
Oocyte-Granulosa Cell Signaling in 4-
Vinylcyclohexene Diepoxide-Induced Ovotoxicity

Item Type text; Electronic Dissertation

Authors Fernandez, Shannon Marie

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 19/05/2023 15:47:46

Link to Item http://hdl.handle.net/10150/195782

http://hdl.handle.net/10150/195782


OOCYTE-GRANULOSA CELL SIGNALING IN 
 

4-VINYLCYCLOHEXENE DIEPOXIDE-INDUCED OVOTOXICITY 
 
 
 

by 
 
 

Shannon Marie Fernandez 
 
 

________________________ 
 
 
 
 

A Dissertation Submitted to the Faculty of the  
 

GRADUATE INTERDISCIPLINARY PROGRAM IN PHYSIOLOGICAL SCIENCES 
 

In Partial Fulfillment of the Degree Requirements 
For the Degree of 

 
 

DOCTOR OF PHILOSOPHY 
 

In the Graduate College 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 
 

2007 



2 

  

 
THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 
 

As members of the Dissertation Committee, we certify that we have read the dissertation  
 
prepared by SHANNON MARIE FERNANDEZ 
 
entitled OOCYTE-GRANULOSA CELL SIGNALING IN 4-VINYLCYCLOHEXENE 
DIEPOXIDE-INDUCED OVOTOXICITY 
 
and recommend that it be accepted as fulfilling the dissertation requirement for the  
 
Degree of DOCTOR OF PHILOSOPHY 
 
 
_______________________________________________________________________ Date: 19 April 2007 

Patricia B. Hoyer, Ph.D.    
 
_______________________________________________________________________ Date: 19 April 2007 

Heddwen L. Brooks, Ph.D.    
  
_______________________________________________________________________ Date: 19 April 2007 

Erik J. Henriksen, Ph.D.    
    
_______________________________________________________________________ Date: 19 April 2007 

James B. Hoying, Ph.D.    
 
_______________________________________________________________________ Date: 19 April 2007 

I. G. Sipes, Ph.D.    
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date: 19 April 2007 

Dissertation Director:  Patricia B. Hoyer, Ph.D.    



3 

  

STATEMENT BY AUTHOR 
 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 
 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made.  Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when in 
his or her judgment the proposed use of the material is in the interests of scholarship.  In 
all other instances, however, permission must be obtained from the author. 
 
 
 
     Signed:  Shannon Marie Fernandez 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



4 

  

ACKNOWLEDGEMENTS 

 

 I would like to thank my advisor, Patricia B. Hoyer Ph.D., for granting me the 
opportunity to complete my dissertation work in her laboratory.  Dr. Hoyer has offered 
many valuable words of advice which have helped me to develop into a better research 
scientist.  I would also like to give special thanks to past and present members of her 
laboratory: Patty J. Christian, Aileen F. Keating Ph.D., Patrick J. Devine Ph.D., Kathila S. 
Rajapaksa Ph.D., Sam L. Marion, Zelieann Rivera, and Nivedita Sen for their assistance 
with my research and contributions to my education.  My experience in the Hoyer Lab 
has been very rewarding. 
 I would also like to thank other staff and faculty members at the University of 
Arizona.  A special thanks to my first mentor as an undergraduate, Janis M. Burt Ph.D.  
She is credited as my first inspiration who encouraged me to pursue a research career.  
She continued to serve as a mentor to me throughout my graduate education.  Lucinda 
Rankin Ph.D. has provided me with countless feedback and mentorship, allowing me to 
receive a Certificate in College Teaching through the University Teaching Center.  Holly 
Lopez, our program coordinator, offered me the necessary administrative support that 
allowed for smooth progress in the program.  I graciously appreciate all of the feedback 
and guidance for my dissertation research from my other committee members: Heddwen 
L. Brooks Ph.D., Qin M. Chen Ph.D., Erik J. Henriksen Ph.D, James B. Hoying Ph.D., 
and I. Glenn Sipes Ph.D.   
 I would like to acknowledge other members of laboratories at the University of 
Arizona who have assisted me throughout my dissertation research.  I would especially 
like to thank Andrea Grantham and Doug Cromey from the Histology Core Facility for 
the countless hours of cryosectioning ovarian tissue blocks, staining slides, and assisting 
me with microscopy techniques.  Adam Hoying, a member of the Genomics Research 
Laboratory, provided me with technical assistance when performing my genomic 
analyses experiments.  Members of the Brooks Lab, Qi Cai Ph.D. and Maggie Keck, for 
assisting me with real-time PCR and western blot analyses. 
 Most importantly, I would like to thank several family members and friends.  A 
special acknowledgement is given to my husband, Alex Fernandez, who provided me 
with the daily understanding, love and encouragement during my entire doctorate 
program, all while he was in medical school.  My parents, Alfred and Laura Bourguet, 
taught me the importance of higher education and provided me with love and support 
throughout my education.  My siblings, Kristin, Grant, Brett, and Richard, also provided 
me support and encouragement.  My friends, Jen and Cortnie, also recent graduates of the 
doctoral program, offered me a great deal of advice along with wonderful friendships.  
Thank you to all of my family and friends! 
 



5 

  

DEDICATION 

 

To my husband, Alexander Fernandez M.D. 

Thank you for being my foundation of support and providing continual love, 

understanding, and encouragement during my doctoral program. 

And 

To my parents, Alfred and Laura Bourguet 

Thank you for teaching me the value of education and for your love and  

support throughout my many years as a student. 



6 

  

TABLE OF CONTENTS 
 

PAGE 
 
LIST OF FIGURES……………………………………………………………………….9 
 
LIST OF TABLES……………………………………………………………………….11 
 
ABSTRACT……………………………………………………………………………...12 
 
CHAPTER 1 - INTRODUCTION……………………………………………………….14 
 
    Mammalian Ovarian Development and Function……………………………....…14 
    Primordial Follicle Recruitment and Early Follicle Survival…………………......18 
    Signaling Pathways: Oocyte-Granulosa Cell-Cell Communication…………....…22 
        TGFβ Superfamily Pathway.......................................................................................22 
        PI3K/AKT Signaling Pathway…………………………………………...................24 
        Small Pre-antral Follicle Survival Pathway Interactions.........................................26 
    Consequences of Ovarian Follicular Depletion or Disruption……………….....…27 
        Natural and Genetic Causes......................................................................................27 
        Environmental and Pharmacological Causes...........................................................28 
    4-Vinylcyclohexene Diepoxide (VCD) – Structure & Function...............................31 
    Ovotoxic Effects of In Vivo VCD Exposure...............................................................32 
    Ovotoxic Effects of In Vitro VCD Exposure..............................................................34 
    Apoptotic Signaling Pathway......................................................................................35 
    Hypothesis.....................................................................................................................39 
    Specific Aims................................................................................................................39 
 
CHAPTER 2 - GENOMIC ANALYSIS OF VCD-INDUCED OVOTOXICITY............43 
 
    Abstract.........................................................................................................................43 
    Introduction..................................................................................................................45 
    Materials and Methods................................................................................................47 
    Results...........................................................................................................................51 
    Discussion.....................................................................................................................63 
 



7 

  

TABLE OF CONTENTS - Continued 
 

PAGE 
 
CHAPTER 3 - GRANULOSA GELL SIGNALING: INVOLVEMENT OF TGFβ  
    SUPERFAMILY GROWTH FACTORS IN VCD-INDUCED OVOTOXICITY........66 
 
    Abstract.........................................................................................................................66 
    Introduction..................................................................................................................68 
    Materials and Methods................................................................................................71 
    Results...........................................................................................................................72 
    Discussion.....................................................................................................................78 
 
CHAPTER 4 - OOCYTE SIGNALING: c-KIT AND KIT LIGAND INVOLVEMENT 
    IN VCD-INDUCED OVOTOXICITY..........................................................................80 
 
    Abstract.........................................................................................................................80 
    Introduction..................................................................................................................82 
    Materials and Methods................................................................................................84 
    Results...........................................................................................................................86 
    Discussion.....................................................................................................................98 
 
CHAPTER 5 - SIGNALING COMPONENTS INVOLVED IN VCD-INDUCED 
    OVOTOXICITY..........................................................................................................102 
 
    Abstract.......................................................................................................................102 
    Introduction................................................................................................................104 
    Materials and Methods..............................................................................................106 
    Results.........................................................................................................................108 
    Discussion...................................................................................................................121 
 
CHAPTER 6 - CONCLUSIONS.....................................................................................125 
 



8 

  

TABLE OF CONTENTS - Continued 
 

PAGE 
 
APPENDIX A - MATERIALS AND METHODS..........................................................132 
 
    Reagents......................................................................................................................132 
    Animals.......................................................................................................................134 
    Animal Dosing............................................................................................................134 
    Ovarian Follicle Isolations........................................................................................135 
    Ovarian Cultures.......................................................................................................136 
    Ovarian Follicle Counts.............................................................................................137 
    RNA Isolation.............................................................................................................138 
    RNA Amplification....................................................................................................139 
    OligoArray Hybridization and Analysis..................................................................139 
    Real-time Quantitative Polymerase Chain Reaction..............................................140 
    Protein Isolation and Western Blot Analysis..........................................................141 
    Immunofluorescence and Confocal Microscopy.....................................................143 
    Analysis of Confocal Microscopy Images................................................................144 
    Statistical Analysis.....................................................................................................145 
 
APPENDIX B - COMPLETE GENE LISTS FROM GENOMIC ANALYSES 
    CHAPTER 2 SUPPLEMENT.......................................................................................146 
 
REFERENCES................................................................................................................156 



9 

  

LIST OF FIGURES 
 

PAGE 
 
Figure 1.1: Structures of the Mammalian Ovary..........................................................17 
 
Figure 1.2: Growth Factors Involved in Follicle Recruitment and Survival................21 
 
Figure 1.3: Diagram of the TGFβ Superfamily Signaling Pathway.............................23 
 
Figure 1.4: Diagram of the PI3K/AKT Signaling Pathway.........................................25 
 
Figure 1.5: Diagram of Oocyte-Granulosa Cell Signaling of KL, GDF-9, and 
  BMP-4.......................................................................................................26 
 
Figure 1.6: Chemical Structure of 4-Vinylcyclohexene Diepoxide.............................32 
 
Figure 1.7: Diagram of the General Apoptotic Signaling Pathways............................37 
 
Figure 2.1: Hybridization Scheme – In Vivo vs. In Vitro Oligoarray Analysis: 
  Experiment #1............................................................................................49 
 
Figure 2.2: Hybridization Scheme – Time 0 In Vivo vs. In Vitro Oligoarray  

Analysis:  Experiment #2...........................................................................50 
 
Figure 2.3: Ovarian Follicle Counts – In Vivo VCD (80mg/kg) Exposure  

for 12 Days.................................................................................................52 
 
Figure 2.4: Ovarian Follicle Counts – In Vitro VCD Dose Response..........................53 
 
Figure 2.5: Representative Section of a Hybridized Rat Oligoarray............................56 
 
Figure 2.6: Effect vs. Variety Plot for the c-kit Tyrosine Kinase Receptor.................57 
 
Figure 2.7: Oligoarray Analysis Summary for the Effect of VCD Exposure  

on Target Follicle Population:  In Vivo vs. In Vitro...................................60 
 
Figure 2.8: Normalized mRNA Expression for Genes of Interest –  

Oligoarray Analysis (Experiment #1)........................................................61 
 
Figure 3.1: Healthy and Atretic Ovarian Follicle Counts after GDF-9 Exposure........73 
 
Figure 3.2: Healthy and Atretic Ovarian Follicle Counts after BMP-4 Exposure.......76 
 



10 

  

LIST OF FIGURES - Continued 
 

PAGE 
 
Figure 4.1: Healthy and Atretic Ovarian Follicle Counts after KL Exposure..............87 
 
Figure 4.2: Analysis of Regression Lines for Healthy and Atretic Follicle Counts 
  For Control and VCD Treatments with KL Dose Response......................90 
 
Figure 4.3: Relative Expression of mRNA Encoding c-kit from Total RNA..............93 
 
Figure 4.4: Relative Expression of mRNA Encoding kit ligand from Total RNA......94 
 
Figure 4.5: Analysis of c-Kit Protein Expression in Rat Ovarian Cultures..................96 
 
Figure 4.6: Analysis of Kit Ligand Protein Expression in Rat Ovarian Cultures........97 
 
Figure 5.1: Detection of AKT and p-AKT Protein via Western Blots.......................109 
 
Figure 5.2: Immunofluorescence – AKT in Day 2 Cultured Rat Ovaries..................111 
 
Figure 5.3: Immunofluorescence – p-AKT in Day 2 Cultured Rat Ovaries..............112 
 
Figure 5.4: Confocal Analysis of p-AKT Expression in Day 2 Cultured Ovaries.....113 
 
Figure 5.5: Immunofluorescence – AKT in Day 8 Cultured Rat Ovaries..................114 
 
Figure 5.6: Immunofluorescence – p-AKT in Day 8 Cultured Rat Ovaries..............115 
 
Figure 5.7: Confocal Analysis of p-AKT Expression in Day 8 Cultured Ovaries.....116 
 
Figure 5.8: Immunofluorescence – AKT in D39 Ovaries..........................................118 
 
Figure 5.9: Immunofluorescence – p-AKT in D39 Ovaries.......................................119 
 
Figure 5.10: Confocal Analysis of p-AKT Oocyte Expression in D39 Ovaries..........120 
 
Figure 6.1: Diagram – Potential Disruption of c-Kit-KL Survival Pathway  

by VCD....................................................................................................130 
 
Figure A.1: Methodology Diagram of Ovarian Follicle Isolations.............................135 
 
Figure A.2: Methodology Diagram of Ovarian Culture System.................................137 
 



11 

  

LIST OF TABLES 
 

PAGE 
 
Table 2.1: List of Genes Changed – Control vs. VCD-Treated F1 Follicles..............58 
 
Table 2.2: List of Genes Changed – Control vs. VCD-Treated Ovary Cultures........59 
 
Table 2.3: List of Genes Changed – Control vs. VCD-Treated F2 Follicles..............59 
 
Table A.1: List of Rat Primer Sequences Used for Real-time PCR..........................141 
 
Table A.2: Antibody Conditions for Western Blots..................................................142 
 
Table A.3: Antibody Conditions for Immunofluorescence.......................................143 
 
Table B.1: List of All Genes Changed – In Vivo vs. In Vitro – VCD Exposure.......147 
 
Table B.2: List of All Genes Changed – In Vivo vs. In Vitro – Time 0....................154 



12 

  

 ABSTRACT 

 

At birth, the mammalian ovary has a finite number of dormant primordial 

follicles.  Repeated daily dosing of rats with the occupational chemical, 4-

vinylcyclohexene diepoxide (VCD), depletes the ovary of small pre-antral follicles 

(primordial and primary follicles) through an increase in the natural process of atresia 

(apoptosis).  In addition, in vitro exposure of postnatal day 4 (PND4) rat ovaries to VCD 

causes a similar depletion of ovarian follicles.  Since many growth factors play crucial 

roles in the promotion of early folliculogenesis and follicle survival, it is possible that any 

number of factors and subsequent signaling pathways could be disrupted in response to 

VCD exposure.  Therefore, the studies in this work address the hypothesis that VCD 

disrupts oocyte-granulosa cell survival pathways in the rat ovary, thereby compromising 

cell-cell communication and causing follicle cell death.  The results from the first aim 

reveal that through the use of genomic analyses a subset of genes were determined to be 

affected via in vivo and in vitro exposure routes to VCD.  The results of the second aim 

show that two transforming growth factor β (TGFβ) growth factors, growth and 

differentiation factor-9 (GDF-9), and bone morphogenetic factor-4 (BMP-4), are not 

likely involved in VCD-induced ovotoxicity as they were unable to prevent ovarian 

follicle loss in the presence of VCD.  The results of the third aim reveal that expression of 

the c-Kit receptor, present on the oocytes, is decreased and its ligand, Kit Ligand (KL), 

produced from the granulosa cells, is increased in response to in vitro VCD exposure.  In 

addition, attenuation of VCD-induced follicle loss occurs in the presence of exogenous 
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KL.  Finally, the results of the fourth aim examines the involvement of the AKT signaling 

molecule in response to VCD exposure, in which the active phosphorylated AKT is 

determined to be down-regulated by VCD.  Taken together, these studies show that VCD 

is able to disrupt at least one of the cellular survival pathways that are crucial to maintain 

the ovarian follicle.  As a result, a breakdown in cell-cell communication may occur at 

that level and contribute to an increase in follicular atresia and eventual cell death. 
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CHAPTER 1 

 

INTRODUCTION 

 

Mammalian Ovarian Development and Function 

 

 Prior to six weeks gestation, the human fetus has undifferentiated gonads that 

have developed from the gonadal ridge.  Upon normal development, a fetus with sex 

chromosomes encoding an XX genotype will develop into a female.  Phenotypic 

development into a female begins after nine weeks of gestation when the Wolffian ducts 

regress in the absence of dihydrotestosterone (DHT) and müllerian inhibiting substance 

(MIS).  The presence of DHT and MIS would lead to the development of a male 

phenotype.  The Mullerian ducts develop into the oviducts, uterus, and upper vagina.  The 

presence of ovaries does not play a role in the development of female external and 

internal genitalia as this is a “passive” process (Porterfield, 1997).  In the rat, ovarian and 

genitalia development process is complete by embryonic day (ED) 16 (Hirshfield, 1991). 

 During gestation, germ cells that migrate to the undifferentiated gonad begin to 

rapidly proliferate through mitosis, a cellular replication process in which all of the 

genetic information contained in the chromosomes is passed to both daughter cells.  The 

mitotic process continues until about midgestation.  The only time the oogonia (germ 

cells) divide via mitosis is during gestation, therefore at birth a mammalian female has a 

finite number of germs cells present in the ovaries.  Some oogonia are transformed into 
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oocytes by undergoing the process of meiosis between two and seven months gestation.  

Meiosis is a two-step cellular replication process in which only half of the chromosomes 

are distributed to each of the four new daughter cells.  The first meiotic division is 

arrested in prophase and is not completed until ovulation.  Throughout the animal’s life 

span, the majority of oocytes (>99.9%) that develop during gestation are signaled to 

regress and undergo atresia, a cellular degradation process of apoptosis (programmed cell 

death).  In humans, there are approximately seven million oocytes present at five months 

gestation; by birth approximately two million oocytes have been incorporated into 

follicles; and by puberty there are approximately 400,000 oocytes (Porterfield, 1997).  In 

rats, there are four waves of germ cell degeneration which reduces the 75,000 oocytes 

present on ED18.5 to only 27,000 present by post-natal day (PND) 2 (Hirshfield, 1991).   

 Oocytes are incorporated into follicles, which undergo a series of developmental 

stages during folliculogenesis (Hirshfield, 1991).  Oocytes arrested in the first meiotic 

division become surrounded by a single-layer of squamous-shaped granulosa cells and a 

basement membrane to form the dormant pool of primordial follicles.  Primordial follicle 

formation begins at birth in rats (Arai, 1920), whereas in humans the formation begins at 

approximately 4.5 months gestation (Gillman, 1948).  As primordial follicles begin to 

develop, they become primary follicles under non-hormonally dependent conditions.  

