<0.05 considered significant. Letters denote
statistical significance, letters that are the same indicate no significant difference and
those that are different indicate p<0.05.
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Figure 4.16. The effect of inhibition of JNK MAPK with JNK II Inhibitor on
trophoblast differentiation (syncytialization and hCG production) and survival
(nuclei remaining) in normal (n=4) trophoblast cultures. a) JNK inhibition alone did
not alter trophoblast syncytialization, however in combination with ERK1/2 inhibition
(PD098059) and p38 MAPK inhibition (SB203580), syncytialization was decreased. b)
JNK inhibition alone did not effect hCG production in normal trophoblast cultures, but in
combination with p38 MAPK inhibition, hCG production was decreased. c) JNK
inhibition, either alone or in combination with ERK1/2 or p38 MAPK inhibition did not
effect cell survival as reflected by unchanged numbers of nuclei remaining with each
treatment. Values are presented as mean + standard error of the mean and statistical
significance determined by 1-way ANOVA with p<0.05 considered significant. Letters
denote statistical significance, letters that are the same indicate no significant difference
and those that are different indicate p<0.05.
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Figure 4.17. The effect of 1 ng/ml of TNFa on syncytialization (upper panel) and
hCG production (lower panel) with and without inhibition of ERK1/2, p38 MAPK
and caspase activity. 1 ng/ml of TNFa stimulates syncytialization in normal
trophoblasts and is suppressed by inhibition of p38 MAPK (SB203580) and ERK1/2
(PD098059) but is not effected by caspase inhibition. TNFa decreases hCG production
and is further decreased by p38 MAPK inhibition (SB203580). Although not
significantly different from TNFa alone, inhibition of ERK1/2 slightly rescued TNFa.
suppressed hCG production (bottom panel). Values are presented as mean + standard
error of the mean and statistical significance determined by 1-way ANOVA with p<0.05
considered significant. Letters denote statistical significance, letters that are the same
indicate no significant difference and those that are different indicate p<0.05.
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Figure 4.18. The effect of oxygen on desmoplakin defined syncytialization in normal
and IUGR trophoblast cultures after 5 days. Oxygen tension does not alter
spontaneous syncytialization in normal or IUGR trophoblasts. Desmoplakin (green)
delinated areas with more than one nuclei (DAPI-blue) were considered syncytialized
nuclei.
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Figure 4.19. The effect of oxygen on trophoblast differentiation (syncytialization
and hCG production) and survival in normal and IUGR after 5 days.
Syncytialization (upper panel) was unaffected by changes in oxygen tension. In contrast,
hCG production (centre panel) was suppressed by low-normoxic (5%) and hypoxic (2%)
oxygen tensions. The number of nuclei remaining (lower panel) was also unchanged by
oxygen tension. Values are presented as mean = standard error of the mean and statistical
significance determined by 2-way ANOVA with p<0.05 considered significant. Letters
denote statistical significance, letters that are the same indicate no significant difference
and those that are different indicate p<0.05.
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Figure 4.20. The effect of 8-bromo-cAMP on hCG production and syncytialization
in normal and IUGR trophoblasts. 8-bromo-cAMP stimulates syncytialization (top
panel) and hCG production (bottom panel) in both normal and IUGR trophoblasts.
Values are presented as mean + standard error of the mean and statistical significance
determined by 2-way ANOVA with p<0.05 considered significant. Letters denote
statistical significance, letters that are the same indicate no significant difference and
those that are different indicate p<0.05.
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GCM-1 DAPI

GCM-1/DAPI merge Desmoplakin/GCM-1/DAPI merge

Figure 4.21. GCM-1 immunofluorescent staining in normal trophoblast 4 day
culture. Top right panel: GCM-1 expression; Top left panel: DAPI stained nuclei;
Bottom right panel: merged image of GCM-1 expression and DAPI stained nuclei;
Bottom left panel: merged image of GCM-1 and desmoplakin expression and DAPI
stained nuclei.

- 96 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



GCM-1 DAPI

GCM-1/DAPI merge Desmoplakin/GCM-1/DAPI merge

Figure 4.22. GCM-1 immunofluorescent staining after 4 days in normal trophoblast
cultures induced with 8-bromo-cAMP (10° M). Top right panel: GCM-1 expression;
Top left panel: DAPI stained nuclei; Bottom right panel: merged image of GCM-1
expression and DAPI stained nuclei; Bottom left panel: merged image of GCM-1 and
desmoplakin expression and DAPI stained nuclei.
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Figure 4.23. GCM-1 protein expression before and after 8-bromo-cAMP treatment
on Day 3 of culture under standard conditions. In the upper panel, GCM-1
expression is shown in CT/ST mixed cultures from two different IUGR placentae and one
normal placenta after 3 days in culture with and without 8-bromo-cAMP and the actin
loading control. When GCM-1 expression is normalized to a-actin (bottom panel), there
is an upregulation of GCM-1 expression upon cAMP treatment in both normal and IUGR
trophoblast cultures when analyzed by 2-way ANOVA followed by Bonferroni post test.
The letters indicate statistical significance, letters that are the same indicate no difference
and those that are different show p<0.05. This experiment has been repeated twice with
similar results, shown here is a representative of the two experiments.
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Figure 4.24. The effect of cAMP on syncytin protein expression in normal and
IUGR trophoblast cultures. Normal (n=1) and IUGR (n=2) trophoblast cultures were
cultured for 3 days under standard conditions with or without 8-bromo-cAMP. Syncytin
expression density, when normalized to a-actin (bottom panel), was increased in JUGR
trophoblasts compared to normal and is decreased by cAMP treatment in both normal and
TUGR when compared by 2-way ANOVA followed by Bonferroni post test with p<0.05
considered statistically significant. The letters indicate statistical significance, the same
being no different. This experiment has been repeated twice with similar results, shown
here is a representative of the two experiments.
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CHAPTER 5: DISCUSSION

5.1 Overview (references in introduction)

Trophoblast differentiation is a highly regulated process involving multiple
interlinked signaling pathways. Throughout placental development, the coordinate
regulation of CT proliferation, CT fusion with the overlying ST (trophoblast
differentiation) and the maintenance of a functional barrier between the maternal and
fetal circulation is essential to pregnancy as well as the proper development of the fetus.
When inappropriate placental development occurs, the placenta is unable to maintain the
adequate supply of nutrients to the developing fetus. This can result in compromised
fetal growth and lead to the development of IUGR, a condition in which the fetus fails to
reach its full optimal growth potential.

Despite decades of study, the etiology of IUGR remains unknown. IUGR is
known to be associated with increased levels of TNFa in both maternal serum and
amniotic fluid indicating an environment of inflammation. In addition, IUGR placentae
have increased rates of apoptosis in both the CT and ST, indicating elevated apoptosis
may contribute to the pathophysiology of this disease. I propose that in a trophoblast
culture model of differentiation, elevated levels of the proinflammatory cytokine TNFa
mediate increased trophoblast apoptosis and decreased trophoblast differentiation leading
to placental insufficiency associated with JIUGR.

In this study, I have investigated the signaling pathways by which TNFa
influences trophoblast differentiation and apoptosis, the combination of which may lead

to the placental dysfunction associated with IUGR.

5.2 Trophoblast Apoptosis and Cell Loss is Accelerated in IUGR

Previously, our lab has shown that IUGR CT cultures have increased rates of
apoptosis compared to normal CT cultures (Kilani et al, submitted). Here I show that
after 5 days in culture IUGR mixed CT/ST cultures also have elevated apoptosis
compared to normal (Figure 4.1). In addition, there are fewer nuclei remaining in [UGR
trophoblast cultures than in normal cultures after 5 days in culture in three different

oxygen tensions which correspond to hyperoxia (18%), normoxia (5%) and hypoxia (2%)
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within the in vivo placental environment (Figure 4.19). Addition of neutralizing
antibody to TNFa decreased apoptosis in JUGR trophoblast cultures (Figure 4.3) as well
as the number of nuclei lost over the culture period (Figure 4.4), indicating that either
IUGR trophoblasts are more sensitive to the effects of endogenous TNFa or the [IUGR
trophoblast cultures are synthesizing more TNFa. This confirmed the first part of my
hypothesis in that TNFo was contributing to the increased apoptosis in IUGR trophoblast

cultures.

5.3 Trophoblast Differentiation is Elevated in IUGR Trophoblast Cultures

Although much is known about the regulation of trophoblast differentiation in
primary villous CT populations isolated from normal placentae (7, 8, 19, 31, 36, 43, 47,
51, 52, 56, 65, 99, 101, 114, 124, 149, 171, 209), little is known about differentiation in
TUGR villous CT populations as few groups in the world are able to both isolate pure
populations of villous CT and collect IUGR placentae. I hypothesized that IUGR
trophoblasts would have decreased differentiation compared to normal cultures and that
this effect may be mediated by TNFa. In contrast to my hypothesis, I found that [UGR
trophoblast cultures underwent more differentiation as assessed by increased
syncytialization, and increased hCG and hPL production compared to normal trophoblast
cultures (Figure 4.2).

IUGR is often associated with preeclampsia. However, in IUGR, the disease
affects only the placenta and the developing fetus (198) whereas in IUGR/preeclampsia,
described as a disease of the maternal vasculature (176), both the maternal and fetal
systems are affected (48). A recent review shows that there are some important
differences between IUGR and preeclampsia (162), thus I wanted to prevent further
complicating the interpretation of my data by separating IUGR and IUGR-PE.
Surprisingly, [IUGR-PE trophoblast cultures behaved similarly to normal trophoblast
cultures, having the same amounts of syncytialization and production of hCG and hPL.
This could be due to the preelampsia-associated increase in expression of PL74, a TGFp
family member, which, in addition to promoting apoptosis, decreases trophoblast
differentiation (syncytialization) in vitro (133). Although the similarity between IUGR-

PE and normal trophoblast cultures was surprising, I decided to focus on further
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exploring the pathways mediating elevated trophoblast differentiation in the IUGR group.
All further experiments were to determine how IUGR trophoblast signaling was different

from normal and how this signaling was contributing to increased differentiation.

5.4 Trophoblast Differentiation in IUGR is Mediated by TNFa

In cultures treated with neutralizing antibody to TNFa, not only was apoptosis
decreased, I also found that both elevated syncytialization and hCG production was
blocked (Figure 4.4). This indicated that TNFa was acting through some signaling
intermediate to stimulate accelerated trophoblast differentiation in ITUGR. Previous work
in our lab showed that EGF activation of p38 MAPK signaling is required for both hCG
production and syncytialization (101). This lead to the hypothesis that TNFa was
signaling through p38 MAPK to stimulate hCG production and syncytialization in JIUGR

trophoblast cultures.