During this stage, the oocytes grow in diameter, the granulosa cells transform into a 

cuboidal shape and the zona pellucida, a mucopolysaccharide coating, is formed around 

the oocyte.  As multiple layers of granulosa cells are formed around the oocyte and a 

thecal layer develops from stromal tissue, the classification is a secondary follicle.  The 
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transformation into a secondary follicle is hormonally-dependent as follicle stimulating 

hormone (FSH), produced from the anterior pituitary, is necessary in this process.  Fluid 

produced from the granulosa cells forms a cavity within the follicle called an antrum.  

The follicle at this stage is called an antral follicle.  The antral fluid contains high levels 

of hormones, growth factors, and other nutrients that keep the oocyte nourished and 

healthy.  The antral follicle develops into a mature graafian follicle (pre-ovulatory 

follicle) and will ovulate once it receives the proper hormonal signals (Figure 1.1).  In 

the antral follicle, FSH stimulates granulosa cells to produce the steroid hormone, 17β-

estradiol.  For optimal 17β-estradiol production, cooperation between the theca and 

granulosa cells must exist (two-cell theory for early follicular steroidogenesis) as both 

cell types do not contain all of the enzymes and receptors that are necessary for 

steroidogenesis.   
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Figure 1.1:  Structures of the Mammalian Ovary 

 

 

 

 

 Ovulation occurs once in every menstrual cycle (approx. 28 days) or estrous cycle 

(approx. 4 days) in a human or rat, respectively.  Approximately 400-500 oocytes will be 

ovulated during a woman’s reproductive life (Porterfield, 1997).  A surge of luteinizing 

hormone (LH) from the anterior pituitary, approximately midway through a cycle, 

triggers the selected oocyte (ovum) or oocytes (in the rat) to complete the first meiotic 

division creating a diploid oocyte that is ovulated.  A haploid ovum is formed after the 

second meiotic division which occurs at fertilization.  The granulosa and theca cells that 

remain in the ovary after ovulation differentiate into luteal cells to form the corpus 
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luteum (CL).  The CL produces both progesterone and estrogens to prepare the uterus for 

implantation.  If implantation of an embryo occurs, the CL is maintained for the first 

trimester of pregnancy.  If no implantation occurs, the CL regresses.  This cyclical 

process of oocyte development will continue in a mammalian female until the original 

pool of dormant primordial follicles is depleted and the female enters ovarian failure 

(menopause in humans). 

 

Primordial Follicle Recruitment and Early Follicle Survival 

 

 The transition from a dormant primordial follicle to a primary follicle and 

maintenance of early folliculogenesis utilizes paracrine and autocrine communication 

between oocytes, granulosa cells, interstitial cells, and non-steroidal hormones to 

maintain follicular survival (Skinner, 2005; Thomas and Vanderhyden, 2006).  Granulosa 

cells produce and release the growth factors Kit Ligand (KL) and Leukemia Inhibitory 

Factor (LIF).  KL release from the granulosa cells signals the oocyte to stimulate follicle 

recruitment and early folliculogenesis by binding of its tyrosine kinase receptor, c-Kit, on 

the plasma membrane of the oocyte (Yoshida et al., 1997).  The KL-c-Kit interaction has 

been shown in studies to stimulate oocyte growth (Packer et al., 1994), induce primordial 

follicle development and initiate folliculogenesis (Parrott and Skinner, 1999).  LIF 

released from the granulosa cells binds its receptors on the oocytes and granulosa cells 

(Skinner, 2005).  LIF, like KL, has been found to promote the primordial to primary 
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follicle transition (Nilsson et al., 2002).  Both KL and LIF are important to maintain an 

ovarian follicle during early folliculogenesis. 

Oocytes also produce and release the growth factors, growth and differentiation 

factor-9 (GDF-9), bone morphogenetic protein-15 (BMP-15), and basic fibroblast growth 

factor (bFGF) involved in follicle recruitment and early folliculogenesis.  Both GDF-9 

and BMP-15 are released from the oocyte and have their effects on the granulosa cells to 

promote follicular growth (Su et al., 2004).  GDF-9 specifically promotes development of 

early primary, but not primordial follicle development (Nilsson and Skinner, 2002).  

Though GDF-9 is not a factor in primordial to primary transition, studies have shown that 

GDF-9 is a required growth factor during early ovarian folliculogenesis (Dong et al., 

1996).  BMP-15, a homologue of GDF-9, targets granulosa cells to stimulate their 

proliferation and differentiation (Otsuka et al., 2000) as well as to stimulate KL mRNA 

expression produced in the granulosa cells (Otsuka and Shimasaki, 2002).  bFGF also 

released from the oocytes has its effects on granulosa cells to induce primordial follicle 

development and initiate folliculogenesis (Nilsson et al., 2001) as well as to stimulate KL 

expression in granulosa cells (Nilsson and Skinner, 2004).  These oocyte-derived growth 

factors all play crucial roles in folliculogenesis. 

Growth factors from interstitial cells and non-steroidal hormones from other 

endocrine organs also contribute to the follicular recruitment and progression of early 

folliculogenesis.  Two of the growth factors from the interstitial cells are bone 

morphogenetic protein-4 (BMP-4) and keratinocyte growth factor (KGF).  BMP-4 binds 

its respective BMP receptors on granulosa cells to contribute to the survival and 
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development of primordial follicles (Nilsson and Skinner, 2003).  KGF serves as a 

mesenchymal factor that is released from interstitial cells that have been recruited to the 

follicle to serve as theca cells in the developing follicle.  The release of KGF acts on 

granulosa cells to amplify KL expression and promote primordial follicle development 

(Kezele et al., 2005).   

The non-steroidal hormone, insulin, is a peptide hormone secreted from the 

pancreas in response to food intake.  This hormone serves as a critical regulator in 

carbohydrate, fat and protein metabolism.  In the ovary, it has been demonstrated that 

insulin acts as an endocrine factor at the level of the oocyte, by having an additive effect 

with KL and LIF to help coordinate primordial to primary follicle transitions (Kezele et 

al., 2002).  However, the mechanism by which insulin is having its regulatory effects in 

the ovary has yet to be elucidated.  Therefore, these studies involving, KGF, BMP-4, and 

insulin are evidence that factors and hormones from the interstitial cells and blood 

contribute to early stages of folliculogenesis and follicle survival. 

Collectively, all of the growth factors and hormones that contribute to primordial 

follicle development and early follicle survival act in cooperation to maintain 

communication and cellular viability. A diagram of this coordinated action of the factors 

and hormones listed above is shown in Figure 1.2 [adapted from (Skinner, 2005; Thomas 

and Vanderhyden, 2006)]. 
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Figure 1.2:  Growth Factors Involved in Follicle Recruitment and Survival 
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Signaling Pathways: Oocyte-Granulosa Cell Communication 

 

 Several cellular signaling pathways are involved in the processes to maintain 

ovarian follicular survival in the early stages of folliculogenesis.  Two of these pathways 

are the TGFβ and PI3K/AKT signaling pathways which exert their cell survival effects 

via different molecular mechanisms.  

 

TGFβ Superfamily Pathway 

 

 The TGFβ family signaling pathway can be activated in either the oocytes or 

granulosa cells by a variety of growth factors to stimulate cell survival.  Two growth 

factors that activate this pathway are GDF-9 and BMP-4.  Both of these factors bind their 

respective type II receptor located on the granulosa cells that bind the type I receptor to 

form the heteromeric receptor complex that is activated via phosphorylation.  The 

receptor complex activates the receptor Smads (R-Smad) 2 and 3 by phosphorylation.  If 

the ligand is a BMP, R-Smads 1, 5, and 8 are activated.  The activation of R-Smads is 

antagonized by Smads 6 and 7.  The stimulated R-Smads form a complex with the co-

Smad 4 that is translocated to the nucleus to alter transcription of target genes.  The target 

genes are involved in stimulating cellular survival and preventing apoptosis within the 

cell.  Refer to Figure 1.3 for a diagram of the TGFβ signaling pathway. 
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Figure 1.3:  Diagram of the TGFβ Superfamily Signaling Pathway 

Adapted from (Lin et al., 2003; Shimasaki et al., 2004) 
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PI3K/AKT Signaling Pathway 

 

 The PI3K/AKT pathway can be activated by several known growth factors, such 

as insulin and Kit Ligand.  To activate this pathway each of these factors would bind to 

their specific tyrosine kinase receptors.  Upon binding of the respective ligand, the 

receptors autophosphorylate and recruit PI3K from the cytoplasm to the cell membrane 

through binding of the Src homology 2 (SH2) domain of the p85 subunit of PI3K to a 

phosphorylated tyrosine on the receptor.  This binding activates PI3K which stimulates 

the production of PIP3 from PIP2.  Kinases that have the lipid-binding plekstrin-

homology (PH) domains, such as PDK-1 and AKT are recruited and bind to PIP3.  AKT 

is phosphorylated by PDK-1 that stabilizes AKT in its activated form.  Activated AKT 

phosphorylates several substrates to either stimulate cell growth and survival or protein 

translation that include mTOR, glycogen synthase kinase-3 (GSK-3), and CREB.  AKT 

can also phosphorylate proteins that will prevent their activation subsequently leading 

toward cell survival.  These proteins include Bad, p27, and Foxo3a.  When AKT becomes 

inactivated, the inhibitory proteins are dephosphorylated and lead toward apoptosis and 

cell cycle arrest.  Refer to Figure 1.4 for a diagram of the PI3K/AKT signaling pathway. 
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Figure 1.4:  Diagram of the PI3K/AKT Signaling Pathway 

Adapted from (Liu et al., 2006) 

 

 

Solid arrows - positive signals from active AKT signaling   

Hatched arrows - negative signals result when AKT is inactivated 
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Small Pre-antral Follicle Survival Pathway Interactions 

 

Three specific growth factors KL, GDF-9 and BMP-4 utilize either the TGFβ or 

PI3K/AKT signaling pathways to elucidate their cellular survival effects within the small 

pre-antral ovarian follicles.  These factors play crucial roles to promote early 

folliculogenesis and to maintain the viability of the follicle after binding of their 

respective receptors and activating one of the cellular survival pathways via paracrine 

communication.  KL, produced from the granulosa cells, binds its tyrosine kinase 

receptor, c-Kit, on the plasma membrane of the oocyte.  GDF-9, produced from the 

oocyte, binds its receptor (BMPR-II) on the granulosa cells.  BMP-4, produced from the 

interstitial cells, binds its receptor, BMPR-1A, on the granulosa cells.  Refer to Figure 

1.5 for a diagram of the oocyte-granulosa cell signaling of KL, GDF-9, and BMP-4. 

 

Figure 1.5:  Diagram of Oocyte-Granulosa Cell Signaling of KL, GDF-9, and BMP-4 
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Consequences of Ovarian Follicular Depletion or Disruption 

 

Natural and Genetic Causes 

 

 A woman’s reproductive life lasts from puberty, when the first ovum is ovulated, 

to the start of menopause (natural ovarian failure).  Menopause results from a primary 

ovarian deficiency in which there is a depletion of functional follicles to maintain the 

normal menstrual cycle.  The average age a woman begins menopause is 51.  Lack of 

estrogen produced from functional follicles prevents negative feedback on the anterior 

pituitary and hypothalamus resulting in high serum FSH and LH levels.  Menstrual cycles 

cease during menopause because no more oocytes are ovulated.  According to the U.S. 

National Institute on Aging, twelve months without a menstrual cycle is considered the 

time a woman enters the postmenopausal period in which she will remain for the rest of 

her life (NIA, 2005).  The onset of menopause and the postmenopausal period are 

associated with an increased incidence of health risks, such as cardiovascular disease and 

osteoporosis (bone loss).  Lack of estrogen produced from ovarian follicles is thought to 

be a leading cause of these diseases in women. 

 Premature Ovarian Failure (POF; a.k.a. primary ovarian insufficiency), is a 

cessation of normal ovarian function prior to the age of 40.  According to a U.S. National 

Institute of Child Health and Human Development (NICHD) publication, POF affects 

approximately 250,000 women under the age of 40 in the U.S. (NICHD, 2003).  Only 

about five to ten percent of women with POF become pregnant.  Causes of this disease 
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are not known, however some cases (ten to twenty percent) involve a genetic component 

with a family history of POF.  Also, women with POF will spend more of their life span 

in ovarian failure.  Therefore, the early withdrawal of ovarian estrogen production in 

these women may increase their susceptibility at an earlier age to cardiovascular disease, 

osteoporosis, hypothyroidism, and Addison’s disease than natural menopause (NICHD, 

2003). 

 

Environmental and Pharmacological Causes 

 

 Certain environmental factors and pharmaceuticals can contribute to a disruption 

in a women’s normal reproductive cycle leading to infertility.  According to the 1995 U.S. 

National Survey of Family Growth, approximately 6.1 million women are infertile in the 

U.S., which is about 10 percent of the reproductive-age population (NSFG, 1995).  An 

environmental factor can cause irreversible infertility if it targets and extensively destroys 

primordial follicles, since once depleted, they cannot be replaced.  Conversely, an 

environmental factor can cause temporary or reversible infertility if it targets and disrupts 

large growing or antral follicles because more follicles can be recruited from the pool of 

primordial follicles (Hoyer and Devine, 2002).  Furthermore, a factor can cause indirect 

disruption of ovarian cyclicity and function if it affects the hormones released from the 

hypothalamus, gonadotropin releasing hormone (GnRH), or anterior pituitary (FSH and 

LH) interfering with the proper follicular development, ovulation, and ovarian hormone 

production. 
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 The occupational chemicals, 1,3-Butadiene (BD), 2-Bromopropane (2BP), and 

Di-(2-ethylhexyl)phthalate (DEHP) are all examples of ovarian toxicants (Hoyer and 

Devine, 2002).  Each of these chemicals can disrupt normal ovarian function and lead to 

various types of infertility.  BD is released in the manufacture of synthetic rubber and 

thermoplastic resins, and present in cigarette smoke and automobile exhaust.  An annual 

estimate for occupational exposure of BD to U.S. employees is 3700 to 1,000,000 people 

(IARC, 1994).  Mice exposed to BD through inhalation, for up to two years, experienced 

ovarian atrophy, granulosa cell hyperplasia, and benign and malignant granulosa cell 

tumors (Melnick et al., 1990).  2BP is a solvent that has been shown to cause amenorrhea 

in women exposed at electronic factories in Korea (Kim et al., 1996).  2BP has been 

shown in rats to cause destruction of primordial follicles by an induction of apoptosis 

with subsequent reduced number of all later stages of ovarian follicles (Yu et al., 1999).  

DEHP is used in the production of many polyvinyl chloride-based plastics and caused 

anovulation in Russian women exposed in manufacturing plants.  Repeated oral exposure 

of DEHP to rats causes delayed ovulation, reduced granulosa cell size in antral follicles, 

decreased circulating 17β-estradiol, progesterone, and LH levels with a subsequent 

increase in FSH levels (Davis et al., 1994). 

In addition to occupational chemicals, environmental exposures to chemicals, 

such as polycyclic aromatic hydrocarbons (PAHs), can also be ovotoxic and contribute to 

infertility.  PAHs are present in smoke from cigarettes, wood, and coal and are also 

present in automobile exhaust.  They are most likely to be released into the atmosphere, 

however some other sources of contamination include foods and drinking water (ATSDR, 
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1995).  Several animal studies show that the PAHs, benzo[a]pyrene (BaP), 3-

methylcholanthrene (3-MC), and 9,10-dimethylbenzanthracene (DMBA), destroy ovarian 

follicles after a single dose in mice (Mattison and Thorgeirsson, 1979) and after repeated 

low dose exposure in mice and rats (Borman et al., 2000).  DMBA exposure is also 

associated with the development of ovarian tumors in mice (Krarup, 1967; Krarup, 1969).  

Each of these studies contributes to the scientific data that suggest some PAHs present in 

the environment can have deleterious effects on ovarian function. 

 Certain pharmaceutical agents can also cause a depletion of ovarian follicles 

leading to infertility.  One class of these agents that cause ovotoxicity is 

chemotherapeutic drugs.  Cyclophosphamide (CPA), an alkylating agent used in cancer 

chemotherapy, induces premature ovarian failure in women (Koyama et al., 1977).  In 

animal studies, observations have been made indicating susceptibility to CPA is greatest 

in primordial follicles in rats and mice (Shiromizu et al., 1984) and there is a time- and 

dose-dependent relationship between CPA and ovarian toxicity (Plowchalk and Mattison, 

1992).  CPA is only one of several chemotherapeutic agents that can cause infertility in 

women. 
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4-Vinylcyclohexene Diepoxide (VCD) – Structure & Function 

 

 The occupational chemical, 4-vinylcyclohexene diepoxide (VCD: Figure 1.6), is 

used as a chemical intermediate and reactive diluent for diepoxides and epoxy resins 

(NTP, 1989).  VCD is the diepoxide metabolite of 4-vinylcyclohexene (VCH).  VCH is a 

dimer of 1,3-Butadiene present as a by product from tire curing (NTP, 1986) and is 

converted to VCD through cytochrome P450 enzymes.  In the two year bioassay 

conducted by the National Toxicology Program (NTP) female mice exposed to VCH, 

developed ovarian and uterine atrophy was observed at 13 weeks.  Complete depletion of 

ovarian follicles and corpora lutea was observed at study termination (NTP, 1986).  

Exposure of female rats did not result in these ovarian effects.  Further studies comparing 

ovarian toxicity of VCH and its epoxide metabolites revealed that: 1) VCH causes 

ovarian follicular damage in mice and not rats (Smith et al., 1990; Doerr et al., 1995); 2) 

The epoxide metabolites cause ovarian follicle damage in both species (Smith et al., 

1990); and 3) The diepoxide metabolite of VCH, VCD, is required to induce ovotoxicity 

(Flaws et al., 1994; Doerr et al., 1995).  Differences between metabolic formation and 

detoxification of the epoxide metabolites appear to explain the species differences in 

susceptibility to VCH (Hoyer and Sipes, 1996).  In addition, a study involving mice 

exposed to VCH indicated that VCH and subsequently the metabolite, VCD, have a direct 

effect on the ovary rather than working through an indirect mechanism via the 

hypothalamus (Hooser et al., 1994).  Because of these novel effects of VCH/VCD, it was 
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developed as a model to elucidate mechanisms of ovarian toxicity and carcinogenicity 

(Hoyer and Sipes, 1996). 

 

Figure 1.6:  Chemical Structure of 4-Vinylcyclohexene Diepoxide 

 

  

 

 

 

Ovotoxic Effects of In Vivo VCD Exposure 

 

 As mentioned, VCD has been determined to be the ultimate ovotoxic metabolite 

of VCH.  Early studies examined ovotoxic effects after long-term exposure; therefore, 

short-term studies were conducted to examine which follicles are susceptible to 

destruction by VCD.  Fifteen days of repeated daily intraperitoneal (i.p.) dosing of 

immature (PND28) Fischer 344 (F344) rats with 80mg/kg of VCD in sesame oil, showed 

a significant loss of primordial and primary, but not secondary or antral follicles 

(Springer et al., 1996b).  A study examining earlier time points for the ovotoxic effect of 

repeated VCD exposure in F344 rats and B6C3F1 mice, revealed that in both species it 
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was only on day 12 of repeated dosing that significant decreases in small pre-antral 

(primordial and primary) follicles was observed (Kao et al., 1999).  Taken together, these 

studies verified that the small pre-antral follicles were the specific targets of VCD in the 

ovary. 