5.5 TNFa Stimulates Caspase Cleavage and MAPK Phosphorylation

As the majority of TNFa signaling pathways remained unknown in the primary
villous trophoblast, I first determined which signaling pathways were activated by TNFa.
I found that addition of TNFa to normal trophoblast cultures resulted in strong
phosphorylation of p38 MAPK (Figure 4.5), ERK1/2 (Figure 4.6) and INK (Figure 4.7)
in addition to caspase 3 cleavage (Figure 4.8-d). Contrary to TNFa signaling in
epithelial cells (49), I was unable to detect significant caspase 8 cleavage at any of the
three time points (6, 12 or 18 hours) after TNFa addition (Figure 4.8-a,b,¢). This could
indicate either that in the primary villous trophoblast, TNFa does not stimulate caspase 8
cleavage and instead acts through a caspase 8 independent mechanism to induce
apoptosis or that the small amount of apparent caspase 8 cleavage occurred prior to the
time points I chose.

Caspase 8 appears to be cleaved as indicated by the presence of low molecular
weight bands (Figure 4.8-a,b,c). However, the appearance of the cleavage products was
very low relative to the procaspase form and was not stimulated by the presence of TNFa.
In addition, the appearance of the cleavage products was not inhibited by the presence of

ZVAD-fmk. However, I found that ZVAD was able to block caspase 3 cleavage (Figure
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4.8-d). Previous work has shown that ZVAD is a pan-caspase inhibitor that completely
blocks caspase 8 cleavage at 20 uM (150), which is the concentration used in this study.
This means that either the cleavage bands seen on the western were not specific to
caspase § or that caspase-8 cleavage happens prior to the addition of ZVAD and the
cleavage products are stable. Ibelieve that villous trophoblast cultures are refractory to
caspase-§ activation. This may be due to an upregulation in anti-apoptotic proteins (such
as FLIPs, Bcl-2 and Mcl-1) that occurs prior to or during isolation which directly prevent
caspase-8 cleavage OR an alternative signaling pathway for TNFa through TNFR1 which
does not involve caspase 8. It is a future aim of our group to determine if caspase-8 is
indeed activated and the mechanism by which this occurs. Some studies suggest that
CD95 (or Fas) is required for caspase-8 activation (150). In addition, other authors have
shown that villous trophoblast (both CT and ST) express FLIP proteins (106), which act
directly to inhibit the activation of caspase 8. Others have shown that trophoblasts are
unable to undergo apoptosis stimulated through Fas due to the presence of XIAP proteins
which prevent activation of caspase 9 and caspase 3 (196). Taking these results into
consideration, it seems likely that the overexpression of an antiapoptotic protein such as
FLIP in addition to the lack of apoptotic stimuli able to signal through Fas lends the
trophoblast largely refractory to caspase 8 activation. Indeed, our lab has shown directly
that our villous CT population is not able to undergo CD95/Fas mediated apoptosis (168).
However, lack of caspase 8 signaling due to the presence of excess FLIP remains to be

proven in our system.

5.6 Elevated Differentiation in IUGR Trophoblast Cultures Requires Activity of
ERK1/2 and p38 MAPKa

As TNFa was able to stimulate p38 MAPK phosphorylation and our lab has
previously shown p38 MAPK activity to be required for both syncytialization and hCG
production (101), I wanted to determine if inhibition of p38 MAPK could decrease the
elevated differentiation seen in IUGR trophoblast cultures. Other researchers have shown
that in primary villous trophoblasts isolated by the Kliman method (cultures reaching
maximal differentiation in 4 days and viability limited to roughly 6 days) both p38
MAPK and ERK1/2 are involved in the differentiation process (51). As I showed that
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TNFa was also able to stimulated ERK1/2 phosphorylation, I wanted to determine if
ERK1/2 was responsible for mediating increased differentiation seen in [IUGR
trophoblast cultures.

Inhibition of the p38 MAPKa isoform with 10 uM of SB203580 resulted in a
significant reduction in both syncytialization and hCG production in both IUGR and
normal trophoblast cultures (Figure 4.13). In contrast, inhibition of ERK1/2 with 10 uM
of PD098059 only decreased the two differentiation markers (syncytialization and hCG
production) in IUGR trophoblast cultures and had no effect on normal cultures. This
indicates that increased signaling through ERK1/2 in JUGR can mediate both elevated
syncytialization and hCG production. Providing supporting evidence for this has become

a future goal of our lab.

5.7 Exogenous TNFa has Differential Effects on Trophoblast Differentiation

Some of the previous work characterizing the effect of TNFa on trophoblast
function was carried out using two choriocarcinoma derived cell lines (5), placental
explants (46) and primary villous trophoblasts isolated by the Kliman method (131). In
the two choriocarcinoma cell lines, the non-fusogenic JEG-3 cells and fusogenic BeWo
cells were exposed to TNFa, resulting in increased apoptosis in both cell types but a loss
in viability in only the BeWo cell line (5). The loss in viability (as assessed by a decrease
in the mitochondrial activity) indicates a potential role for necrosis in these cells in
response to TNFa. As both cell lines were derived from cancer cells, it is highly
problematic to extrapolate these findings to primary human trophoblast cultures. In
explants and primary villous trophoblast cultures, TNFo was found to decrease hCG
production (46, 131), which is in agreement with my findings that hCG production is
decreased upon TNFa exposure in a dose dependent manner (Figure 4.13). In contrast to
the findings in a recent paper in which TNFa decreased syncytialization(131), when I
exposed normal trophoblast cultures to increasing doses of TNFa, I found TNFa
stimulates syncytialization (Figure 4.12). This increase in syncytialization of normal
trophoblast cultures can be prevented by inhibition of ERK1/2 phosphorylation with
PD098059 (Figure 4.18). Differences in the method of trophoblast isolation may explain

the differential response to TNFa between these two populations as our trophoblasts
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differentiate more slowly and are able to survive for longer culture periods, thus more
closely mimic the in vivo life span of the trophoblast which ranges from 3 to 4 weeks