The mechanism by which VCD induces small pre-antral follicle loss has been 

examined in several studies.  A study exposing F344 rats to 15 days of VCD dosing 

examined the histological appearance of unhealthy follicles.  This study revealed that 

small pre-antral follicles during early stages of VCD-induced DNA degradation 

demonstrated margination along the nuclear membrane of oocytes and disruptions in 

focal contact between granulosa cells and oocytes, both characteristics of apoptosis 

(Springer et al., 1996b).  Experiments utilizing electron microscopy showed that 

structural changes occurring in degenerating primordial and primary follicles were 

similar in both control and VCD-dosed rats (Mayer et al., 2002).  Both of these studies 

suggest that the structural integrity of the follicle is being compromised, which indicates 

that the follicles could be undergoing apoptosis as a result of VCD exposure. 

Other studies have explored the involvement of the Bcl-2 family of proteins in the 

molecular mechanism of VCD-induced follicle loss as this class of proteins serve as 

regulators of apoptosis (Reed, 1997).  Expression of the pro-apoptotic protein, Bax, was 

increased in small pre-antral follicles, but not larger follicles isolated from rats following 

ten days of VCD dosing (Springer et al., 1996c).  The pro-apoptotic protein, Bad, was 

increased in both cytosolic and mitochondrial fractions of small pre-antral follicles 

isolated from rats dosed for 15 days with VCD.  In the same study, Bcl-XL, an anti-
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apoptotic protein, was shown to be translocated from the mitochondria to the cytosol in 

rat small pre-antral follicles exposed to VCD.  This translocation resulted in an increase 

in the Bax/Bcl-XL ratio in the mitochondrial fraction (Hu et al., 2001a).  An increase in 

the Bax/Bcl-XL ratio favors activation of the pro-apoptotic pathway by inducing the 

release of cytochrome c from the mitochondria to the cytosol.  VCD induced an increase 

of cytochrome c in the cytosolic compartment of rat small pre-antral follicles (Hu et al., 

2001a) suggesting its release from the mitochondria.  Cytochrome c plays a role in the 

activation of caspase proteins which stimulate the degradation of protein during the 

apoptotic process.  An increase in protein expression and activation of caspase-3 was 

observed in small pre-antral follicles following VCD treatment (Hu et al., 2001b).  Based 

on these studies, an increase in the natural process of atresia that results in cellular death 

via apoptosis (Tilly et al., 1991) appears to be the mechanism by which VCD induces 

small pre-antral follicle loss. 

 

Ovotoxic Effects of In Vitro VCD Exposure 

 

 A whole ovarian in vitro culture system has been developed to explore the 

mechanism of VCD-induced ovotoxicity (Devine et al., 2002).  The system allows for 

PND4 rat ovaries to be cultured for up to 30 days and still maintain tissue viability.  The 

PND4 rat ovary is comprised of mostly primordial and primary follicles, which is the 

VCD targeted population.  VCD and other components can be added directly to the 

culture medium and replaced as required.  As with in vivo studies using VCD, in vitro 
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neonatal cultured ovaries are also susceptible to VCD-induced ovotoxicity.  By eight days 

of culture in the presence of 30μM VCD, there is a significant loss of pre-antral follicles 

(Devine et al., 2002).  The follicle loss observed in the same study was also time and 

concentration dependent.  The mechanism for this follicle loss in vitro was further 

explored.  Evidence for an increase in apoptosis, was observed through increased staining 

of active caspase-3 and terminal UDP nick end labeling (TUNEL; an indicator of DNA 

fragmentation) that was observed via immunostaining and confocal microscopy of PND4 

rat ovaries exposed to VCD for 15 days (Devine et al., 2002).  In addition, the 

mechanism by which VCD contributes to in vitro follicle loss does not seem to involve 

oxidative stress, since the addition of several antidoxidants to the ovary cultures in the 

presence of VCD did not affect the observed follicle loss (Devine et al., 2004).  Based on 

these studies, the conclusion was made that VCD-induced atresia (apoptosis) seen in vitro 

using rat ovarian cultures follows a similar pattern to those observed after in vivo 

repeated VCD dosing in rats.  Therefore, the in vitro ovary culture model is relevant to 

address mechanistic questions regarding VCD-induced ovotoxicity. 

 

Apoptotic Signaling Pathway 

  

 In 1972, Kerr et al. introduced the term apoptosis to refer to the “little recognized 

mechanism of controlled cell deletion, which appears to play a complimentary role to 

mitosis in the regulation of animal cell populations.  Its morphological features suggest 

that it is an active, inherently programmed phenomenon” (Kerr et al., 1972).  In the 
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ovary, it has been demonstrated that apoptosis is the end result of atresia in an ovarian 

follicle that has been signaled to leave folliculogenesis and be destroyed (Tilly et al., 

1991).  Both oocytes (Morita and Tilly, 1999) and granulosa cells (Markstrom et al., 

2002) are degenerated via apoptosis after a follicle has entered atresia.  At the molecular 

level, apoptosis progression is divided into the three phases of initiation, execution and 

termination (Johnson, 2003).  The initiation phase can be promoted by factors, such as 

the cytokine Fas Ligand, to activate a plasma membrane bound death receptor which 

activates the extrinsic pathway; or DNA damage (resulting from irradiation, oxidative 

stress, etc.) can activate the intrinsic pathway (see Figure 1.7 for detailed pathways). 

Following the initiation phase, the execution phase is characterized by cell membrane 

changes, nuclear fragmentation, chromatin condensation, and DNA degradation.  The 

termination phase constitutes phagcytosis of fragmented apoptotic bodies via phagocytes 

or viable adjacent cells in a non-inflammatory process (Johnson, 2003). 

 Both extrinsic and intrinsic pathways activate a series of caspases, proteases that 

cleave their substrates after an aspartate residue, and the family of Bcl-2 proteins that 

regulate apoptotic activity in the cell (Hengartner, 2000).  Activation of the death 

receptor, leads to formation of the death-inducing signaling complex that recruits 

molecules of pro-caspase-8 proteins via the Fas associated death domain (FADD) protein 

and activates caspase-8.  This activation of caspase-8 can be inhibited by c-FLIP.  

Subsequently, caspase-8 can serve as a direct apoptotic substrate, activate caspase-3, or 

activate the protein Bid that triggers release of cytochrome c from the mitochondria.  The 

intrinsic pathway begins with activation of p53 followed by activation of Bax that 
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stimulates release of cytochrome c, Smac/Diablo, apoptosis inducing factor (AIF), and 

Endo G from the mitochondria.  Cytochrome c, in conjunction with Apaf-1, and activated 

caspase-9, form the apoptosome complex that stimulates the activation of caspase-3.  AIF 

and Endo G contribute to chromatin breakdown, while Smac/Diablo inhibits the IAP 

proteins that normally antagonize caspase-3 activation.  The Bcl-2 family members, Bcl-2 

and Bcl-XL, inhibit the release of mitochondrial components by prevention of active Bax 

and Bid.  Both extrinsic and intrinsic apoptotic pathways converge at the level of caspase-

3 activation to execute the inevitable programmed cell death (Figure 1.7). 

 

Figure 1.7:  Diagram of the General Apoptotic Signaling Pathways 

Adapted from (Hengartner, 2000) 
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 Some ovarian toxicants, such as VCD, have been shown to induce apoptosis in 

small pre-antral follicles, which results in an increase in atresia of this follicle population.  

Induction of either the intrinsic or extrinsic apoptotic pathway in the oocyte or granulosa 

cells could compromise their paracrine communication that is critical to maintain follicle 

viability.  This disruption in cellular communication will lead to the eventual death of the 

follicle.  Since a woman is born with a finite number of follicles, destruction of follicles 

by ovotoxicants that result in an increased rate of atresia could cause a shortened 

reproductive life span and possibly increase the health risks associated with ovarian 

failure. 
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Hypothesis 

 

VCD disrupts oocyte-granulosa cell survival signaling pathways in the rat ovary, 

thereby compromising cell-cell communication and causing follicle death. 

 

Specific Aims 

 

1. Identify genes that respond in vivo and in vitro to VCD exposure via genomic 

analysis.   

 

Hypothesis – Aim 1 

A subset of genes affected by VCD exposure can be determined in the rat 

ovary that are common to the in vivo and in vitro systems. 

 

From previous studies, repeated daily dosing in vivo of rats or continuous 

exposure of neonatal rat ovaries in vitro cause a depletion of the small pre-antral 

ovarian follicles.  The mechanism of follicle loss appears to be the same in both 

systems via an increase in the natural process of atresia (apoptosis).  The use of 

oligoarray analysis to screen thousands of genes will provide a subset of genes 

that respond in vivo and in vitro from VCD exposure.   

(Refer to Chapter 2) 
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2. Examine the involvement of granulosa cell-associated TGFβ superfamily 

growth factors in VCD-induced ovarian follicle loss.   

 

Hypothesis – Aim 2 

The cell survival pathways associated with the TGFβ growth factors, GDF-9 

and BMP-4, are likely disrupted from VCD exposure. 

 

Two growth factors, GDF-9 and BMP-4 from the TGFβ superfamily, have been 

shown to play important roles in early ovarian folliculogenesis and follicular 

survival.  GDF-9 is produced from the oocytes and signals granulosa cells to 

assist in the maintenance of folliculogenesis after follicles have reached the 

primary stage of development.  BMP-4 is produced from interstitial cells and 

promotes primordial to primary follicle transition and follicular survival. The 

effect these growth factors may have on VCD-induced follicle loss will be 

assessed by addition of these factors to the in vitro ovary culture system.   

(Refer to Chapter 3) 
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3. Examine the involvement of the oocyte-associated c-Kit and Kit Ligand in 

VCD-induced ovarian follicle loss.  

 

Hypothesis – Aim 3 

The cellular communication between the oocyte-associated c-Kit receptor, 

and its ligand, Kit Ligand, is compromised in response to VCD exposure in 

the rat ovary. 

 

As determined from genomic analysis, the c-Kit-Kit Ligand signaling pathway 

seemed to be affected by VCD exposure through both exposure methods.  The c-

Kit-Kit Ligand interaction plays a critical role in primordial follicle recruitment 

and survival during early folliculogenesis.  Both the mRNA and protein 

expression will be assessed in neonatal rat ovaries exposed to VCD via the in vitro 

culture system.  The effect the c-Kit-Kit Ligand interaction has on follicular 

survival during VCD exposure will also be examined by the addition of Kit 

Ligand to the in vitro ovary culture system.   

(Refer to Chapter 4) 
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4. Examine effect of VCD on the AKT signaling component in VCD-induced 

ovarian follicle loss.   

 

Hypothesis – Aim 4 

The expression of the activated AKT signaling molecule, an important factor 

in follicle survival, is down-regulated in response to VCD exposure. 

 

The c-Kit-Kit Ligand pathway has been shown to stimulate the PI3K/AKT cell 

survival pathway to elicit its effects on primordial follicle recruitment and 

survival.  The AKT signaling protein is activated upon phosphorylation; therefore, 

p-AKT protein will be examined further in the in vitro ovary culture system to 

determine if this signaling pathway is affected by VCD exposure.  A disruption of 

this pathway can lead to increases in cellular apoptosis. 

(Refer to Chapter 5) 
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CHAPTER 2 

 

GENOMIC ANALYSIS OF VCD-INDUCED OVOTOXICITY 

 

Abstract 

 

Repeated daily dosing of rats with the occupational chemical, 4-vinylcyclohexene 

diepoxide (VCD), and in vitro culture of postnatal day (PND) 4 rat ovaries with VCD 

selectively destroys ovarian small pre-antral follicles via an increase in atresia 

(apoptosis).  This study was designed to compare changes in gene expression caused by 

VCD, in vivo versus in vitro after the exposure period, as well as determine if VCD-

responsive genes are affected by differing animal ages and/or a function of culture 

conditions in the in vitro exposures prior to VCD exposure (time 0).  Female F344 rats 

(PND28) were dosed 12 d with vehicle control or VCD (80mg/kg, i.p.; n=4; ovaries from 

four rats per pool) or collected on PND28 (n=2; ovaries from four rats per pool; time 0).  

After the final dose, ovaries were excised and either processed for ovarian follicle counts 

or further processed by dissociation and hand-sorting of follicles into fractions 1 (F1; 25-

100μm; VCD-target) or 2 (F2; 100-250μm; VCD-non-target).  An analogous in vitro 

(ovaries from PND4 rats) time point that causes equivalent follicle loss compared to in 

vivo (PND28) VCD exposure was determined via a dose response study (ovaries cultured 

8d in 10, 20, 30, or 40μM VCD) followed by processing for ovarian follicle counts.  It 

was determined that VCD-induced follicle damage without loss was equivalent for in 
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vivo (80mg/kg, i.p., 12d) and in vitro (20μM, 8d). For genomic analysis, ovaries were 

collected from PND4 female F344 rats and assessed on PND4 (n=2; five ovaries per 

pool; time 0), or cultured (8d) in control or VCD-containing (20μM) medium (n=4; five 

ovaries per pool).  For genomic assessment following in vivo VCD dosing (12d), follicle 

fractions (F1 and F2) were isolated.  RNA was isolated from follicle fractions and 

cultured ovaries on the day of collection.  Oligoarray analysis used Operon’s 6.1K rat 

oligo version 1.0 and 1.1 sets.  A multivariate experimental approach based on the fitting 

of expression data to an additive linear ANOVA model containing terms for array and dye 

effects enabled a comparison between control and VCD-treated in vivo and in vitro 

tissues both after and prior to exposure.  Relative to control F1 follicles (targeted by 

VCD), 361 genes were altered in their expression levels in one of the tissue/treatment 

groups after VCD exposure.  VCD caused 25 genes to change between the control versus 

VCD-treated F1 groups and 33 genes to change between the control versus VCD-treated 

ovary culture groups as assessed by a t-test comparison.  VCD caused alterations in only 

seven genes between control versus VCD-treated F2 follicles (non-target population).  A 

subset of 14 genes was identified that changed in both in vivo and in vitro target 

populations in response to VCD exposure.  In another oligoarray analysis, this subset of 

genes was confirmed not to be different between the in vivo and in vitro groups prior to 

VCD exposure.  These findings confirm that VCD-induced ovarian follicle loss involves 

similar genes by in vivo and in vitro exposure. 
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Introduction 

 

At birth, the mammalian ovary contains a finite number of follicles.  In an 

ongoing process, primordial follicles are selected for activation.  However, only a few 

(<1%) of the oocytes contained in these follicles will develop to ovulation for possible 

fertilization (Hirshfield, 1991).  Rather, the vast majority become activated and degrade 

at some stage of growth by the natural process of atresia (apoptosis).  Chemicals that 

destroy ovarian follicles can lead to temporary or permanent infertility depending on the 

stage of development at which the follicle is targeted (Hoyer and Sipes, 1996).  

Damaging the smallest pre-antral follicle population can result in permanent infertility 

(early ovarian failure), because once destroyed these follicles cannot be replaced. 

 Repeated daily dosing of rats with the occupational chemical 4-vinylcyclohexene 

diepoxide (VCD) selectively destroys small pre-antral (primordial and primary) ovarian 

follicles (Flaws et al., 1994; Springer et al., 1996b; Kao et al., 1999).  In addition, in vitro 

VCD exposure in a neonatal rat whole ovarian culture system involves a similar pattern 

of small pre-antral ovarian follicle loss (Devine et al., 2002).  Though the exact 

mechanism of follicle depletion is unknown, previous studies have shown that VCD 

induces follicle loss via an increase in the rate of atresia in both in vivo (Springer et al., 

1996b; Kao et al., 1999) and in vitro systems (Devine et al., 2002).  However, techniques 

that examine the expression of a limited number of specific genes at a time under these 

experimental conditions have posed a challenge to identify families of genes that are 
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susceptible to VCD exposure in both systems.  Therefore, new technology was sought to 

explore other ovarian genes altered in their expression by VCD exposure. 

 In recent years, microarray technology has become an emerging technique that 

allows the researcher to screen thousands of genes for differences in expression (Schena 

et al., 1995; Brown and Botstein, 1999).  This technique involves the spotting and 

immobilization of known DNA clones or oligonucleotides to slides followed by 

hybridization of labeled sense (for cDNA arrays) or anti-sense DNA (for oligoarrays).  

The relative intensities of the labeled spots are measured and analyzed between treatment 

groups (Kerr and Churchill, 2001).  A list of genes affected in the experimental system is 

generated to allow for further analysis of selected genes to be performed.   

Application of this microarray technique was sought to screen genes that are 

susceptible in their expression due to VCD exposure.  Therefore, the present study was 

designed to identify a subset of genes that respond both in vivo and in vitro from VCD 

exposure through the use of rat oligoarrays.  
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Materials and Methods 

 

Rationale for selected in vivo and in vitro time points 

In order to determine gene changes that occur in the VCD-target follicle 

population just prior to significant follicle loss, analogous time points for impending 

VCD-induced ovarian follicle loss were determined in both in vivo and in vitro exposure 

systems.  A time point of impending follicle loss would also ensure that enough follicles 

in both exposure systems would be present for analysis.  In a previous study, in vivo daily 

dosing of PND28 F344 rats with VCD (80 mg/kg, i.p.) indicated that the first signs of 

DNA degradation and morphological changes in the small pre-antral follicles occurred by 

day 10 without a significant amount of ovarian follicle loss (Springer et al., 1996b).  

Under the same experimental conditions, it was not until day 12 of rat in vivo VCD 

dosing that significant follicle loss was observed and a 50% reduction of small pre-antral 

follicles had occurred by d15 (Springer et al., 1996b; Kao et al., 1999).  Also in a 

previous study, exposure of PND4 rat ovaries in vitro in a whole ovarian culture system 

for 8 days with 10μM VCD did not have a significant effect on follicle loss, however 

30μM VCD for 8 days caused about a 50% reduction in the number of small pre-antral 

follicles (Devine et al., 2002).  Based on these studies and initial assessments of follicle 

loss in the present study, it was determined that in vivo VCD (80mg/kg, i.p.) dosing of 

rats for 12 days was analogous to in vitro VCD (20μM) exposure of rat ovaries for 8 days 

to the period of impending follicle loss. 
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 PND28 and PND4 Fischer 344 rat ovaries were either exposed in vivo or in vitro 

to VCD, respectively, or collected prior to VCD exposure.  After the exposure period, the 

whole ovaries were either processed for ovarian follicle counts or RNA isolations were 

performed on follicle fractions (in vivo) or intact ovaries (in vitro).  RNA was further 

amplified and processed for oligoarray analysis.  Comparisons of genes within the F1 

follicles, ovary cultures, or F2 follicles that were changed in response to VCD were 

determined by a t-test analysis of the relative gene intensities performed by the CARMA 

software. 

 

• See APPENDIX A for detailed methods. 