(93).

5.8 The Role of TNFa in Trophoblast Turnover

The presence of TNFa in the normal human placenta indicates it may play a role
in placental development (155). Apoptosis is a natural process in the placenta itself and it
is thought to play a role in trophoblast turnover as indicated by a small percentage of
TUNEL positive nuclei present in both the CT and ST layers of normal placentae (197).
Trophoblast turnover has multiple components, beginning with proliferation of the CT
stem cells, followed by fusion of daughter CT cells into the overlying syncytium,
progression towards apoptotic cell death and culminating in the extrusion of groups of
mainly (90%) apoptotic nuclei (2) surrounded by synycytial plasma membrane into the
maternal circulation as syncytial knots (93). In this study, I show that TNFo mediates the
increased apoptosis (Figure 4.4) and cell loss (Figure 4.5-¢) seen in [IUGR trophoblast
cultures. I also show that TNFa signaling through ERK1/2 and to a lesser extent p38
MAPK results in increased differentiation (both syncytialization and hCG production) in
IUGR trophoblasts (Figure 4.5, 4.14, and 4.18). I propose that the combination of both
increased apoptosis and increased differentiation could lead to a reduction in the number
of CT available for maintenance of the ST, resulting in either breaks in the ST barrier
leading to placental villitis or increased trophoblast turnover characterized by decreased
villous area and increased shedding of syncytial knots. I also show that exogenous TNFa.
can both stimulate and inhibit trophoblast differentiation markers by stimulating
syncytialization (Figure 4.11-a) and inhibiting hCG production (Figure 4.12) when
TNFa is present over long periods of time. It could be that the presence of TNFa at
plating alone stimulates ERK1/2 and p38 MAPK signaling to lead to increased
syncytialization and stimulates hCG production by day 5. However, when TNFa is
present for longer periods of time, it is able to activate the caspase cascade and lead to
cell loss, possibly resulting in the death of those cells which are responsible for hCG
production. Ishow this indirectly in Figure 4.17 in that exogenous TNFa present during

plating slightly stimulates syncytialization compared to untreated controls but it also does
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not inhibit hCG production. In contrast, TNFa (at the same dose) present during the
entire culture period leads to increased cell loss, increased syncytialization and decreased
hCG production. This could have implications for IUGR in that the long term presence
of exogenous TNFa in the villous placenta leads to increased apoptosis, increased
syncytialization and decreased functional differentiation, the combination of which could
contribute to the pathophysiology of this disease. Determination of whether TNFa is
actively killing hCG producing cells is a future goal of our group. Figure 5.1 shows the
proposed signaling pathways activated by TNFa which I have shown to be involved in

and required for trophoblast differentiation.

5.9 Differential Effects of Exogenous and Endogenous TNFa

The actions of endogenous TNFa are directly blocked by neutralizing antibody to
TNFa, reflecting the effects of the amount of TNFa produced directly by the cultures.
The fact that neutralizing antibody to TNFa suppressed bot elevated syncytialization and
hCG production in IUGR trophoblast cultures (Figure 4.4) suggests that these cultures
are releasing a larger basal amount of TNFa than normal cultures. Production and release
of TNFa by trophoblasts occurs continuously and in small amounts, likely less than 0.01
ng/ml, which allows for continuous low level stimulation of the signaling pathways
activated by TNFa. In this way, endogenous TNFa action is much different than that
following addition of exogenous TNFa. Addition of exogenous TNFa allows for
maximal but transient stimulation of TNFa signaling pathways, as seen by previous work
in our lab which shows that 24 hours after addition of TNFa (10 ng/ml), all of the TNFa
has been used by the trophoblast cultures (L. Guilbert and R. Kilani). Thus, addition of
exogenous TNFa is a phasic response, allowing for stimulation in bursts after addition of
TNFa followed by a lack of TNFa stimulated signaling. This is much different from a
low level of constant stimulation such as that due to endogenous TNFa. This could
contribute to the differential response to exogenous as compared to endogenous TNFa.
Blocking endogenous TNFa decreases syncytialization and hCG production, which
suggests that TNFa is able to stimulate both processes (Figure 4.4). In contrast, addition
of exogenous TNFa to normal and IUGR trophoblast cultures had differential effects on

syncytialization (which was stimulated in normal trophoblasts but not in IUGR-Figure
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4.11-a) and hCG production (in which exogenous TNFa dose dependently decreased
hCG production in both normal and IUGR-Figure 4.12). Interestingly, when I compared
total nuclei number in ST versus CT (instead of % syncytialization), I found that normal
ST numbers were unaffected by dose of TNFa, but the highest dose of TNFa
significantly decreased the number of ST nuclei in IUGR trophoblast cultures (Figure
4.11-b). In contrast, CT nuclei number in both normal and IUGR was dose dependently
decreased by TNFa (Figure 4.11-b). Thus, exogenous TNFa induces a decrease in CT
nuclei in both normal and IUGR but only decreases ST nuclei in [UGR. This may
contribute to the significant increase in the percent syncytialization in normal trophoblast

cultures seen at 1 and 10 ng/ml of TNFa that is not seen in [UGR.

TNFa signals through both TNFR1 and TNFR2, cell surface receptors which are
both expressed by the trophoblast (123). In IUGR, there is an increase in TNFR1 mRNA
(Kilani et al, submitted). However, it is unknown if TNFR2 expression is altered by
IUGR. TNFa is able to bind and signal through both TNFR1 and TNFR2, but there is
evidence to show that TNFR1 has a higher affinity for TNFa and signaling through
TNFR1 is different from signaling through TNFR2, although this depends on cell type
and origin (32, 140). TNFR1 signaling is able to activate the MAPK cascade and
caspases directly whichas TNFR2 signaling can aid in TNFR1 activation of apoptosis
signaling independent of direct caspase association with the receptor as TNFR?2 does not
have a death domain and is not directly bound to either caspase 8 or 2 (140).
Characterization of TNFR1 and R2 expression in the villous trophoblast revealed that
although both receptors are expressed, TNFa signals through TNFR1 to induce
cytotoxicity (214). Future work in our lab may focus on delineating the contributions of
TNFR1 and TNFR2 signaling within the trophoblast using neutralizing antibodies for

each receptor to see if TNFR2 signaling is more involved in the differentiation pathway.
5.10 Interleukin-1p Is Not Involved in Trophoblast Differentiation In Vitro
Previous studies suggested that IL-13 was involved in trophoblast differentiation

through an IL-6/NFxB dependent signaling pathway which was able to stimulate hCG
production (109, 113, 200). As IL-1p is a pro-inflammatory cytokine and hCG
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production was elevated in IUGR, I hypothesized that IL-1B may play a role. However,
addition of excess neutralizing antibody to IL-1 affected neither marker of trophoblast
differentiation in that both syncytialization and hCG production remained unchanged
from the isotype control (Figure 4.4). Previous IL-1[ signaling work was done using
choriocarcinoma cell lines (BeWo (200) and JAR (97)), both of neoplastic origin and
therefore may not display normal trophoblast signaling. Using JAR cells, the authors
found that both TNFa and IL-18, signaling through ERK1/2 MAPK, stimulated
trophoblastic hCG production (97). It would be important to confirm that I had
neutralized all IL-1f activity by adding IL-1f} in addition to neutralizing antibody.
Additionally, although endogenous IL-1p did not seem to be involved in the regulation of
trophoblast differentiation, application of exogenous IL-1f may stimulate trophoblast
differentiation. Future work in our group will focus on whether exogenous IL-1J is able

to induce differentiation and the mechanisms involved.

5.11 The Caspase Cascade is Not Involved in Trophoblast Differentiation In Vitro

Although a large number of recent reviews have focused on the involvement of
the apoptosis cascade in trophoblast differentiation (13, 34, 81, 90, 92-94, 144, 156, 157,
197), there is still limited evidence for its direct involvement in this complex process in
vitro. Experiments using primary trophoblast cultures isolated by the Kliman method
demonstrated that caspases are more active in CT cultures than in ST cultures (215),
indicating CT may be more sensitive to apoptotic stimuli than ST. Other work looking at
the expression pattern of inhibitors of apoptotis (IAP) proteins (which can inhibit the
activity of caspases) demonstrated that trophoblast lineages (villous CT versus villous ST
versus extravillous trophoblast) display different patterns of IAP expression indicating
differential regulation of apoptosis during trophoblast differentiation (107). Huppertz and
collegues have shown increased expression of anti-apoptotic proteins Bcl-2 and Mcl-1 in
the ST compared to the CT as well as focal areas of apoptotic nuclei representing areas of
syncytial knot formation in formalin-fixed tissue sections of placental explants (89).
They have also shown that caspase 8 activation is required for trophoblast differentiation
in the placental explant model (16), however this work is less convincing in that cell

signaling within a mixed cell population, such as that found within the placental explant,
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does not directly prove that caspase 8§ activation within the villous trophoblast is the
necessary event that mediates trophoblast differentiation.

In contrast to the results presented by the Huppertz group in the placental explant
model, I found that trophoblast differentiation in highly purified villous CT cultures was
not dependent on caspase cleavage as addition of the pan-caspase inhibitor ZVAD-fmk
did not effect syncytialization or hCG production (Figure 4.15) in either normal or IUGR
trophoblast cultures. My results are supported by other members of our group (Larry
Guilbert and Bonnie Lowen) who have found the ZVAD-fmk does not inhibit villous

explant production of hCG.