 

The following hybridization schemes for the oligoarray analysis Experiments #1 (Figure 

2.1) and #2 (Figure 2.2) were developed based on previously established experimental 

designs (Kerr and Churchill, 2001). 
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Figure 2.1:  Hybridization Scheme – In Vivo vs. In Vitro Oligoarray Analysis:  

         Experiment #1 

Each line represents a single hybridization to an array with an n=4 for each treatment 

group.  One sample incorporated the ALEXA® 555 (green) dye and the other the 

ALEXA® 647 (red) dye for each hybridization (e.g. indicated by the red and green 

colored arrow between CF1 and CF2). CF1 = control fraction 1 follicles (reference 

sample, in vivo, 12d); VF1 = VCD fraction 1 follicles (in vivo, 12d); CF2 = control 

fraction 2 follicles (non-target population); VF2 = VCD fraction 2 follicles (non-target 

population, in vivo, 12d); CO = ovaries cultured in control medium (in vitro, 8d); VO = 

ovaries cultured in medium containing VCD (in vitro, 8d). 
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Figure 2.2:  Hybridization Scheme – Time 0 In Vitro vs. In Vivo Oligoarray  

         Analysis: Experiment #2 

Each line represents a single hybridization to an array with an n=2 for each treatment 

group.  One sample incorporated the ALEXA® 555 (green) dye and the other the 

ALEXA® 647 (red) dye for each hybridization (e.g. indicated by the red and green 

colored arrow between F1 and F2).  F1 = fraction 1 follicles from PND28 rats (in vivo 

time 0; reference sample); F2 = fraction 2 follicles from PND28 rats (in vivo - time 0; 

non-target population); O = ovaries from PND4 rats (in vitro - time 0). 
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Results 

 

Assessment of Analogous Time Points for VCD-Induced Ovarian Follicle Loss: In Vivo 

Versus In Vitro Exposure Systems 

 

 In vivo daily dosing of rats for 12 days with VCD was determined to be the time 

point just prior to significant loss of ovarian follicles after the exposure period.  No 

significant follicle loss (p>0.05) in any follicle type had occurred after 12 days VCD 

exposure (Figure 2.3).  An analogous time point of follicle loss in the in vitro culture 

system compared to the in vivo VCD exposure was examined through a dose response to 

VCD.  PND4 ovaries were cultured for 8 days in the presence of increasing 

concentrations of VCD.  Decreases (p<0.05) in ovarian primordial and primary follicles 

(target population) were observed only in the highest (30 and 40μM) VCD exposure 

groups compared to ovaries cultured in control medium (Primordial – Control 558±78, 

VCD-30μM 265±24, VCD- 40μM 182±21; Primary – Control 105±5, VCD-30μM 62±7, 

VCD- 40μM 58±7 follicles counted / ovary; Figure 2.4).  Increases (p<0.05) in ovarian 

atretic follicles were also observed only in the highest VCD exposure groups (Atretic – 

Control 41±7, VCD-30μM 86±7, VCD- 40μM 90±10 follicles counted / ovary - Figure 

2.4).  Based on these data, neonatal ovaries exposed for a period of 8 days in the presence 

of 20μM VCD was determined to be analogous to the in vivo time point for impending 

follicle loss. 
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Figure 2.3:  Ovarian Follicle Counts – In Vivo VCD (80mg/kg) Exposure for 12 days 

PND28 Fischer 344 female rats were dosed 12 days (i.p.) with vehicle control (sesame 

oil) or 80mg/kg/day VCD in sesame oil.  Four hours following the final dose, ovaries 

were fixed, embedded and every 40th serial section retained and H&E stained.  Bars 

represent the mean of the follicles counted per ovary ± standard error, for each follicle 

type.  Solid bars = follicle counts from control ovaries.  Hatched bars = follicle counts 

from VCD-treated ovaries.  n = 6 ovaries per treatment; No significant differences 

between treatments. 
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Figure 2.4:  Ovarian Follicle Counts – In Vitro VCD Dose Response 

PND4 Fischer 344 rat ovaries were cultured for eight days in the presence of 0 (control), 

10, 20, 30, or 40μM VCD.  Ovaries were fixed, embedded, and every 12th serial section 

retained and H&E stained.  Bars represent the mean follicles counted per ovary ± 

standard error, for each follicle type.  Solid bars = control (0μM VCD); Diagonal hatched 

bars = 10μM VCD; Stippled bars = 20μM VCD; Horizontal-hatched bars = 30μM VCD; 

Checkered bars = 40μM VCD; n=7-8 ovaries per treatment; **p<0.05, different from 

ovaries cultured in control medium. 
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Oligoarray Analysis – Effect of VCD Exposure – In Vivo vs. In Vitro (Experiment #1) 

 

 Each rat oligoarray was probed with two labeled anti-sense RNA samples.  Both 

samples were labeled with different dyes that are observed at different wavelengths.  A 

representative section of a hybridized oligoarray is shown in Figure 2.5.  After complete 

analysis of all hybridized arrays, the CARMA software generates several graphical 

outputs to compare significantly altered genes.  One of these comparisons is the Effect vs. 

Variety graph that displays the differences in expression and standard error for a specific 

gene relative to the reference sample. An example of this graphical output is shown in 

Figure 2.6. 

The analysis software also generates a list of the selected genes altered in 

comparison to the reference sample.  Relative to control F1 follicles (reference sample), 

361 genes were altered in their expression levels in one of the tissue/treatment groups 

(See Table B.1 in APPENDIX B for a complete list of genes).  mRNA expression of 33 

genes within the fraction 1 follicles (in vivo target population) was significantly changed 

in response to VCD exposure as determined by a t-test comparison (Table 2.1).  mRNA 

expression of 25 genes within the ovary cultures (in vitro target population) was 

significantly changed in response to VCD exposure (Table 2.2; the ratio of VCD/Con is 

also indicated in the table).  However, mRNA expression of only seven genes were 

significantly changed by VCD in the non-target fraction 2 follicles (Table 2.3; the ratio of 

VCD/Con is also indicated in the table). 
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After a generation of the list of altered genes in response to VCD exposure, 

comparisons were made between affected genes in the in vivo and in vitro target 

populations.  Genes that followed the same pattern of expression in response to VCD 

exposure in both systems are shown in Figure 2.7.  Normalized mRNA expression of the 

gdf-9, bmpr-1a, and c-kit genes for the in vivo and in vitro target groups are shown in 

Figure 2.8.  No changes in expression of mRNA encoding gdf-9 (F1 -10% of control; O -

1.5% of control), were observed from VCD exposure in either system.  Decreases in 

expression of mRNA encoding bmpr-1a (F1 -21.0% of control; *O -80.0% of control; 

*p<0.05) and c-kit (F1 -37.0% of control; *O -66.0% of control; *p<0.05) were observed 

in response to VCD exposure via both systems.  
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Figure 2.5:  Representative Section of a Hybridized Rat Oligoarray 

The slides are printed with Operon’s 6.1K Version 1.0 and 1.1 rat oligo sets.  Each oligo 

is printed in triplicate for each array.  The green spots represent higher mRNA expression 

in the sample labeled with ALEXA® 555 (green).  The red spots represent a higher 

mRNA expression in the sample labeled with the ALEXA® 647 (red).  The yellow spots 

represent an equal amount of mRNA expression for both samples. 
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Figure 2.6:  Effect vs. Variety Plot for the c-kit Tyrosine Kinase Receptor 

Graphical display of the variety term estimate and the standard error for the relative 

expression of the c-kit gene expression for treatment groups CF2, CO, VO, VF1, and VF2 

referenced to CF1.  The Dye2 effect is also shown with its standard error.  The bracketed 

lines with p<0.05 indicates significant differences between the in vitro control versus 

VCD treatments for c-kit.  For details of statistical analysis refer to (Greer et al., 2006). 
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Table 2.1 – List of Genes Changed – Control vs. VCD-Treated F1 Follicles 
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Table 2.2:  List of Genes Changed – Control vs. VCD-Treated Ovary Cultures 

 

 

Table 2.3:  List of Genes Changed – Control vs. VCD-Treated Fraction 2 Follicles 
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Figure 2.7:  Oligoarray Analysis Summary for the Effect of VCD Exposure on  

         Target Follicle Population:  In Vivo vs. In Vitro 

The Venn diagram displays the results of the common genes target by VCD exposure in 

both the in vivo and in vitro systems.  The in vivo exposed rats from Experiment #1 had 

33 genes change in the fraction 1 (F1) follicles in response to VCD exposure.  The in 

vitro (O) exposed ovaries from the neonatal ovary culture system displayed 25 genes that 

changed in response to VCD exposure.  The common genes that changed in both systems 

are listed in the middle of the diagram. 
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Figure 2.8:  Normalized mRNA Expression for Genes of Interest - Oligoarray  

        Analysis (Experiment #1) 

The graph represents the normalized mRNA expression data for gdf-9, bmpr-1a, and c-kit 

genes in both the in vivo and in vitro systems in response to VCD exposure.  Values 

represent the ratio of treatment mRNA expression/control mRNA expression as a fraction 

of 1.  (From oligoarray experiment #1)  Solid bars = normalized control expression for 

each system; Stippled bars = normalized expression of each gene in response to in vivo 

VCD exposure; Cross-Hatched bars = normalized expression of each gene in response to 

in vitro VCD exposure; n=4 for each exposure system; ** = p<0.05, different from 

control in vivo and in vitro mRNA expression.
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Oligoarray Analysis – Prior to VCD Exposure (Time 0) – In Vivo vs. In Vitro (Experiment 

#2) 

 

 Another oligoarray analysis (Experiment #2) was conducted to verify that the 

observed changes in gene expression in Experiment #1 were only due to exposure of 

VCD and not from tissue/developmental gene expression differences.  The experiment 

involved assessment of the gene expression patterns in both the in vivo and in vitro 

systems prior to VCD exposure (time 0).  mRNA expression of 36 genes was different 

between fraction 1 and fraction 2 follicles.  The mRNA expression of 74 genes was 

different between the fraction 1 follicles and PND4 ovaries at time 0.  (Refer to Table B.2 

on APPENDIX B for a complete list of genes.)  There were no differences observed in 

the common genes (Figure 2.7) determined to be susceptible to VCD-exposure. 
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Discussion 

 

 Repeated in vivo exposure of rats and in vitro exposure of rat ovaries to the 

occupational chemical, VCD, has been shown to cause selective depletion of small pre-

antral ovarian follicles.  This follicular destruction occurs through an increase in the 

natural process of atresia.  Since many of the genes involved in the mechanism by which 

VCD induces ovotoxicity are unknown, the use of large-scale gene screening techniques 

was explored.  Therefore, the current study utilized emerging microarray technologies to 

identify a subset of genes that respond to VCD via both in vivo and in vitro exposure 

systems in rats.  

 Determination of an analogous time point for impending ovarian follicle loss in 

both exposure systems was examined.  Previous studies in rats have shown 15 days of 

repeated in vivo dosing of VCD (80mg/kg; i.p.) causes approximately a 50% reduction of 

the small pre-antral follicle population yet evidence of impending follicle (increased 

atretic follicles) was seen on d10 (Springer et al., 1996b).   For the current study, an 

earlier in vivo exposure period of 12 days to the same concentration of VCD had no 

significant effect on ovarian follicle numbers.  Thus, it was assumed that atretic changes 

were underway at this time.  Comparable in vitro ovarian culture conditions were sought 

using a dose response to VCD for 8 days of exposure.  Cultured ovaries displayed a dose-

dependent follicle loss and the 20μM VCD concentration did not show significant effects 

on ovarian follicle numbers.  Therefore, both these exposure conditions in vivo and in 
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vitro were used to explore gene expression changes that occur in the VCD-target follicle 

populations with impending follicular destruction. 

 Oligoarray analysis was utilized to compare ovarian follicular genes that respond 

in vivo and in vitro to VCD exposure.  The control F1 follicles were used as the reference 

sample for comparisons between all target and non-target treatment groups.  This 

experiment enabled the development of an extensive list of genes that change in any of 

tissue or treatment groups in response to VCD.  A further analysis was completed to 

generate lists of genes that are altered within the F1 (VCD-target) and F2 (VCD-non-

target) follicle fractions, as well as in the in vitro ovary culture groups.  Comparisons of 

genes affected by VCD in F1 follicles and ovary cultures, revealed a subset of genes that 

change in a similar pattern to VCD exposure (Figure 2.7).  Another list of genes was 

developed to compare those that respond to VCD in the F2 non-target follicle fraction.  

Only seven genes were affected by VCD in the F2 follicles confirming previous studies 

that this follicular fraction is not extensively targeted by VCD exposure. 

 Both gdf-9 and bmpr-1a genes are part of the transforming growth factor β 

(TGFβ) family of genes that have been shown in ovaries to play important roles in 

folliculogenesis and cellular survival (Shimasaki et al., 2004; Juengel and McNatty, 

2005).  The c-kit gene also plays critical roles in primordial follicle recruitment, 

maintenance of early folliculogenesis, and cellular survival (Yoshida et al., 1997; 

Ashman, 1999; Ronnstrand, 2004; Roskoski, 2005b; Roskoski, 2005a).  The gdf-9 gene 

was not altered in response to VCD in either exposure system suggesting it may not play 

a critical role in the mechanism of VCD-follicle loss.  However, both trend decreases (in 
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vivo) and significant decreases (in vitro) were seen in gene expression for both the bmpr-

1a and c-kit genes.  Significant differences in expression for these genes were observed 

only in the in vitro system because the F1 follicle pools likely contain some of the non-

target follicles, where as the neonatal ovaries collected after in vitro cultures are a more 

homogeneous sample as they contain mostly our target follicle population.  Furthermore, 

the d8 time point (in vitro) may be somewhat further progressing toward follicle loss than 

the d12 (in vivo) time point.  Both bmpr-1a and c-kit genes may play a role in the 

mechanism of VCD-induced ovarian follicle loss.  Therefore, normalized expression 

levels of three genes, gdf-9, bmpr-1a, and c-kit, present on each of the oligoarrays were 

compared between the in vivo versus in vitro systems (Figure 2.8).   

 A second oligoarray analysis was performed to examine gene expression patterns 

between both in vivo (PND28) and in vitro (PND4) systems prior to VCD exposure.  This 

analysis verified that the subset of genes determined to be susceptible to VCD exposure 

in both systems (d12 vs. d8) was not due to tissue or developmental differences (PND28 

vs. PND4).  Therefore, these findings suggest that genes changed in the previous 

oligoarray experiment are likely due to responses to VCD exposure. 

Taken together, these studies have identified a subset of genes affected by VCD that are 

similar by in vivo and in vitro exposure during the period of impending follicle loss.  

Further ovarian expression and mechanistic studies are necessary to verify the oligoarray 

experimental results and to explore the role that some of these genes may play in VCD-

induced ovotoxicity. 
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CHAPTER 3 

 

GRANULOSA CELL SIGNALING: INVOLVEMENT OF TGFΒ SUPERFAMILY 

GROWTH FACTORS IN VCD-INDUCED OVOTOXICITY  

 

Abstract 

 

 The occupational chemical, 4-vinylcyclohexene diepoxide (VCD), causes 

selective depletion of small pre-antral ovarian follicles after repeated in vivo daily dosing 

of rats or from exposure in vitro to neonatal rat ovaries.  VCD destroys the primordial and 

primary (small pre-antral) follicles via an increase in the rate of atresia (apoptosis), a 

natural process of follicle degradation. The disruption of transforming growth factor β 

(TGFβ) signaling pathway could contribute to the mechanism by which VCD-induces 

ovotoxicity as members of the family are required for ovarian follicular survival.  Two 

TGFβ growth factors, growth and differentiation factor-9 (GDF-9) and bone 

morphogenetic factor-4 (BMP-4), are able to promote follicular survival and maintain 

early folliculogenesis.  Both GDF-9, produced in the oocyte, and BMP-4, produced in the 

interstitial cells, activate their signaling pathways via receptors on the granulosa cells.   

Therefore, the current study was designed to examine a possible role of GDF-9 and 

BMP-4 in VCD-induced ovarian follicle loss.  Ovaries from PND4 Fischer 344 rats were 

excised and cultured in control or VCD-containing (30μM) medium with or without 

recombinant GDF-9 (50, 100, 200ng/ml) or BMP-4 (50, 100, 200ng/ml).  Following eight 
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days of incubation, ovaries were collected and prepared for histological evaluation.  

Assessment of ovarian follicle numbers was performed by classification of follicles as 

either healthy or atretic for each treatment group.  Addition of VCD (30μM) caused 

approximately 50% loss of healthy follicles relative to control medium.  Addition of 

GDF-9 or BMP-4 to control medium had no effect (p>0.05 compared to controls) on 

healthy follicle numbers.  Furthermore, addition of GDF-9 or BMP-4 did not prevent 

VCD-induced loss of healthy follicles.  GDF-9 or BMP-4 alone or in the presence of 

VCD had no effect (p>0.05 compared to controls) on atretic follicle numbers.  These 

results suggest that GDF-9 and BMP-4 are not protective against VCD-induced follicle 

loss.  Therefore, there is no evidence that these growth factors and their signaling 

pathways are involved in the mechanism by which VCD induces ovotoxicity.   
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Introduction 

 

 The occupational chemical 4-vinylcyclohexene diepoxide (VCD) causes selective 

depletion of small pre-antral ovarian follicles in rats via an increase in the natural process 

of atresia (apoptosis).  Studies have shown that this VCD-induced ovarian follicle loss 

can occur after repeated daily in vivo dosing of rats (Flaws et al., 1994; Springer et al., 

1996b) or from exposure of neonatal rat ovaries in an in vitro whole ovarian culture 

system (Devine et al., 2002).  The mechanisms by which VCD selectively targets and 

destroys small pre-antral follicles are unknown.   

 Many cellular survival pathways within the ovary are involved in maintaining the 

viability of the follicles undergoing the early stages of folliculogenesis and may be 

disrupted as result of VCD exposure.  If one or more of these survival pathways fails to 

properly maintain the health of the oocytes or supportive granulosa cells, the end result 

will be follicular degradation via atresia (Markstrom et al., 2002; Johnson, 2003; Quirk et 

al., 2004).  One of these cellular survival pathways shown to play a key role in the 

intraovarian regulation of follicular development is the transforming growth factor β 

(TGFβ) signaling pathway (Juengel and McNatty, 2005).   

 The TGFβ superfamily is comprised of greater than 35 proteins that share 

common structural motifs (Chang et al., 2002).  Each of the TGFβ family members are 

synthesized as a proprotein comprised of a single peptide, large proregion, and a small 

biologically active mature region (Chang et al., 2002; Juengel and McNatty, 2005).  For 

full biological activity of the proteins to occur, the proprotein must be cleaved and the 
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active structures usually form homo- or heterodimers via a covalent bond through a 

cysteine residue (Chang et al., 2002).  The TGFβ growth factors activate gene 

transcription by binding their respective receptors on the plasma membranes of target 

cells which stimulates the activation of a series of intracellular signaling molecules called 

Smads (Lin et al., 2003; Shimasaki et al., 2004; Juengel and McNatty, 2005).  Therefore, 

activation of gene transcription in the ovary via the TGFβ signaling pathway can 

potentially contribute to follicular survival. 