5.12 IUGR Trophoblast Cultures are Responsive to cAMP Induced Differentiation

As exogenous TNFa did not stimulate syncytialization in [UGR trophoblast
cultures (Figure 4.11-a), I was concerned that ITUGR trophoblast cultures were unable to
undergo differentiation in vitro. To test this hypothesis, I used 8-bromo-cAMP to
stimulate trophoblast differentiation in both normal and IUGR trophoblast cultures
(Figure 4.20). I found that addition of 10° M of the cAMP analogue 8-bromo-cAMP
significantly increased both hCG production and syncytialization in IUGR trophoblast
cultures. Interestingly, there was significantly more hCG produced in IUGR than normal
trophoblast cultures after cAMP treatment. Thus, even though JUGR trophoblast cultures
already had an elevated level of hCG production, they could be further stimulated to
produce even more hCG with the addition of 8-bromo-cAMP, which led to even more
production than normal trophoblast cultures.

In addition to syncytialization and hCG production as markers of cAMP induced
differentiation, I also examined GCM-1 and syncytin expression. Previous studies have
shown that GCM-1, a transcription factor expressed in the placenta, is upregulated in CT
in response to cAMP (37) and that GCM-1 expression is specific to the villous CT which
are destined for ST fusion (8). I first showed that GCM-1 expression via
immunofluorescence is localized to both the cytoplasm and the nuclei of normal CT/ST
(uninduced Day 3) cultures (Figure 4.21), but upon addition of 8-bromo-cAMP there was
a shift in GCM-1 expression to mainly nuclear localization (Figure 4.22) in normal ST

(80% syncytialized with cAMP on Day 3) cultures. Once I had determined that the
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villous CT population expressed GCM-1, I wanted to determine if GCM-1 expression
was different in normal and IUGR trophoblast cultures. I found that although the two
differentiation markers (syncytialization and hCG production) were consistently higher in
TUGR trophoblast cultures compared to normal, there was not a significant trend in
increased GCM-1 expression in IUGR trophoblast cultures compared to normal cultures
on day 3 (Figure 4.23). However, cAMP treatment did significantly upregulate GCM-1
protein expression in both normal and IUGR trophoblast cultures (Figure 4.23). In
contrast, expression of syncytin appeared to be consistently higher in IUGR trophoblast
cultures compared to normal and was not increased by cAMP treatment in either group
(Figure 4.24). Syncytin-1 expression is not specific to the villous trophoblast as it is also
expressed in the extravillous trophoblast (159) but is not expressed in non-placental
tissues due to methylation of the long term repeat region which prevents transcription
(148). However, this suppression may be aberrant in some cancer cells (15). Future
work in our lab will focus on examining the cellular expression pattern of syncytin and

GCM-1.

5.13 The Role of Oxygen in Trophoblast Differentiation

The majority of in vitro studies focusing on trophoblast differentiation have been
carried out under standard culture conditions in which the oxygen tension is ~138 mmHg
or 18% oxygen. Unfortunately, these conditions of supraphysiologic oxygen (hyperoxia)
compared to normoxic conditions (between 5 and 8% oxygen) within the placenta in vivo
may lead to altered signaling which may confound interpretation of the data. Previous
studies have shown that oxygen itself can modulate trophoblast turnover [proliferation
(72), differentiation (31), and death (46, 115, 141)]. As such, I wanted to determine if
oxygen tension would affect the elevated differentiation seen in IUGR. I cultured normal
and TUGR trophoblasts at 2% (hypoxic conditions), 5% (low normoxic conditions) and
18% (hyperoxia) for 5 days. Ifound that oxygen tension had no effect on
syncytialization (Figure 4.19) and IUGR syncytialization remained significantly elevated
compared to normal trophoblast cultures. However, hCG production over the first 5 days
in culture was dramatically suppressed by decreasing oxygen tensions (Figure 4.19) in

both normal and IUGR trophoblast cultures. Although hCG production was inhibited by
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low oxygen, preliminary experiments that I preformed using placental explants cultured
at 5% oxygen showed that the peak of hCG production was between Day 7 and Day 9
(data not shown). It could be that hCG production is merely delayed at normoxic
conditions for the trophoblast and that slower production of hCG more closely represents
the in vivo situation in which the life span of the trophoblast is extended and the

differentiation process is slower.

5.14 Morphologic and Functional Trophoblast Differentiation are Separate
Processes

Throughout this study, I have shown evidence for the separation of two markers
of trophoblast differentiation: syncytialization (morphologic) and hCG production
(functional). This is shown by the differential effects of exogenous TNFo on
syncytialization (in which TNFa stimulated syncytialization in a dose dependent manner)
and hCG production (in which TNFa inhibited hCG production in a dose dependent
manner). This is also proven by the effect of oxygen tension on syncytialization:
normoxic and hypoxic conditions do not alter syncytialization but inhibit hCG production
during 5 day culture periods. However, the opposite effect is seen when inhibition of
both ERK1/2 and JNK MAPKSs occurs in normal trophoblast cultures: syncytialization is
decreased in cultures treated with ERK1/2 and JNK inhibitors but hCG production
remains unchanged (Figure 4.16). Syncytialization itself can occur even though hCG
production is inhibited. This goes against previous work that shows hCG production is a
requirement for morphologic differentiation of the trophoblast (209). The findings
presented in this thesis demonstrate that although much is known about trophoblast
differentiation in vitro and show that morphologic and functional differentiation are two

separate processes, this may not be the case in the in vivo environment of the placenta.