The two TGFβ family growth factors, growth and differentiation factor-9 (GDF-9) 

and bone morphogenetic factor-4 (BMP-4), have both been shown to contribute to rat 

ovarian follicular survival and folliculogenesis by targeting granulosa cells.  GDF-9 is 

produced in the oocytes and signals through its receptor on the granulosa cells to promote 

follicular growth (Su et al., 2004) and is a required factor during early folliculogenesis 

(Dong et al., 1996).  Also, GDF-9 elicits anti-apoptotic effects during folliculogenesis 

(Orisaka et al., 2006), and exposure of GDF-9 in vitro to neonatal rat ovaries, specifically 

promotes development of early primary, but not primordial follicles (Nilsson and Skinner, 

2002).  BMP-4 is produced in interstitial cells and binds its receptor, BMPR-1A, on the 

granulosa cells to influence follicular development (Shimasaki et al., 2004).  Exposure of 

BMP-4 in vitro to neonatal rat ovaries has been shown to promote survival and 

development of primordial follicles (Nilsson and Skinner, 2003).  Thus, based on these 

previous studies, GDF-9 and BMP-4 appear to play critical roles in the maintenance of 

normal ovarian folliculogenesis. 
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Since both GDF-9 and BMP-4 contribute to ovarian follicular survival, one or 

both of these growth factor effects could be affected in the ovary in response to VCD-

induced ovotoxicity.  Therefore, the involvement of these two TGFβ growth factors is 

likely disrupted in VCD-induced ovarian follicle loss.  To determine if the presence of 

exogenous GDF-9 and BMP-4 had any effect on small pre-antral follicle loss induced by 

VCD, this study involved addition of GDF-9 and BMP-4 in vitro to neonatal rat ovaries 

in the presence of VCD. 
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Materials and Methods 

 

 Post natal day (PND) 4 Fischer 344 rat ovaries were cultured for eight days in 

control or 30μM VCD containing medium ± human recombinant GDF-9 (50, 100, 

200ng/ml) or human recombinant BMP-4 (50, 100, 200ng/ml).  These concentrations for 

GDF-9 and BMP-4 were determined from previous studies that utilized these growth 

factors in similar whole ovarian cultures (Nilsson and Skinner, 2002; Nilsson and 

Skinner, 2003).  On day eight of culture, ovaries were processed for ovarian follicle 

counts.  Healthy follicles were classified as those with round-shaped oocyte cytoplasm 

and nuclei, that did not have condensed chromatin in the nucleus of the oocyte, and in 

which granulosa cells had maintained focal contact with the oocytes.  Atretic follicles 

were classified as those whose oocytes stained pink, with condensed chromatin in the 

nucleus of the oocyte, or in which focal contact has been lost between the oocyte and 

granulosa cells.  Statistical comparisons were made between the means of healthy or 

atretic follicles in each treatment within control or VCD-containing groups. 

 

• See APPENDIX A for detailed methods 
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Results 

 

Effect of Exogenous GDF-9 on Ovarian Follicle Numbers during VCD Exposure 

 

 Increasing concentrations of recombinant GDF-9 (50, 100, 200ng/ml) alone in 

neonatal rat ovary cultures (8d) had no effect (p>0.05) on the total healthy (primordial, 

primary, and secondary) follicles compared to ovaries cultured in control medium 

(Figure 3.1A).  VCD (30μM) in the medium reduced (p<0.05) the number of healthy 

total follicles to approximately 50% of control (Figure 3.1A).  Addition of GDF-9 to the 

media containing VCD (30μM) did not prevent (p>0.05) the VCD-induced decrease in 

the number of total healthy follicles (Figure 3.1A).  Furthermore, the addition of GDF-9 

alone or in the presence of VCD had no effect (p>0.05) on the number of atretic follicles 

observed compared to ovaries cultured in control or VCD-containing medium, 

respectively (Figure 3.1B). 
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Figure 3.1 – Healthy and Atretic Ovarian Follicle Counts after GDF-9 Exposure 

PND4 Fischer 344 rat ovaries were cultured 8 days in control medium ± recombinant 

human GDF-9 (50, 100, 200ng/ml) or culture medium containing 30μM VCD ± 

recombinant human GDF-9 (50, 100, 200ng/ml).  On day 8 of culture, ovaries were fixed, 

embedded, serial sectioned (retaining every 6th section) and ovarian sections were stained 

with H&E.  Follicles in every 12th section were classified and counted.  A) Mean number 

of healthy follicles counted per ovary ± standard error (Healthy follicles = all primordial, 

primary, and secondary follicles healthy in appearance), B) Mean number of atretic 

follicles counted per ovary ± standard error.  (Atretic follicles = all primordial, primary, 

and secondary follicles unhealthy in appearance)  n = 10-11 ovaries per treatment group; 

*p<0.05 different only from ovaries cultured in control medium. 
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Effect of Exogenous BMP-4 on Ovarian Follicle Numbers during VCD Exposure 

 

 Increasing concentrations of recombinant BMP-4 (50, 100, 200ng/ml) alone in 

neonatal rat ovary cultures (8d) had no effect (p>0.05) on the total healthy (primordial, 

primary, and secondary) follicles compared to ovaries cultured in control medium 

(Figure 3.2A).  VCD (30μM) in the medium reduced (p<0.05) the number of healthy 

total follicles to approximately 50% of control (Figure 3.2A).  Addition of BMP-4 to the 

media containing VCD (30μM) did not prevent (p>0.05) the VCD-induced decrease in 

the number of total healthy follicles (Figure 3.2A).  Furthermore, the addition of BMP-4 

alone or in the presence of VCD had no effect (p>0.05) on the number of atretic follicles 

observed compared to ovaries cultured in control or VCD-containing medium, 

respectively (Figure 3.2B).
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Figure 3.2 – Healthy and Atretic Ovarian Follicle Counts after BMP-4 Exposure 

PND4 Fischer 344 rat ovaries were cultured for 8 days in control medium ± recombinant 

human BMP-4 (50, 100, 200ng/ml) or culture medium containing 30μM VCD ± 

recombinant human BMP-4 (50, 100, 200ng/ml).  On day 8 of culture, ovaries were 

fixed, embedded, serial sectioned (retaining every 6th section) and ovarian sections were 

stained with H&E.  Follicles in every 12th section were classified and counted.  A) Mean 

number of healthy follicles counted per ovary ± standard error (Healthy follicles = all 

primordial, primary, and secondary follicles healthy in appearance), B) Mean number of 

atretic follicles counted per ovary ± standard error.  (Atretic follicles = all primordial, 

primary, and secondary follicles unhealthy in appearance)  n = 7-8 ovaries per treatment 

group; *p<0.05 different from ovaries cultured in control medium. 
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Discussion 

 

 Several studies have shown that either in vivo exposure of rats or in vitro exposure 

of rat neonatal ovaries to VCD causes selective depletion of the small pre-antral follicles 

via an increase in the rate atresia (Flaws et al., 1994; Springer et al., 1996b; Devine et al., 

2002).  The mechanism by which VCD increases atresia is unknown; however, VCD 

could potentially disrupt cell survival signaling pathways in the ovary to elicit its 

ovotoxic effects.  Some members of the TGFβ family signaling pathway have been 

shown to promote ovarian follicular viability in small pre-antral follicles (Juengel and 

McNatty, 2005).  The TGFβ members, GDF-9 and BMP-4, can promote follicular 

survival and early folliculogenesis.  Therefore, the present study investigated the potential 

role that GDF-9 and BMP-4 may have in the mechanism of VCD-induced follicle loss.  

This study was conducted using neonatal rat whole ovarian culture system with the 

application of exogenous GDF-9 and BMP-4 in the presence of VCD. 

 Both GDF-9 and BMP-4 were added to PND4 ovary cultures at increasing 

concentrations with or without the presence of VCD in the culture medium.  Total healthy 

follicle numbers were found to be unaffected by either growth factor.  In addition, total 

atretic follicle numbers also were found to be unaffected by either factor.  These findings 

suggest that GDF-9 and BMP-4 are not protective against VCD-induced ovarian follicle 

loss.  Therefore, these growth factors and their signaling pathways are not likely involved 

in the mechanism by which VCD induces ovotoxicity.   
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 Two possible reasons exist to explain why no effect was observed for both healthy 

and atretic follicle numbers under the current experimental conditions.  First, the growth 

factor concentrations utilized were not high enough to activate the cellular survival 

pathways to prevent follicle loss.  Second, the culture medium could be lacking another 

supplement that would allow for either growth factor to elicit its full effects.  For 

example, addition of insulin to the medium in the neonatal ovary culture system has 

shown to promote the primordial to primary follicle transition (Kezele et al., 2002) and 

may be able to have a synergistic effect with growth factors, such as GDF-9 and BMP-4, 

to prevent VCD-induced follicle loss.  Therefore, additional studies involving these 

growth factors, shown to play a part in follicular survival, may prove beneficial in further 

examination of their role, if any, in VCD-induced ovotoxicity. 
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CHAPTER 4 

 

OOCYTE SIGNALING: c-KIT AND KIT LIGAND INVOLVEMENT  

IN VCD-INDUCED OVOTOXICITY 

 

Abstract 

 

 At birth, the mammalian ovary has a fixed number of dormant primordial 

follicles.  Repeated daily dosing of rats with the occupational chemical, 4-

vinylcyclohexene diepoxide (VCD), depletes the small pre-antral follicles (which 

includes the primordial follicles) through an increase in the natural process of atresia 

(apoptosis).  In addition, in vitro exposure of postnatal day 4 (PND4) rat ovaries to VCD 

causes a similar depletion of ovarian follicles.  In a previous study, results using 

oligoarray analysis showed that in vivo and in vitro exposure to VCD decreased the 

expression of mRNA encoding c-kit, a tyrosine kinase receptor, in the targeted follicle 

population.  The ligand for c-Kit, Kit Ligand (KL), and its interaction with c-Kit are 

known to play crucial roles in the induction of primordial follicle recruitment, 

maintenance of early folliculogenesis, and follicular survival.  The current study was 

designed to further examine the involvement of c-Kit and KL in VCD-induced ovarian 

follicle loss.  Ovaries from PND4 Fischer 344 rats cultured for eight days in the presence 

of VCD (30μM) with and without the addition of increasing concentrations of 

recombinant mouse KL (25, 50, 100, 200, 400ng/ml) were processed for ovarian follicle 
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counts and follicles were classified as either healthy or atretic.  Addition of KL alone to 

the ovarian cultures had no effect (p>0.05) on healthy or atretic follicles compared to 

ovaries cultured in control medium.  However, KL added in the presence of VCD 

increased (p<0.05) both the number of healthy and atretic follicles compared to ovaries 

cultured in medium containing only VCD.  This effect on follicle number was confirmed 

via ANCOVA of regression lines suggesting that KL is able to attenuate VCD-induced 

ovarian follicle loss.  In a second experiment, pools of ovaries from either the control or 

VCD (20μM)-treatment alone groups cultured for eight days were processed for either 

mRNA analysis via real-time PCR or protein analysis via Western blots.  The relative 

expression of mRNA encoding c-kit was reduced (0.83 ± 0.12 VCD/control; p<0.05; 

n=3), while a trend increase in the relative expression of mRNA encoding kit ligand (1.19 

± 0.09 VCD/control; p=0.09; n=3) was observed in response to VCD exposure.  A similar 

pattern of expression for c-Kit and KL protein was observed as c-Kit protein decreased 

(78.64 ± 0.91% VCD/control; p<0.05; n=3), while KL protein increased (216.02 ± 

52.44% VCD/control; p<0.05; n=3) in response to VCD.  Collectively, these data support 

that ovarian c-Kit/Kit Ligand signaling is disrupted by VCD, and likely plays a role in the 

mechanism by which VCD induces ovarian small pre-antral follicle loss.  
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Introduction 

 

 At birth, the mammalian ovary has a finite number of dormant primordial 

follicles.  Upon receiving the proper non-hormonal signals, selected primordial follicles 

transition into the early stages of folliculogenesis.  One of the signals involved in this 

activation of development is the growth factor, Kit Ligand (KL; also referred to as stem 

cell factor, steel factor, and mast-cell growth factor), which is produced in granulosa cells 

and signals the oocyte through c-Kit, a tyrosine kinase plasma membrane receptor 

(Yoshida et al., 1997).  Several studies have shown that female mice that have naturally 

occurring mutations in kit ligand or kit are infertile due to abnormalities in ovarian 

development (Driancourt et al., 2000).  KL is able to stimulate oocyte growth (Manova et 

al., 1993; Packer et al., 1994), induce primordial follicle development, and initiate 

folliculogenesis (Parrott and Skinner, 1999).  In addition, KL is able to act as a anti-

apoptotic factor on oocytes of primordial follicles (Jin et al., 2005a).  Therefore, the 

interaction between KL and c-Kit plays a crucial role in the progression of early 

folliculogenesis and follicular survival.   

 Disruption of c-Kit-KL interactions could potentially be caused by the 

occupational chemical, VCD.  Both repeated daily in vivo dosing of rats or in vitro 

exposure of neonatal rat ovaries to VCD selectively destroys small pre-antral ovarian 

follicles via an increase in the rate of follicular atresia (Flaws et al., 1994; Springer et al., 

1996b; Devine et al., 2002).  The first evidence of disruption in the c-Kit-KL by VCD 

was shown in a previous oligoarray experiment (refer to Chapter 2).  The oligoarray 



83 

  

analysis compared ovarian gene expression patterns in response to in vivo and in vitro 

VCD exposure.  During the period of impending follicle loss, expression of the c-kit gene 

was decreased in target follicle populations of both systems in response to VCD.  

Therefore, the current study was designed to determine the involvement of c-Kit and its 

ligand, KL, in VCD-induced ovotoxicity, using in vitro neonatal rat ovarian cultures.  We 

hypothesized that the c-Kit and KL communication would be disrupted in response to 

VCD exposure, therefore compromising follicular survival. 
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Materials and Methods 

 

 Post natal day (PND) 4 Fischer 344 rat ovaries were cultured (8d) in control or 

VCD (20 or 30μM) containing medium ± recombinant mouse KL (25, 50, 100, 200, 

400ng/ml).  The concentrations for KL were selected based on a previous study in 

neonatal whole rat ovary cultures that added recombinant KL to the culture medium 

(Parrott and Skinner, 1999).  On day eight of culture, ovaries were processed for ovarian 

follicle counts, RNA isolations, or protein isolations.  Total RNA was reverse transcribed 

and mRNA expression levels of c-kit and kit ligand were detected using real-time PCR 

and normalized to the gene β-actin.  c-Kit and KL protein was analyzed using western 

blots and densitometric analysis.  For specific concentrations of the antibodies and 

conditions for the western blots refer to Table A.2 in APPENDIX A.  In addition, a c-Kit 

blocking peptide was utilized to verify the observed bands were specific for the c-Kit 

protein.   

For ovarian follicle counts, comparisons were made between the means of healthy 

or atretic ovarian follicles numbers in each treatment within the control or VCD-

containing groups for the in vitro KL dose response.  Healthy follicles were classified as 

those with round-shaped oocyte cytoplasm and nuclei, that did not have condensed 

chromatin in the nucleus of the oocyte, and in which granulosa cells had maintained focal 

contact with the oocytes.  Atretic follicles were classified as those whose oocytes stained 

pink, with condensed chromatin in the nucleus of the oocyte, or in which focal contact 

has been lost between the oocyte and granulosa cells.  Analysis of covariance (ANCOVA) 
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was performed to compare regression lines formed from scatterplots for the control ± KL 

and VCD ± KL counts for each ovary. 

 

• See APPENDIX A for detailed methods 
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Results 

 

Effect of Exogenous Kit Ligand on Ovarian Follicle Numbers during VCD Exposure 

 

 Neonatal (PND4) rat ovaries were cultured (8d) in the presence of control 

medium or VCD-containing medium (30μM) with or without the addition of increasing 

concentrations of recombinant mouse KL (25, 50, 100, 200, 400ng/ml).  The exposure to 

30μM VCD was selected to optimize ovarian follicle loss by VCD determining whether 

KL addition would have an effect on ovarian follicle numbers.  After eight days of 

culture, ovarian follicle counts were performed to assess the numbers of healthy and 

atretic follicles present in the ovaries from all treatment groups.  The addition of KL 

alone to the ovarian cultures had no effect (p>0.05) on the total number of healthy 

follicles present after the exposure period when compared the ovaries cultured in control 

medium (Figure 4.1A).  Addition of VCD caused approximately a 50% loss of healthy 

follicles.  Addition of KL to cultures containing VCD treatment showed a dose dependent 

attenuation (p<0.05) of healthy ovarian follicle loss induced by VCD (Figure 4.1A).  

Addition of increasing concentrations of KL alone to the culture had no effect (p>0.05) 

on the number of atretic follicles compared to control medium (Figure 4.1B).  In 

contrast, addition of KL in the presence of VCD caused a greater number of atretic 

follicles (p<0.05) to be present in ovaries at the higher KL concentrations compared to 

VCD treatment alone (Figure 4.1B). 
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Figure 4.1 - Healthy and Atretic Ovarian Follicle Counts after KL Exposure 

PND4 Fischer 344 rat ovaries were cultured (8d) in control medium ± recombinant 

mouse KL (25, 50, 100, 200, 400ng/ml) or culture medium containing 30μM VCD ± 

recombinant mouse KL (25, 50, 100, 200, 400ng/ml).  On day 8 of culture, ovaries were 

fixed, embedded, serial sectioned (retaining every 6th section) and ovarian sections were 

stained with H&E.  Follicles in every 12th section were classified and counted.  A) Mean 

number of healthy follicles counted per ovary ± standard error (Healthy follicles = all 

primordial, primary, and secondary follicles healthy in appearance), B) Mean number of 

atretic follicles counted per ovary ± standard error (Atretic follicles = all primordial, 

primary, and secondary follicles unhealthy in appearance)  n = 4-15 ovaries per treatment 

group; *different (p<0.05) from control group; different letters, different (p<0.05) in 

follicle numbers within VCD-containing groups. 
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ANCOVA of Regression Lines Plotted for the Healthy and Atretic Follicle Numbers 

 

 Further analysis of the healthy and atretic follicle counts was performed to 

determine the effect of KL on ovarian follicle numbers.  Healthy and atretic follicle 

counts for each ovary were formed into scatterplots to show the distribution of follicle 

numbers (y-axis) as a function of KL concentration (x-axis).  Treatment groups were split 

by the presence of VCD treatment and regression lines were plotted for the control and 

VCD groups for the healthy (Figure 4.2A) and the atretic follicles (Figure 4.2C).  

ANCOVA was performed to compare the intercepts and slopes of regression lines for the 

healthy (Figure 4.2B) and the atretic (Figure 4.2D) follicles.   For the healthy follicles, 

the interaction term ([KL]*VCD Treatment) indicates a trend (p = 0.1217), but not a 

statistically significant difference in the slopes of the two lines.  There is significance of 

the composite slope of both lines from zero ([KL] term; p<0.05) indicating both slopes 

are in the same direction.  The y-intercepts of the two lines differ (p<0.05) as indicated by 

the VCD treatment term.  The slope of the VCD-30μM line is steeper, which indicates 

that KL has an effect on maintaining the number of healthy follicles present in the VCD 

exposed groups.  For the atretic follicles, the interaction term ([KL]*VCD Treatment) 

indicates a difference (p<0.05) in the slopes of the two lines. There is significance of the 

composite slope from zero (p<0.05) indicating both slopes are in the same direction.  

Also, the y-intercepts of the two lines differ (p<0.05).  The slope of the VCD-30μM line 

is steeper, which gives the indication that KL has an effect on increasing the number of 

atretic follicles present in ovaries of the VCD exposed groups.



90 

  

 

 

 



91 

  

Figure 4.2 – Analysis of Regression Lines for Healthy and Atretic Follicle Counts for  

        Control and VCD Treatments with KL Dose Response 

PND4 Fischer 344 rat ovaries were cultured (8d) in control medium ± recombinant 

mouse KL (25, 50, 100, 200, 400ng/ml) or culture medium containing 30μM VCD ± 

recombinant mouse KL (25, 50, 100, 200, 400ng/ml).  On day 8 of culture, ovaries were 

fixed, embedded, serial sectioned (retaining every 6th section) and ovarian sections were 

stained with H&E.  Follicles in every 12th section were classified and counted.  A) 

Regression lines formed from a scatterplot of healthy follicles counted for each ovary in 

Control or VCD treatment groups ± KL.  (Healthy follicles = all primordial, primary, and 

secondary follicles healthy in appearance)  B) ANCOVA results table for comparison 

analysis of the two regression lines for healthy follicles in part A.  C) Regression lines 

formed from a scatterplot of atretic follicles counted for each ovary in Control or VCD 

treatment groups ± KL.  (Atretic follicles = all primordial, primary, and secondary 

follicles unhealthy in appearance.) D) ANCOVA results table for comparison analysis of 

the two regression lines for atretic follicles in part C.   Closed circles = ovaries cultured in 

control medium ± KL; Open circles = follicle counts from ovaries cultured in VCD 

containing medium ± KL: n = 4-15 ovaries counted per treatment group; significance 

determined by p<0.05. 
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Ovarian c-kit and kit ligand mRNA Expression Following In Vitro VCD Exposure 

 

 Expression of mRNA encoding c-kit and kit ligand was measured using real-time 

PCR from PND4 rat ovaries cultured (8d) in control medium or 20μM VCD-containing 

medium.  These culture conditions are the same used for the oligoarray analysis 

Experiment #1 (see Chapter 2), which is the period of impending ovarian follicle loss in 

the in vitro rat ovarian cultures due to VCD exposure.  Comparison of the relative 

expression of mRNA encoding c-kit from total RNA extracts of the two treatment groups 

is shown in Figure 4.3.  Expression of c-kit mRNA was decreased (0.83 ± 0.12 

VCD/control; n=3, 10 ovaries/pool; p<0.05) on day eight of in vitro culture in response to 

VCD exposure.  Day 8 of VCD exposure was the first time point observed for a decrease 

in c-kit mRNA expression as days 2, 4, and 6 in a separate study showed no difference in 

expression of c-kit between the control and VCD groups (data not shown).  Comparison 

of the relative expression of mRNA encoding kit ligand (KL) from total RNA extracts of 

the two treatment groups is shown in Figure 4.4.  Expression of kit ligand mRNA shows 

a non-significant trend for increase (1.19 ± 0.09 VCD/control; n=3, 10 ovaries/pool; 

p=0.09) on day eight of in vitro culture in response to VCD exposure.  The first 

observation for this trend increase in kit ligand mRNA expression was observed on day 6 

of VCD exposure (data not shown).
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Figure 4.3:  Relative Expression of mRNA Encoding c-kit from Total RNA 

PND4 Fischer 344 rat ovaries were cultured (8d) in control medium or medium 

containing 20μM VCD.  Total RNA was extracted and relative amounts of mRNA 

encoding c-kit were determined using quantitative real-time PCR.  Bars represent the 

relative mRNA expression (normalized to β-actin) ± standard error.  n = 3 (10 

ovaries/pool); **p<0.05, different from control medium. 
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Figure 4.4:  Relative Expression of mRNA Encoding kit ligand from Total RNA 

PND4 Fischer 344 rat ovaries were cultured (8d) in control medium or medium 

containing 20μM VCD.  Total RNA was extracted and relative amounts of mRNA 

encoding kit ligand were determined using quantitative real-time PCR.  The same ovarian 

tissue was used to test c-kit mRNA expression.  Bars represent the relative mRNA 

expression (normalized to β-actin) ± standard error.  n = 3 (10 ovaries/pool); p=0.09 trend 

difference from control 
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Ovarian c-Kit and Kit Ligand Protein Expression Following In Vitro VCD Exposure 

 

 Expression of ovarian c-Kit and KL protein expression was measured using 

western blots followed by densitometric analysis from PND4 rat ovaries cultured for 

eight days in control medium or 20μM VCD-containing medium.  These culture 

conditions are the same used to examine the mRNA expression of c-kit and kit ligand.  

The c-Kit protein (145kDa) was detected in all control and VCD-treated groups as 

indicated in Figure 4.5A.  The appearance of two bands is likely an indication of the 

glycosylated and non-glycosylated forms of the c-Kit protein.  A c-Kit blocking peptide 

was able to prevent the appearance of the bands for the c-Kit protein when tested against 

the positive cell lysate control indicating specificity of the antibody (Figure 4.5B).  

Densitometric analysis of the bands from Figure 4.5A showed that VCD treatment 

caused a decrease (78.64 ± 0.91% VCD/control; n=3, 10 ovaries/pool; p<0.05) in c-Kit 

ovarian protein after eight days in culture (Figure 4.5C).  The KL protein (23kDa) was 

detected in all of control and VCD-treated groups as indicated in Figure 4.6A.  

Densitometric analysis of bands showed that VCD treatment caused an increase (216.02 

± 52.44% VCD/control; n=3, 10 ovaries/pool; p<0.05) in KL ovarian protein after eight 

days in culture (Figure 4.6B).  Ovarian protein expression of c-Kit and KL followed a 

similar pattern to the c-kit and kit ligand mRNA expressions.    
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Figure 4.5:  Analysis of c-Kit Protein Expression in Rat Ovarian Cultures 

PND4 Fischer 344 rat ovaries cultured for eight days in control medium or medium 

containing 20μM VCD.  Total protein was extracted and 10μg of protein for each 

treatment group was separated by 6% SDS-PAGE.  A) Micrograph of western blot 

detection of c-Kit protein (145kDa).  Lane 1 – Positive cell lysate control; Lanes 2-4 – 

Control Groups; Lanes 5-7 – VCD Groups.  B) Micrograph of western blot detection of 

c-Kit protein ± blocking peptide using a positive cell lysate control.  C) Densitometric 

analysis of c-Kit protein detected through western blot.  Bars represent the ratio of 

treatment / control ± standard error.  n = 3 (10 ovaries/pool); **p<0.05, different from 

protein expression in control group.
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Figure 4.6:  Analysis of Kit Ligand Protein Expression in Rat Ovarian Cultures 

PND4 Fischer 344 rat ovaries cultured (8d) in control medium or medium containing 

20μM VCD.  Total protein was extracted and 10μg of protein for each treatment group 

was separated by 13% SDS-PAGE.  A) Micrograph of western blot detection of KL 

protein (23kDa).  Lanes 1-3 – Control Groups; Lanes 4-6 – VCD Groups; Lane 7 – Adult 

rat ovary protein (positive control).  B) Densitometric analysis of KL protein detected 

through western blot.  Bars represent the ratio of treatment / control ± standard error.   

n = 3 (10 ovaries/pool); **p<0.05, different from protein expression in control group. 
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Discussion 

 

 The mammalian ovary has a finite number of dormant primordial follicles that are 

initiated to progress into the early stages of folliculogenesis, via non-steroidal signals, 

which includes the growth factor KL.  Several studies have shown that the tyrosine 

kinase receptor, c-Kit, expressed on the oocytes and its ligand, KL, produced in the 

granulosa cells stimulates oocyte growth, promotes primordial follicle recruitment, and 

maintains early folliculogenesis (Manova et al., 1993; Yoshida et al., 1997; Parrott and 

Skinner, 1999; Driancourt et al., 2000; Reynaud et al., 2000; Jin et al., 2005a; Thomas 

and Vanderhyden, 2006).  The interaction of c-Kit and KL is crucial to the survival of the 

pre-antral follicular structure; therefore a disruption of this interaction could result in 

destruction of the follicle.   

One factor that could potentially disrupt the c-Kit-KL signaling pathway is the 

occupational chemical, VCD, since it selectively destroys small pre-antral ovarian 

follicles.  VCD could target either the oocyte or granulosa cells, thereby compromising 

the critical paracrine communication leading to eventual follicular death.  Therefore, the 

present study was designed to determine the involvement of both c-Kit and KL in VCD-

induced ovarian follicle loss.  To address the purpose of the study, the effect of exogenous 

KL on ovarian follicle numbers during VCD exposure was examined.  In addition, 

examination of ovarian expression of c-Kit and KL mRNA and protein in the presence of 

VCD was determined using rat ovarian cultures. 
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Addition of exogenous KL to the ovarian cultures caused no significant effect on 

either the healthy or atretic follicle populations.  However, when KL was added in the 

presence of VCD, there was a significant attenuation in healthy follicle loss induced by 

VCD, with a simultaneous increase in the number of atretic follicles with increasing KL 

concentrations.  The attenuation of healthy follicle loss by KL, is likely due to the fact 

that KL has anti-apoptotic effects in the ovaries, as confirmed in other studies (Jin et al., 

2005a), thereby maintaining the follicular viability and preventing the mechanism by 

which VCD induces follicle atresia.  Whether this is due to a direct interaction of VCD 

with the KL signaling pathway cannot be determined because there was also an increase 

in the number of atretic follicles by KL.  The increase in atretic follicles could reflect that 

VCD and KL act via different pathways to produce opposing effects.  For example, VCD 

could be increasing atretic follicles by activation of apoptosis directly, while KL might be 

stimulating cell survival by a pathway that does not interact with the apoptotic pathway, 

but atretic follicles are still observed from VCD effects.  Alternatively, it could be a result 

of KL delaying follicular atresia induced by VCD, therefore the appearance of more 

atretic follicles occurs in the ovaries receiving both KL and VCD treatments compared to 

VCD alone.  Further experiments are required to distinguish between these possibilities. 

During the period of impending ovarian follicle loss as a result of VCD exposure 

to neonatal rat ovaries, c-Kit ovarian expression was determined.   Both mRNA encoding 

c-kit and c-Kit protein expression were decreased in response to VCD.  Since c-Kit is 

specifically expressed in oocytes (Yoshida et al., 1997), VCD could be directly targeting 

the oocyte and disrupting c-Kit expression, acting through another factor/mechanism 
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within the oocyte, or indirectly acting in the granulosa cells, to affect c-Kit expression.  

By whatever pathway, reduced c-Kit expression caused by VCD likely reduces oocyte 

survival.  The ability of exogenous KL to attenuate VCD-induced follicle loss supports 

that KL provided in high enough levels can prevent loss of oocyte viability. 

 KL expression was also examined in the neonatal ovary culture system in 

response to VCD exposure.  mRNA encoding kit ligand (trend) and KL protein (p<0.05) 

were increased in response to VCD.  Since KL is specifically produced in granulosa cells 

(Manova et al., 1993), a compromise of the factor’s ability to properly signal to the 

oocyte can have effects on follicle viability.  The decrease in c-Kit expression suggests 

this to be the case.  One explanation for the increase in KL is that due to VCD-induced 

decrease in the c-Kit receptor expression in oocytes, granulosa cells provide a feedback 

response to produce more KL in an attempt to prevent follicular atresia.  An alternative 

explanation for the increase in KL could be that VCD causes an unknown factor to 

stimulate the production of KL in granulosa cells to maintain viability of the follicle 

under stress.  However, this would not explain the ability of exogenous KL to over-ride 

the decrease in c-Kit.  Thus, a direct effect of VCD on the oocyte and c-Kit signaling 

pathway is more likely than an indirect effect on granulosa cells.  Additionally, this 

conclusion is supported by the fact that granulosa cell signaling pathways stimulated by 

the growth factors, GDF-9 and BMP-4 (Chapter 3), were not shown to interact in the 

VCD-induced pathway of follicle loss. 

 Taken together, this study suggests that the c-Kit-KL interaction is compromised 

by VCD exposure and the addition of KL to rat ovarian cultures is able to partially protect 
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against VCD-induced ovarian follicle loss.  Additionally, the mechanism appears to 

involve a direct effect of VCD on the oocyte.  Further studies to explore the expression of 

other c-Kit-KL signaling pathway components in response to VCD exposure would be 

useful in understanding the cellular mechanism(s) by which VCD-induces ovarian follicle 

loss. 
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CHAPTER 5 

 

SIGNALING COMPONENTS INVOLVED IN VCD-INDUCED OVOTOXICITY 

 

Abstract 

 

 Repeated daily dosing of post natal day (PND) 28 rats with the occupational 

chemical, 4-vinylcyclohexene diepoxide (VCD), selectively destroys small pre-antral 

ovarian follicles via an increase in the natural process of atresia (apoptosis).  In addition, 

in vitro exposure of VCD in a neonatal rat whole ovary culture system causes similar 

follicular depletion.  Previous studies have shown that both in vivo and in vitro exposure 

to VCD decreases expression of the tyrosine kinase receptor, c-Kit (present on oocytes), 

and increases expression of its ligand, Kit Ligand (KL; produced from granulosa cells).  

The c-Kit-KL interaction plays a key role in follicular recruitment, development, and 

survival.  Also, the addition of exogenous KL to in vitro ovarian cultures attenuated 

VCD-induced follicle loss.  Recent research has shown that the signaling molecule, AKT 

(also known as Protein Kinase B), is a downstream target of the c-Kit-KL interaction in 

rat oocytes.  Therefore, the current study was designed to investigate a possible role of 

AKT in VCD-induced ovarian follicle loss.  Ovaries from PND4 Fischer 344 rats were 

excised and cultured in control or VCD-containing (20μM) medium.  After two and eight 

days in culture, ovaries were processed for immunofluoresence with anti-AKT (total), 

and anti-p-AKT (active).  Images of ovarian sections were captured on a Zeiss confocal 
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microscope.  In addition, PND28 Fischer 344 female rats were dosed (i.p.) with vehicle 

control (sesame oil) or 80mg/kg VCD for 12 days.  After the dosing period, ovaries were 

processed for immunofluoresence with anti-AKT and anti-p-AKT antibodies.  Staining 

intensity for anti-p-AKT was measured in the nuclei of oocytes and granulosa cells (in 

vitro exposure groups), or only oocytes (in vivo exposure groups) using Image J software.  

Total AKT protein was localized in the cytoplasm of all cell types, whereas, p-AKT was 

primarily localized to the nuclei of oocytes and granulosa cells.  Total AKT staining 

intensities appeared unchanged in response to in vivo and in vitro VCD exposure.  

Conversely, p-AKT nuclear staining intensity was reduced on both day 2 and 8 of ovarian 

cultures in both oocytes and granulosa cells in response to VCD.   After in vivo exposure 

to VCD, PND39 ovaries also showed a reduction in staining intensity of p-AKT in the 

oocytes of primordial and primary follicles (target population).  The down regulation of 

phosphorylated AKT (activated form) in response to VCD exposure supports a possible 

disruption in the cellular signaling response for survival by endogenous Kit Ligand.  

These data suggest that a reduction in the activated AKT pathway may lead to increased 

activity of genes involved in the apoptotic signaling cascade resulting in the accelerated 

atresia associated with VCD exposure.   
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Introduction 

 

 At birth, the mammalian ovary has a finite number of dormant primordial follicles 

that develop through a series of stages until the pool of primordial follicles has been 

exhausted (Hirshfield, 1991).  Repeated exposure to some environmental factors, such as 

the occupational chemical, VCD, can selectively destroy ovarian follicles in the small 

pre-antral (primordial and primary) stages of development by increasing the rate of the 

natural process of atresia (apoptosis).  Both in vivo exposure to rats and in vitro exposure 

of rat ovaries to VCD causes this selective depletion of small pre-antral follicles.  Any 

disruption in cellular interactions and pathways in the ovary that promote follicle survival 

could compromise the follicular structure and eventually lead to cell death. 

The c-Kit tyrosine kinase receptor on the oocytes and its ligand, KL, play a 

critical role in the progression of early folliculogenesis and follicular viability 

(Driancourt et al., 2000).  In previous studies, the c-Kit-KL interaction within the ovary 

appears to be disrupted in response to VCD exposure in both systems (see Chapter 4).  

Normal signal transduction of KL through the c-Kit receptor stimulates the activation of 

the PI3K/AKT cellular survival pathway (Brunet et al., 1999; Woods and Rena, 2002; Jin 

et al., 2005a; Jin et al., 2005b; Reddy et al., 2005; Liu et al., 2006).  Activation of the 

AKT (also known as Protein Kinase B) signaling molecule occurs by phosphorylation via 

the active PDK-1 protein that is a direct substrate of PI3K (see Chapter 1 – Figure 1.4 

for signaling pathway).  The signal transduction activated by phosphorylated AKT 

(active form) has been shown to promote survival of the small pre-antral follicles 
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(Markstrom et al., 2002; Johnson, 2003; Quirk et al., 2004).  Therefore, a disruption in 

the PI3K/AKT signaling pathway could lead to a decrease in cellular survival and 

subsequently an increase in apoptotic signaling that leads to cell death. 

The current study was designed to examine the role of the signaling molecule, 

AKT, in VCD-induced ovotoxicity by both in vitro and in vivo ovarian exposure.  For 

analogous time points of impending ovarian follicle loss in both systems, neonatal 

(PND4) rat ovaries were exposed to VCD in vitro for eight days and immature (PND28) 

rats were dosed in vivo with VCD for 12 days.  After exposure, AKT and phosphorylated 

AKT (p-AKT) were analyzed by immunofluorescence, followed by confocal microscopy.  

Since activated AKT (p-AKT) is important for the maintenance of the ovarian follicle, a 

down-regulation of p-AKT should occur in response to VCD exposure.   
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Materials and Methods 

 

Western blots were performed to show AKT and p-AKT antibodies detect proteins 

corresponding to the appropriate protein size.  For specific concentrations of the 

antibodies and conditions for the western blots refer to Table A.2 in APPENDIX A.   

 

In Vitro VCD Exposure 

 PND4 Fischer 344 rat ovaries were cultured in control or 20μM VCD-containing 

medium and collected after two or eight days in culture.  For immunofluorescence, 

ovaries were fixed and every 6th section retained.  Ovarian sections were stained with 

YOYO-1 (genomic DNA), followed by staining with anti-AKT, or anti-p-AKT 

antibodies.  Antibody concentrations and conditions for immunofluorescence are 

indicated in Table A.3 in APPENDIX A.  Images were captured on a Zeiss Confocal 

Microscope.  Stain intensity was measured for the oocyte and granulosa cell nuclei for p-

AKT.  Specific details for analysis of confocal images are defined in APPENDIX A. 

 

In Vivo VCD Exposure 

 PND28 Fischer 344 female rats were dosed (i.p.) for 12 days with vehicle control 

or 80mg/kg VCD.  After dosing, ovaries were fixed and every 20th serial section retained.  

Ovarian sections were stained with YOYO-1 (genomic DNA), followed by staining with 

anti-AKT and anti-p-AKT antibodies.  Antibody concentrations and conditions for 

immunofluorescence are indicated in Table A.3 in APPENDIX A.  Images were captured 
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on a Zeiss Confocal Microscope.  Stain intensity was measured for the oocyte nuclei of 

sections stained with p-AKT.  Specific details for analysis of confocal images are defined 

in APPENDIX A. 