5.15 IUGR and TNFa: Cause or Result?

A pro-inflammatory environment exists within the [IUGR placenta, as suggested
by increased levels of TNFa and apoptotic nuclei. Inadequate placental development,
leading to decreased nutrient delivery to the developing fetus, has also been implicated as

a cause of [IUGR. The following question arises when considering the role TNFa plays in
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the development of IUGR: Is the maternal immune system responsible for decreased
placental development and inflammation found in IUGR placentae (as in the case of the
antiphospholipid syndrome in which the maternal immune system does not adapt to the
semi-allogeneic fetus) OR are the fetal plaéental cells themselves producing more of the
proinflammatory cytokine which consequently leads to [IUGR? In the first situation,
inadequate tolerance by the maternal immune system could lead the initiation of an
inflammatory response, resulting in an increase in TNFa, leading to placental villitis and
subsequent loss of the ST layer. If this occurred in focal areas, it could influence the
entire syncytium at some later point in pregnancy, resulting in increased TNFa release by
the ST. In the second situation, something fundamentally flawed in the regulation of
TNFa biosynthesis could lead to the abberant elevated production of TNFa. by the fetal
trophoblast. Increased TNFa could then act to stimulate both elevated apoptosis (through
a caspase 3 dependent pathway) and elevated differentiation (through the p38§ MAPKa
and ERK1/2 dependent pathways), ultimately culminating in increased trophoblast
turnover. Accelerated turnover of the trophoblast then leads to decreased placental
function as accelerated ST fusion and shedding leads to decreased surface area for

exchange between the maternal and fetal systems.

5.16 Does mode of delivery and smoking affect villous trophoblast cultures?

This study addressed the question of whether [IUGR and IUGR-PE villous
trophoblast cultures behaved differently from normal trophoblast cultures in vitro. Once
the placentae were collected by the lab, the procedures for isolating the villous CT
population were identical, using a well established protocol and the same reagents. These
factors are all things that can be (and were) controlled for in this study. However, due to
the unavoidable nature of human variation, there were some differences between the
normal, IUGR and IUGR-PE groups that were not controlled for. Firstly, our current lab
protocol involves collection of normal placentae from mothers who deliver at a
convenient predictable time (in the morning) which unfortunately involves collection of
placentae delivered solely by ceasarian section. In contrast, IUGR and IUGR-PE

placentae were delivered by both ceasarian and vaginal delivery. As such, this was one
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uncontrolled for variable that may effect the villous CT population that we isolated.
During vaginal delivery, contractions impede blood flow to the placenta and it has been
suggested that this may cause focal apoptosis of the trophoblast (208). However, when 1
retrospectively separated the IUGR vaginal delivered CT from the IUGR CT delivered
via caesarian section there was no significant difference in hCG production,
syncytialization, apoptosis or response to any of the treatments. This suggests that the
mode of delivery does not significantly impact the villous CT population that we isolate
and does not alter the markers of trophoblast differentiation assessed in this study. In the
future, it would be beneficial to strengthen the findings found in this work by collecting
normal placentae delivered vaginally. Secondly, maternal age was not controlled for in
this study, with a significant difference between normal and IUGR and IUGR-PE. Again,
some evidence in the literature suggests within placental sections from normal
pregnancies there is increased apoptosis and increased proliferation with increasing
maternal age (208). Thirdly, maternal smoking was not controlled for in this study.
Maternal smoking within all groups was self-reported and there is some evidence in the
literature to suggest that we may have un-reported smokers within our normal placental
group (in Manitoba 26.2% of non-Aboriginal and 61.2% of Aboriginal women smoked
during pregnancy (80)). However, there were significantly higher numbers of mothers
who smoked in the TUGR group (7 of 14) compared to the normal (1 of 14) or IUGR-PE
(1 of 3) group (Table 4.1). I was concerned about this and omitted the [UGR placentae
from smoking mothers from analysis and found the difference between all factors
measured in normal and TUGR trophoblast cultures remained significant. Despite these
confounding factors, I feel that my data does accurately depict a difference between cells
isolated from the IUGR environment and those isolated from a normal pregnancy.
However, in future work, our lab will aim to more closely match maternal age, maternal
smoking and mode of delivery in order to control for these potentially confounding

factors.
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Signaling Pathways Activated by TNFa in
Trophoblast Differentiation

QR QAQ
PD098059

SB202190

\ Apoptosis

Bak/Bax

Survival Differentiation

Figure 5.1 Signaling pathways activated by TNFa to stimulate trophoblast
differentiation. TNFo binding to TNFR1 activates the phosphorylation of ERK1/2 and
p38 MAPK. ERK1/2 phosphorylation stimulates elevated differentiation seen in IUGR.
p38 MAPK phosphorylation is required for both hCG production and syncytialization.
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS
S ——————————————————————————————————————————————

6.1 CONCLUSIONS

Despite decades of study, the etiology of IUGR remains unknown. IUGR is
known to be associated with increased levels of TNFa in both maternal serum and
amniotic fluid indicating an environment of inflammation. In addition, [IUGR placentae
have increased rates of apoptosis in both the CT and ST, indicating elevated apoptosis
may contribute to the pathophysiology of this disease. I propose that elevated levels of
the proinflammatory cytokine TNFa mediate increased trophoblast apoptosis and
increased trophoblast differentiation leading to placental insufficiency associated with
IUGR (Figure 6.1). In this study, I show that TNFa sensitivity and/or production are
increased in IUGR trophoblast cultures. This increase leads to both increased apoptosis
and increased differentiation (both syncytialization and hCG production). TNFa,
mediates apoptosis through a caspase-3 dependent mechanism, which is blocked by
addition of neutralizing antibody to TNFa and by the pan-caspase inhibitor ZVAD.
TNFa, signaling through ERK1/2 and p38 MAPKa, mediates increased syncytialization
and hCG production seen in [UGR trophoblast cultures. Increased apoptosis and
differentiation suggests that trophoblast turnover is accelerated in IUGR, leading to

decreased placental function.
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Figure 6.1. Overall schematic of TNFa effects in both normal and IUGR villous
placentae.