 

• See APPENDIX A for detailed methods 
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Results 

 

Detection of AKT and p-AKT Protein Bands via Western Blots 

 

 Expression of AKT and p-AKT (active) protein were detected in protein lysates 

extracted from PND4 rat ovaries cultured (8d) in control medium via western blot.  A 

single band (60kDa) was detected for both antibodies (Figure 5.1).  In addition, western 

blot analyses were performed to compare AKT and p-AKT protein expression between 

control and VCD- treated ovaries cultured for 2 or 8 days.  Using densitometry, no 

differences were detected between treatment groups (data not shown).  Therefore, 

immunofluorescence followed by confocal microscopy was utilized to determine if 

differences could be detected in ovarian AKT and p-AKT expression patterns in response 

to VCD exposure.
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Figure 5.1:  Detection of AKT and p-AKT Protein Bands via Western Blots 

PND4 Fischer 344 rat ovaries cultured (8d) in control medium.  Total protein was 

extracted and 10μg of protein was separated by 6% SDS-PAGE.  A) Micrograph of 

Western blot detection of AKT protein (60kDa).  Lanes 1 – Positive Control Cell Lysate; 

Lanes 2-3 – Ovary culture control protein (d8).  B) Micrograph of Western blot detection 

of AKT protein (60kDa).  Lanes 1 – Positive Control Cell Lysate; Lanes 2-3 – Ovary 

culture control protein (d8). 
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Expression and Analysis of AKT and p-AKT in Rat Ovaries Exposed In Vitro to VCD 

 

 Neonatal (PND4) rat ovaries were cultured in control or 20μM VCD-containing 

medium and collected after two or eight days in culture.  Immunofluoresence was 

performed on sectioned ovaries.  Total AKT protein for day 2 (Figure 5.2) and day 8 

(Figure 5.5) cultured ovaries was localized to the cytoplasm of all cell types in both 

control and VCD treatment groups.  VCD exposure did not appear to have any impact on 

the distribution of total AKT throughout the ovarian tissue. 

The active phosphorylated AKT (p-AKT) protein was localized to the nuclei of 

both oocytes and granulosa cells for day 2 (Figure 5.3) and day 8 (Figure 5.6) cultured 

ovaries.  Further image analysis was performed on the staining intensity in the nuclei of 

oocytes and granulosa cells for p-AKT for both time points.  For ovaries collected after 

two days in culture, there was a decrease (p<0.05) in stain intensity in nuclei of both the 

oocytes and granulosa cells in primordial and primary follicles in ovaries exposed to 

VCD relative to those cultured in control medium (Figure 5.4).  For ovaries collected 

after eight days in culture, there was a trend decrease in stain intensity for oocytes of 

primordial and primary follicles with no difference (p>0.05) for secondary follicles of 

ovaries exposed to VCD (Figure 5.7).  Also on day 8 of culture, there were decreases in 

stain intensity for granulosa cells of primordial (p<0.05) and primary (p=0.07) follicles 

with no difference observed (p>0.05) for secondary follicles of ovaries exposed to VCD 

(Figure 5.7). 
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Figure 5.2:  Immunofluorescence – AKT in Day 2 Cultured Rat Ovaries 

PND4 Fischer 344 rat ovaries were cultured for two days in control or 20μM VCD-

containing medium.  After the culture period, ovaries were fixed, and every 6th serial 

section retained.  Sections were stained with YOYO-1 (genomic DNA – green) and total 

AKT (red – Cy5).  Micrographs captured at 40X magnification on a Zeiss confocal 

microscope. 
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Figure 5.3:  Immunofluorescence – p-AKT in Day 2 Cultured Rat Ovaries 

PND4 Fischer 344 rat ovaries were cultured for two days in control or 20μM VCD-

containing medium.  After the culture period, ovaries were fixed, and every 6th serial 

section retained.  Sections were stained with YOYO-1 (genomic DNA – green) and p-

AKT (red – Cy5).  Micrographs captured at 40X magnification on a Zeiss confocal 

microscope. 
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Figure 5.4:  Confocal Analysis of p-AKT Expression in Day 2 Cultured Ovaries 

PND4 Fischer 344 rat ovaries were cultured for two days in control or 20μM VCD-

containing medium.  Ovaries were fixed and every 6th serial section retained.  Stain 

intensity p-AKT in the nuclei for oocytes and granulosa cells was measured using Image 

J software for 50 primordial and 25 primary follicles per ovary (n=3).  Bars represent 

treatment/control mean ± standard error of the stain intensity. **p<0.05, difference from 

control. 
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Figure 5.5:  Immunofluorescence – AKT in Day 8 Cultured Rat Ovaries 

PND4 Fischer 344 rat ovaries were cultured for eight days in control or 20μM VCD-

containing medium.  After the culture period, ovaries were fixed, and every 6th serial 

section retained.  Sections were stained with YOYO-1 (genomic DNA – green) and total 

AKT (red – Cy5).  Micrographs captured at 40X magnification on a Zeiss confocal 

microscope. 
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Figure 5.6:  Immunofluorescence – p-AKT in Day 8 Cultured Rat Ovaries 

PND4 Fischer 344 rat ovaries were cultured for eight days in control or 20μM VCD-

containing medium.  After the culture period, ovaries were fixed, and every 6th serial 

section retained.  Sections were stained with YOYO-1 (genomic DNA – green) and p-

AKT (red – Cy5).  Micrographs captured at 40X magnification on a Zeiss confocal 

microscope. 
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Figure 5.7:  Confocal Analysis of p-AKT Expression in Day 8 Cultured Ovaries 

PND4 Fischer 344 rat ovaries were cultured for eight days in control or 20μM VCD-

containing medium.  Ovaries were fixed and every 6th serial section retained.  Stain 

intensity p-AKT in the nuclei for oocytes and granulosa cells was measured using Image 

J software for 50 primordial, 25 primary, and five secondary follicles per ovary (n=3).  

Bars represent treatment/control mean ± standard error of the stain intensity. **p<0.05, 

difference from control. 



117 

  

Expression and Analysis of AKT and p-AKT in Rat Ovaries Exposed In Vivo to VCD  

 

PND28 Fischer 344 rats were dosed (i.p.) for 12 days with vehicle control 

(sesame oil) or 80mg/kg VCD in sesame oil.  Immunofluoresence followed by confocal 

microscopy was performed on sectioned ovaries.  Total AKT protein for day 39 ovaries 

was localized to the cytoplasm of all cell types in both control and VCD treatment groups 

(Figure 5.8).  The active phosphorylated AKT (p-AKT) protein was localized to the 

nuclei of both oocytes and granulosa of these same ovaries (Figure 5.9).  Further image 

analysis was performed on the staining intensity in the nuclei of the oocytes for p-AKT.  

There were decreases in stain intensity of oocyte nuclei in the primordial (p<0.05), 

primary (p=0.09), and antral (p<0.05) follicles in response to VCD exposure (Figure 

5.10).  However, no differences (p>0.05) were observed in stain intensity in the 

secondary follicles by VCD (Figure 5.10).
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Figure 5.8:  Immunofluorescence - AKT in D39 Rat Ovaries 

PND28 Fischer 344 female rats were dosed (i.p) for 12d with vehicle control (sesame oil) 

or 80mg/kg VCD in sesame oil.  After the dosing period, ovaries were fixed, and every 

20th serial section retained.  Sections were stained with YOYO-1 (genomic DNA – green) 

and total AKT (red – Cy5).  Micrographs captured at 40X magnification on a Zeiss 

confocal microscope. 
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Figure 5.9:  Immunofluorescence – p-AKT in D39 Rat Ovaries 

PND28 Fischer 344 female rats were dosed (i.p) for 12d with vehicle control (sesame oil) 

or 80mg/kg VCD in sesame oil.  After the dosing period, ovaries were fixed, and every 

20th serial section retained.  Sections were stained with YOYO-1 (genomic DNA – green) 

and p-AKT (red – Cy5).  Micrographs captured at 40X magnification on a Zeiss confocal 

microscope. 
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Figure 5.10:  Confocal Analysis of p-AKT Oocyte Expression in D39 Ovaries 

PND28 Fischer 344 female rats were dosed (i.p) for 12d with vehicle control (sesame oil) 

or 80mg/kg VCD in sesame oil.  Ovaries were fixed and every 20th serial section retained.  

Stain intensity for p-AKT in the nuclei for oocytes was measured using Image J software 

for 20 primordial, seven primary, five secondary, and three antral follicles per ovary 

(n=2).  Bars represent treatment/control mean ± standard error of the stain intensity. 

**p<0.05, difference from control. 
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Discussion 

 

 Maintenance and viability of the ovarian follicle is critical for mammalian 

reproduction.  Any disruption that increases destruction of the follicular structure in the 

finite pool of small pre-antral follicles could potentially shorten the reproductive life span 

of the animal or cause permanent infertility, sterility.  The occupational chemical, VCD, 

selectively destroys the small pre-antral follicles in rats.  In vivo and in vitro exposure 

studies suggest that VCD increases the natural rate of atresia (apoptosis).  Previous 

studies have shown that the c-Kit-KL interaction (critical signaling involved in early 

folliculogenesis and follicular survival) is disrupted in the target population of follicles in 

response to VCD and the addition of exogenous KL attenuates the VCD-induced ovarian 

follicle loss (Chapter 4).  It is currently accepted that KL signals through the c-Kit 

receptor on the oocyte to stimulate activation of the PI3K/AKT cellular survival pathway 

and promote follicular development and viability (Brunet et al., 1999; Markstrom et al., 

2002; Woods and Rena, 2002; Johnson, 2003; Quirk et al., 2004; Jin et al., 2005a; Jin et 

al., 2005b; Reddy et al., 2005; Liu et al., 2006).  Therefore, the present study was 

designed to investigate a possible role of AKT in VCD-induced ovarian follicle loss.  

Using immunofluoresence, followed by image capture with confocal microscopy, 

expression (stain intensity) of total AKT and p-AKT (active form) protein was examined 

in ovaries that had been exposed to VCD via in vivo or in vitro routes. 

 Exposure of neonatal (PND4) rat ovaries to 20μM VCD for either two or eight 

days did not appear to alter the total AKT expression when compared to control ovaries.  
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However, p-AKT protein expression was reduced in the nuclei of oocytes and granulosa 

cells for the small pre-antral follicle populations in response to VCD.  These data suggest 

that VCD down regulates p-AKT at an early time point (day 2) and at the period of 

impending follicle loss (day 8) in these in vitro ovary cultures.  Since the p-AKT signal is 

decreased in primordial and primary follicles (targets) and not in secondary follicles 

(non-target) of ovaries exposed to VCD after only two days of culture, it is likely that this 

in vitro response is due to an actual disruption in the PI3K/AKT pathway by VCD rather 

than an indirect response by all signaling pathways disrupted in the oocyte and granulosa 

cells in the late stages of atresia.   

 To confirm the in vitro findings in the in vivo model, immature (PND28) rats were 

dosed in vivo for 12 days with sesame oil (vehicle control) or VCD.  After the exposure 

period, total AKT expression appeared to not change in response to VCD exposure.  

Conversely, measurements of staining intensity for p-AKT protein in the oocyte nuclei of 

all follicle types, revealed a reduction of p-AKT expression in small pre-antral 

(primordial and primary) follicles.  A reduction of p-AKT protein was also observed in 

the antral follicles (non-target), however, only three antral follicles were available for 

evaluation in each ovary.  Similar to the in vitro p-AKT expression, a reduction of p-AKT 

was selective for primordial and primary follicles and not seen in secondary follicles in 

response to in vivo VCD exposure.  Importantly, these data show that the PI3K/AKT 

cellular survival pathway is disrupted in response to VCD exposure in an intact rat 

model.  
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The signaling molecule AKT promotes cell survival by not only activation of 

substrates, but also by inactivation of other substrates.  Normally, pro-apoptotic and cell 

cycle arrest proteins such as Bad, p27, and Foxo3a are repressed under the influence of 

activated (phosphorylated) AKT (Reddy et al., 2005; Liu et al., 2006).  If active AKT is 

down-regulated (dephosphorylated) by a cellular stressor, those proteins become 

activated (de-repressed).  Activation of these repressed proteins can promote apoptosis 

and cell cycle arrest in mammalian ovaries.  For example, Foxo3a null mice show age-

dependent infertility and abnormal follicular development (Hosaka et al., 2004) and 

retardation of follicular development occurs in mice that have oocyte specific expression 

of Foxo3a (Liu et al., 2007).  In previous studies, the pro-apoptotic protein, Bad, was 

increased in both the cytosolic and mitochondrial fractions of small pre-antral follicles 

isolated from rats dosed for 15 days with VCD (Hu et al., 2001).  Inactivation 

(dephosphorylation) of AKT in response to VCD may be promoting follicular atresia in 

small pre-antral follicles by activation of the repressed substrates downstream of AKT in 

the signaling pathway.  The activation of the repressed proteins in either the oocyte or 

granulosa cells could lead to nuclear transport of Foxo3a and p27 to promote 

transcription of genes associated with apoptosis and cell cycle arrest, as well as promote 

Bad to stimulate the apoptotic pathway via disruption of the mitochondria and release of 

cytochrome c (Reddy et al., 2005; Liu et al., 2006).  In either case, the potential 

activation of atresia by VCD that is selective for small pre-antral follicles would result. 

In summary, the results of this study support that VCD is disrupting the 

PI3K/AKT cellular survival pathway selectively within small pre-antral follicles.  The 
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VCD response in this cell signaling pathway could be a result of VCD interfering with 

the c-Kit-KL interaction in the ovary.  Conversely, down regulation of active AKT might 

precede involvement of c-Kit-KL.  It is important to note that the disruption of c-Kit-KL 

signaling was seen at the time of impending VCD-induced follicle loss and not before.  

Therefore, disruptions in p-AKT signaling are not likely to be sufficient to directly cause 

follicle loss.  Whether earlier decreases in p-AKT are in pathways associated with the 

mechanism of VCD-induced follicle loss, or an independent pathway requires further 

investigation.  In addition, future studies are necessary to determine if there is a link 

between the VCD-induced disruption in the c-Kit-KL interaction and the PI3K/AKT 

signaling pathway.    
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CHAPTER 6 

 

CONCLUSIONS 

 

 The main function of the mammalian ovary is to provide, support, and maintain 

viability of oocytes (eggs) during an animal’s reproductive life span.  Oocytes are 

incorporated into dormant primordial follicles beginning at approximately 4.5 gestational 

months in humans (Gillman, 1948) and at birth in rats (Arai, 1920).  Oocytes undergo a 

series of developmental stages during the process of folliculogenesis (Hirshfield, 1991).  

Greater than 99.9% of the cohort of follicles present at birth will never complete the 

entire cycle of folliculogenesis and ovulate, but rather will be degraded by the natural 

process of atresia (apoptosis).  Early stages of folliculogenesis are not regulated by 

steroid hormone dependent pathways, but by growth factors.  Some of the growth factors 

that contribute to early stages of folliculogenesis are Kit Ligand (KL), Leukemia 

Inhibitory Factor (LIF), Bone Morphogenetic Protein-4 (BMP-4), Keratinocyte Growth 

Factor (KGF), Bone Morphogenetic Protein-15 (BMP-15), Growth and Differentiation 

Factor-9 (GDF-9), Basic Fibroblast Growth Factor (bFGF), and insulin (Su et al., 2004; 

Skinner, 2005; Thomas and Vanderhyden, 2006).  Two distinct cellular survival pathways 

that are activated in small pre-antral follicles by these factors are involved in the TGFβ 

receptor family (Lin et al., 2003; Shimasaki et al., 2004) and the intracellular PI3K/AKT 

(Liu et al., 2006) signaling pathways.  Therefore, the small pre-antral follicle-associated 



126 

  

growth factors can potentially contribute to the maintenance of the follicular structure and 

viability. 

 Inherent, genetic, environmental and pharmaceutical factors can contribute to 

ovarian follicular depletion or disruption.  For example, a woman will undergo ovarian 

failure during menopause at around the age of 51, and women that have the condition, 

Premature Ovarian Failure (POF), will undergo early ovarian failure prior to the age of 

40.  In addition, occupational and environmental exposure to chemicals, as well as the 

administration of some chemotherapeutic agents, can all be ovotoxic and destroy ovarian 

follicles during the many stages of development to contribute to permanent or temporary 

infertility (Hoyer and Sipes, 1996).   

Repeated daily dosing of rats with the occupational chemical, VCD, selectively 

destroys small pre-antral follicles via an increase in the natural process of atresia (Flaws 

et al., 1994; Springer et al., 1996; Kao et al., 1999).  In addition, in vitro exposure of 

postnatal day 4 (PND4) rat ovaries to VCD causes a similar depletion of ovarian follicles 

(Devine et al., 2002).  Because VCD has been shown to selectively target follicles in the 

early stages of folliculogenesis (primordial and primary), it is possible that VCD could be 

interfering with the growth factors involved during these stages of development to 

contribute to follicle loss.  Therefore, the studies described in this dissertation were 

performed to test the hypothesis that VCD disrupts oocyte-granulosa cell survival 

signaling pathways in the rat ovary, thereby compromising cell-cell communication and 

causing follicle cell death. 
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 Genomic analyses were undertaken to compare genes that were altered via both in 

vivo and in vitro ovarian exposure to VCD in rats.  Analogous time points of impending 

follicle loss were tested in both exposure systems to insure significant follicle loss would 

not be the reason for the altered genes detected in the experiments.  A subset of genes that 

was altered by both in vivo and in vitro exposure to VCD was identified.  Confirmation 

that the altered genes were not a result of age or tissue differences was made through 

analysis prior to VCD exposure (time 0).  From this list of genes, growth factors and 

signaling components from both the TGFβ and PI3K/AKT cellular survival pathways 

would be further examined using whole rat ovarian cultures for their involvement in 

VCD-induced ovotoxicity. 

 The TGFβ growth factors, GDF-9 and BMP-4, are both involved in promoting 

folliculogenesis and maintaining follicular viability (Nilsson and Skinner, 2002; Nilsson 

and Skinner, 2003).  GDF-9 is produced in oocytes, whereas BMP-4 is produced in 

interstitial cells; however they both have effects through receptors located on granulosa 

cells.  Exogenous GDF-9 and BMP-4 were added to the ovarian cultures in the presence 

of VCD and the numbers of healthy ovarian follicles were assessed.  Neither growth 

factor was able to prevent the amount of healthy ovarian follicle loss that occurs via 

exposure to VCD.  Therefore, it was determined that disruption of the granulosa cell 

mediated TGFβ survival pathway stimulated by both these growth factors was not likely 

involved in the follicle loss that occurs with VCD exposure.  This conclusion suggests 

that the VCD-induced signaling event appears to occur in the oocyte which is consistent 
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with previous studies that suggest primordial and primary follicle death occurs via oocyte 

degradation (Morita and Tilly, 1999; Markstrom et al., 2002). 

 An oocyte-mediated survival pathway involving the growth factor KL that is 

produced in the granulosa cells and signals via its tyrosine kinase receptor c-Kit on the 

oocyte is also involved in initiation and promotion of folliculogenesis as well as follicle 

survival (Packer et al., 1994; Yoshida et al., 1997; Parrott and Skinner, 1999).  Oligoarray 

analysis determined that c-kit expression was decreased in response to VCD.  This 

reduced expression was confirmed in total RNA and protein extracts of PND4 ovaries 

incubated in vitro with VCD.  Also, KL expression was increased in this system in both 

mRNA and protein extracts.  Exogenous KL was added to ovarian cultures and able to 

attenuate VCD-induced ovarian follicle loss.  Both altered expression of c-Kit and KL 

and protection against VCD-induced ovarian follicle loss by exogenous KL supports the 

hypothesis that the c-Kit-KL interaction is disrupted in response to VCD exposure.  