In the normal placenta: 1-TNFa (endogenously produced from the ST as well as
exogenous from the maternal system) is present in low amounts in the normal placental
envirnonment. 2-TNFa signals through caspase cascade and p38/ERK/JNK MAPKs. 3-
Caspase signaling induces apoptosis in some CT cells. 4-p38/ERK activation leads to
minimal stimulation of CT fusion and JNK activation leads to survival. 5-hCG
production is unaltered or minimally stimulated by TNFa. 6-ST apoptosis is induced to a
small degree leading to 7-The shedding of apoptotic nuclei in syncytial knots.

In the IUGR placenta: 8-Elevated TNFa (from either endogenous ST production or
exogenous maternal contributions) is present in IUGR placentae. 9-TNFa signals
strongly through the caspase cascade and ERK1/2 and p38 MAPK leading to 10-The
induction of increased CT apoptosis and CT fusion to form the ST. 11-Increased TNFa
signaling through caspases stimulates increased ST apoptosis and stimulation of ERK1/2
and p38 MAPK stimulates differentiation. 12-Increased hCG production occurs due to
elevated ERK1/2 and p38 signaling. 13-Increased numbers of apopotitic nuclei enter
syncytial knots. 14-Increased shedding of syncytial knot debris occurs. In addition, the
life span of the trophoblast is drastically decreased compared to the life span within the
normal placenta, leading to increased trophoblast turnover.
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6.2 FUTURE DIRECTIONS

As TNFa is able to stimulate trophoblast differentiation in a dose and time
dependent fashion and GCM-1 is a temporally regulated transcription factor, it would be
interesting to examine whether TNFa was able to induce GCM-1 expression. Also, as
GCM-1 has been shown to modulate syncytin expression (211), the role of TNFa in
syncytin expression would also be a novel pathway to examine.

As the preliminary experiments I carried out at hypoxic and normoxic oxygen
tensions showed that trophoblast syncytialization was unaffected but hCG production was
suppressed, further experiments involving hCG production over an extended culture
period at normoxic (~5%) oxygen tensions would be valuable. This would be important
to explore in both normal and IUGR trophoblast cultures, as the difference between the
two populations is so striking at supraphysiologic oxygen tensions. It would be important
to determine if elevated hCG production is actually a true marker of functional
trophoblast differentiation or merely a stress response to elevated oxygen tensions. The
life cycle of the trophoblast is estimated to be between 3 and 4 weeks (93). As such, the
production of hCG within 3 days and peak at 5 days may be very far from the in vivo
situation and may more closely resemble what I believe to be a slower rise in hCG
production such as that that occurs at 5% oxygen. ‘

In this work, I also showed that the combination of ERK1/2 and JNK inhibition
leads to decreased syncytialization but does not effect hCG production. It would be
valuable to further explore the signaling pathways involving JNK in trophoblast
differentiation and see if this result holds true in the IUGR trophoblast cultures.

I showed in this thesis that caspase cleavage was not necessary for trophoblast
differentiation. This is in contrast to those results presented by Black and others (16) in
the placental explant model. It would be important to confirm my results using the
placental explant model and confirm that the presence of the pan-caspase inhibitor
(ZVAD) has no effect on trophoblast functional differentiation (hCG production). Also, I
was unable to detect caspase-8 cleavage in CT cultures even in the presence of TNFa.
This could indicate that caspase-8 is fairly inactive in the villous CT population, or that

low levels of activation lead to larger downstream events. Future work in our lab will
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focus on the direct inhibition of caspase-8 (with Z-IETD-fmk) as well as further work on
the detection of cleavage products of caspase-8 in trophoblast cultures.

Although I show in this work that hCG production and syncytialization appear to
be separate processes that can occur independently, I think it would be important to test
whether neutralizing antibody to hCG is also able to effect morphologic markers of
trophoblast differentiation such as placental alkaline phosphatase expression and CT
fusion. Previously, preliminary data of hCG immunohistochemical staining of villous
trophoblast cultures indicates that only a minority of cells are actively producing hCG. It
would also be interesting to compare whether there were more hCG producing cells in the
IUGR trophoblast cultures than in normal trophoblast cultures and if this changes over

time in culture.

One of the major limitations of my study was that in studying trophoblast
differentiation using highly purified villous CT cultured under standard culture conditions
(18% oxygen or hyperoxic for the placenta) on plastic culture dishes, I am looking at a
process that may be completely different from the natural in vivo situation. I propose that
further studiés of trophoblast differentiation in our lab be undertaken at normoxic
conditions for the placenta (roughly 7 to 8% oxygen). In addition, the influence of other
‘contaminating’ cell types as well as the presence of extracellular matrix molecules is not
addressed in the model I used to study trophoblast differentiation. As such, the placental
explant model may serve as an important tool for elucidating the contributions of the
different placental cell types and how they may interact to modulate trophoblast

differentiation.
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