Therefore, the c-Kit-KL mediated cellular signaling pathway, PI3K/AKT, might also be 

affected by VCD. 

 The AKT signaling component of the PI3K/AKT survival pathway was examined 

for a possible involvement in VCD-induced ovotoxicity.  Expression of total AKT and 

phosphorylated AKT (p-AKT) protein was assessed by immunofluoresence in ovaries 

exposed to VCD either in vitro or in vivo.  Total AKT expression was not affected by 

VCD exposure in either exposure system.  However, p-AKT (active) protein was reduced 

by exposure of ovaries to VCD either in vitro or in vivo.  This reduction was apparent in 

oocytes and granulosa cells of the target primordial and primary follicle populations.  
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Because activated AKT is reduced in response to VCD it is likely that the PI3K/AKT 

pathway is disrupted by VCD exposure. 

 Taken together, these studies have shown that VCD is able to disrupt the oocyte-

granulosa cell signaling that occurs between c-Kit and KL and one of the signaling 

molecules, AKT, that is downstream of this ligand-receptor interaction.  Since AKT is 

part of the PI3K/AKT cellular survival pathway, it is likely that inactivation 

(dephosphorylation) of this molecule by VCD promotes activation of the apoptotic 

pathway (Figure 6.1).  The activation by VCD of molecules that promote apoptosis could 

stimulate atresia in the ovarian follicle and eventually lead to follicular death.  Therefore, 

disruption of the c-Kit-KL signaling pathway via AKT could potentially be a contributing 

factor for female infertility or why some reproductive toxicants can selectively destroy 

small follicles. 

 

 

 

 

 

 



130 

  

 

 

Figure 6.1:  Diagram – Potential Disruption of c-Kit-KL Survival Pathway by VCD 

VCD exposure results in decreased the expression of the c-Kit receptor on the oocyte 

following both in vivo and in vitro exposure.  In addition, VCD exposure causes down-

regulation of phosphorylated AKT (activated) protein in the PI3K/AKT cellular survival 

pathway in the oocyte nucleus.  As a result, the promotion of apoptosis could occur as a 

downstream effect of VCD by activation of the signaling molecules Foxo3a, p27, and 

Bad when AKT becomes inactivated from VCD exposure.
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The big question remaining: Is VCD directly targeting the oocyte or granulosa cells? 

To answer this question, several future studies should be conducted to further 

determine the mechanism(s) by which VCD induces ovarian follicle loss.  First, a link 

between the loss in ovarian expression of c-Kit and a reduction of activated AKT by VCD 

needs to be made by examination of the expression of AKT and c-Kit in the presence of 

exogenous KL and VCD exposure.  Next, addition of two or more follicular survival 

factors in a single culture experiment in the presence of VCD could show if they have an 

additive effect for complete inhibition of VCD-induced follicle loss.  Another study could 

involve determination of the factor that causes the reduction of activated AKT expression 

in granulosa cells, because c-Kit is not present on the granulosa cells to activate the 

PI3K/AKT pathway.  Finally, an exploration into the effect of VCD on expression of the 

signaling molecules, Foxo3a, p27, and Bad that are downstream of c-Kit and AKT would 

be useful.  Further, the effect of exogenous KL on these events could be examined.  Each 

of these studies will contribute to the understanding of how VCD selectively depletes the 

small pre-antral follicles via interference with cell survival pathways.   
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APPENDIX A 

 

MATERIALS AND METHODS 

 

Reagents 

 VCD (mixture of isomers, purity >99%), collagenase (clostridium histolytic type 

I), DNase I, bovine serum albumin(BSA), dimethyl sulfoxide (DMSO), Sigmacote, 

sesame oil, ascorbic acid (Vitamin C), transferrin, 1M HCl solution, 1M NaOH solution, 

sodium bicarbonate, d-biotin, Ribonuclease A, formamide solution, toluene, and all other 

unspecified chemicals were purchased from Sigma-Aldrich, Inc. (St. Louis, MO).  

Dulbecco’s Modified Eagle’s Medium:nutrient mixture F-12 (Ham) 1X (DMEM/Ham’s 

F-12), Medium 199 (M199), Albumax, penicillin/streptomycin (5000U/ml, 5000μg/ml), 

Hank’s Balanced Salt Solution (without CaCl2, MgCl2, or MgSO4), Superscript III 

Reverse Transcriptase, Oligo(dT)20 Primers, MgCl2 (25mM), Cot-1 DNA, and PBS were 

purchased from Invitrogen (Carlsbad, CA).   Recombinant mouse KL and human BMP-4 

were obtained from R & D Systems, Inc. (Minneapolis, MN).  Recombinant human 

GDF-9 was obtained from PeproTech, Inc. (Rock Hill, NJ).   

Forty-eight well tissue culture plates and 96-well assay plates were obtained from 

Corning, Inc. (Corning, NY).  Biotin-conjugated rabbit anti-goat and goat anti-rabbit 

antibodies and streptavidin were purchased from Vector Labs (Burlingame, CA).  

SenseAMP kits for RNA amplification and DyeSaver2 anti-fade coating for microarrays 

were obtained from Genisphere, Inc. (Hatfield, PA).  SYBR® Green I Dye, YOYO-1, 
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aminoallyl dUTPs, and ALEXA® Flour 555 and 647 dyes were purchased from 

Molecular Probes (Eugene, OR).  Millicell-CM filter inserts were obtained from 

Millipore (Bedford, MA).   Rabbit polyclonal anti-AKT, anti-p-AKT (Ser 473), anti-c-

Kit, and anti-KL IgG antibodies, as well as the c-Kit blocking peptide were purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA). 

The RNeasy Mini Kit, QiaShredder Kit, RNeasy MinElute Kit, RNase-Free 

DNase Set, Quantitect™ SYBR® Green PCR Kit, MinElute PCR Purification Kit, and 

QiaQuick PCR Purification Kit were all purchased from Qiagen, Inc. (Valencia, CA).  

Endo-free Reverse Transcription Kit, 10% SDS solution, 20X SSC solution, and 0.5M 

EDTA (pH 8.0) were purchased from Ambion (Austin, TX).  BCA Protein Assay Kit, 

SuperSignal West Dura Extended Detection Substrate, SuperSignal West Femto 

Maximum Sensitivity Substrate, and goat anti-rabbit HRP conjugated antibodies for 

western blots were purchased from Pierce Biotechnology (Rockford, IL).  Nylon filter 

screens (250μm) were purchased from Small Parts, Inc. (Miami Lakes, FL).  Random 

hexamers and all primers used for real-time PCR were purchased from Integrated DNA 

Technologies (Coralville, IA).   
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Animals 

 Female Fischer 344 rats (PND21 or gestation day 18) were purchased from 

Harlan Laboratories (Indianapolis, IN).  All animals were housed in plastic cages and 

maintained in a controlled environment (22 ± 2°C; 12h light/12h dark cycles).  The 

animals were provided a standard diet with ad libidum access to food and water.  All 

animals were given one week to acclimate to their environment prior to the start of 

experiments.  Pregnant rats were housed one per cage and the pups were removed on 

PND4 for ovary cultures.  PND21 rats were housed four per cage during the dosing 

period.  All animal experimentation was approved by the University of Arizona 

Institutional Animal Care and Use Committee. 

 

Animal Dosing 

 PND28 female rats were administered an intraperitoneal injection with sesame oil 

(vehicle control) or VCD (80mg/kg/day, 0.57mmol/kg, 2.5ml/kg) for 12 days (Kao et al., 

1999).  The 12 day dosing regime was selected, since previous studies had shown a 50% 

loss of primordial and primary follicles after 15 days of daily dosing in rats starting at 

PND28 (Springer et al., 1996b).  The 12 day time point would provide a representation of 

gene expression changes due to VCD without a significant amount of follicle loss.   
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Ovarian Follicle Isolations 

 Animals were asphyxiated using CO2, four hours following the final dose or on 

D28 of naïve rats.  Ovaries were excised, trimmed of excess tissue, and placed into 

M199.  Eight ovaries from four rats in the same treatment were grouped together for 

dissociation.  The ovaries were minced and gently dissociated in a solution of BSA, 

DNase I, and collagenase I as previously described (Springer et al., 1996a).  Ovarian 

digests were filtered through a 250μm nylon screen to exclude large antral follicles.  

Using micropipettes, pre-antral and small antral follicles were then hand-sorted by size 

into fraction 1 (25-100μm; small pre-antral follicles containing primordial, primary, and 

some small secondary follicles) and fraction 2 (100-250μm; large secondary follicles and 

small antral follicles; Figure A.1).  A total of four separate pools of fraction 1 and 2 

follicles (one pool retrieved per isolation) were collected for oligoarray analysis 

experiments. 

 

Figure A.1: Methodology Diagram of Ovarian Follicle Isolations 
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Ovarian Cultures 

Culturing of ovarian tissue in vitro was performed as previously described (Parrott 

and Skinner, 1999) with some modifications.  Volumes of 250μl of ovarian culture 

medium consisting of DMEM/Ham’s F-12, 1mg/ml BSA, 1mg/ml Albumax, 50μg/ml 

ascorbic acid, 27.5μg/ml transferrin, 5U/ml penicillin, and 5μg/ml streptomycin were 

allowed to equilibrate in 48-well culture plates in a humidified incubator at 37°C, 5% 

CO2 in air for at least one hour prior to ovary collection.  Appropriate concentrations of 

VCD (10, 20, 30, 40μM), DMSO, KL (25, 50, 100, 200, 400ng/ml), GDF-9 (50, 100, 

200ng/ml), or BMP-4 (50, 100, 200ng/ml) were added to medium prior to equilibration.  

A small piece of Millicell-CM filter insert was placed on top of the culture medium.   

Female PND4 rat pups were killed by CO2 asphyxiation followed by decapitation.  

Uterus, oviduct, fat, and excess connective tissue were separated from the ovaries in ice 

cold Hank’s Balanced Salt Solution.  With fine forceps, cleaned ovaries were placed onto 

floating filter inserts (one ovary per well).  A drop of medium was placed on top of each 

ovary to prevent drying (Figure A.2).  Ovaries were cultured for up to 8 days, with 

appropriate treatments and medium changed every 2 days.  At the completion of culture, 

ovaries were processed for histological evaluation, protein isolation, or RNA isolation. 
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Figure A.2: Methodology Diagram of Ovarian Culture System 

 

 

 

Ovarian Follicle Counts 

The number of follicles assessed in each of the ovaries was performed by placing 

them in Bouin’s fixative solution for 4 hours (PND28 or PND39 ovaries) or 1 hour 

(PND4 or cultured ovaries).  Each ovary was dehydrated, embedded into a paraffin block, 

sectioned (4-5μm thickness), and stained with hematoxylin and eosin (H&E).  Ovarian 

follicles were classified and counted in every 40th section for PND28 and PND39 ovaries 

and every 12th section for PND4 and cultured ovaries.  Only follicles with a distinct 

oocyte nucleus were counted.  The classification scheme for ovarian follicles is as 

follows:  

1) Primordial – a single layer of squamous granulosa cells  

2) Primary – a single layer of cuboidal granulosa cells 

3) Secondary – two or more layers of granulosa cells without the presence of an 

antral cavity 
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4) Antral – two or more layers of granulosa cells with the presence of an antral 

cavity 

5) Atretic – oocyte stained pink, the follicle structure is misshapen, condensed 

chromatin appears in oocyte nuclei, or focal contact is lost between the oocyte 

and granulosa cells 

6) Healthy – condensed chromatin in oocyte nuclei is not present and focal 

contact between oocyte and granulosa cells is intact 

 

RNA Isolation 

 Total RNA from ovarian follicle fractions or cultured ovaries was isolated with an 

RNeasy mini kit according to the manufacturer’s protocol for RNA extraction from 

tissue.  For oligoarray analysis, five cultured ovaries per treatment group for each pool 

and each group of fraction 1 or 2 follicles were utilized (n=4).  For real-time PCR 

analysis, RNA was isolated from 10 cultured ovaries per treatment group.  RNA was 

quantified using a NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies, 

Inc., Wilmington, DE) and measured for integrity and purity using an Agilent 

Bioanalyzer 2100 (Agilent Technologies, Inc., Santa Clara, CA).  RNA was further 

concentrated for all total RNA samples using an RNeasy MinElute Kit according to the 

manufacturer’s protocol.   
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RNA Amplification 

 Up to 2μg of total RNA was amplified into senseRNA using a SenseAmp Kit.  All 

amplification reactions were carried out according to the manufacturer’s protocol.  

Modifications included using the RT enzyme from an Endo-free kit for cDNA synthesis 

and using all reverse transcribed cDNA for the in vitro transcription (amplification) 

reaction.  Following clean-up of the senseRNA, the quantity of senseRNA was measured 

on a NanoDrop® ND-1000 spectrophotometer.   

 

Oligoarray Hybridization and Analysis 

 The oligoarray hybridization and analysis were performed as previously described 

(Schwartz et al., 2005) with some modifications.  Amplified senseRNA (3μg) was reverse 

transcribed to anti-sense cDNA using an Endo-free RT Kit according to the 

manufacturer’s protocol with the incorporation of amino allyl dUTPs and dNTPs into the 

cDNA.  RNA was primed using random hexamers and the RT reaction was maintained at 

42°C for 2 hours.  After incubation, cDNA was denatured and followed by a base 

hydrolysis.  Amino allyl-modified cDNA was purified using a QiaQuick PCR Purification 

Kit according to the manufacturer’s protocol.  Purified cDNA was labeled with ALEXA® 

555 or 647 dyes.  Labeled cDNA was pooled and purified using a QiaQuick PCR 

Purification Kit.  An equal volume of 2X hybridization buffer (8X SSC, 60% formamide, 

0.2% SDS) and 10μg of Cot-1 DNA was added to the purified cDNA.  The cDNA was 

hybridized overnight to an oligoarray slide printed with Operon’s 6.1K rat oligo version 

1.0 and 1.1 sets using a GeneTac hybridization station (Genomic Solutions, Inc., Ann 
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Arbor, MI) at 42°C.  The slides were put through a short wash on the hybridization 

station, removed, rinsed in 0.1X SSC, and dried before being coated with DyeSaver2 

solution.   

 Prior to scanning, slides were stripped of some of the layers of DyeSaver2 with 

toluene to prevent an uneven distribution of fluorescence.  Hybridized slides were 

scanned using an arrayWoRxe™ CCD-based scanner from Applied Precision (Issaquah, 

WA).  A bundled spot finding analysis software (MolecularWare, Irvine, CA) determined 

the signal intensity for each spot.  A multivariate experimental approach based on the 

fitting of expression data to an additive linear ANOVA model using the custom software 

package, CARMA (Greer et al., 2006) containing terms for array and dye effects was 

used to analyze the intensities of spots on the arrays. 

 

Real-time Quantitative Polymerase Chain Reaction 

 Real-time quantitative PCR was performed using the RotorGene RG-3000 

(Corbett Research, Sydney, Australia) sequence detection system and the Quantitect™ 

SYBR® Green PCR Kit as previously described (McReynolds et al., 2005).  Briefly, all 

primers were designed using Primer3 software within 300-500bp of the 3’end of the gene 

and are listed in Table A.1.  Up to 2μg of total or amplified RNA was reverse transcribed 

using SuperScript III according to the manufacturer’s protocol.  cDNA was diluted to 

8ng/μl using RNase-free water.  The PCR reaction contained 0.4μl of 25mM MgCl2, 

0.35μl of RNase-free water, 0.25μl of SYBR Green I, 5μl of SYBR master mix, 100pmol 

of forward and reverse primers, and 16ng cDNA for a total volume of 10μl.  All reactions 
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were run in triplicate with the following program: 95°C for 15min, followed by 45 cycles 

of 95°C for 15s, 58°C for 15s, 72°C for 20s, finishing with a melt cycle consisting of 

stepwise increases in temperature from 72-99°C.  Threshold numbers (Ct values) were set 

within the exponential phase of the reaction and were used to calculate the relative 

expression for each gene normalized to β-actin RNA in each sample. 

 

Table A.1: List of Rat Primer Sequences Used for Real-time PCR 

 

 

Protein Isolation and Western Blot Analysis 

 Pools of whole ovarian protein homogenates were isolated via homogenization in 

lysis buffer as previously described (Thompson et al., 2005) with some modifications.  

Briefly, the homogenized samples were kept on ice for 30 minutes, and centrifuged at 

10,000 x g for 15 minutes at 4°C.  Supernatant was centrifuged a second time for 15 

minutes after being removed from the tissue pellet.  Supernatant was collected, aliquoted 

and stored at -80°C. 

The concentration of isolated protein was determined using a standard protocol of 

a BCA Protein Assay Kit on a 96-well assay plate.  Emission absorbance values were 

detected with a λ = 540 nm excitation on a Synergy™ HT Multi-Detection Microplate 

Reader with KC4™ Software (Bio-Tek® Instruments, Inc., Winooski, VT).  Protein 
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concentrations were calculated from a standard curve using known amounts of BSA 

protein. 

Protein homogenates (10μg) were separated using SDS-PAGE (6-13%) and 

transferred to nitrocellulose membranes as previously described (Thompson et al., 2005) 

with some modifications.  Briefly, blots were blocked overnight with agitation in 5% dry 

milk in Tris-buffered saline with Tween-20 (T.TBS) at 4°C.  If c-Kit blocking peptide was 

utilized for an experiment, a five-fold excess of the peptide was incubated overnight at 

4°C with the c-Kit antibody.  Then, the blots were incubated in primary antibody (or with 

antibody-peptide mixture) in 3% dry milk in T.TBS for 1 hour at 25°C (See Table A.2 for 

antibody dilutions).  Blots were washed three times for 10 minutes each in T.TBS, HRP-

conjugated secondary antibody was added for 1 hour at 25°C, and then washed again for 

three times in T.TBS followed by a single 10 minute wash in TBS.  Western blots were 

detected using chemiluminescence (SuperSignal West Dura or West Femto Substrates) 

and exposed to X-ray film.  Densitometry of the appropriate bands was performed using 

LabWorks™ software from a UVP Bioimaging System (UVP, Inc., Upland, CA). 

 

Table A.2:  Antibody Conditions for Western Blots 
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Immunofluoresence and Confocal Microscopy 

 The protocol for immunofluorescence and confocal microscopy was previously 

described (Devine et al., 2002).  Briefly, ovaries were excised from animals or from 

cultures and fixed in 4% buffered formalin for 8 hours (ovaries from in vivo experiments) 

or 2 hours (cultured ovaries).  Ovaries were dehydrated in ethanol and embedded in 

paraffin.  Every 6th section (cultured ovaries) and every 20th section (in vivo experiment 

ovaries) were retained on slides, deparaffinized with xylene, and antigen retrieval was 

performed for all the ovarian sections using a citrate buffer.  After blocking the sections 

with BSA, streptavidin, and biotin, primary antibodies were incubated with the sections 

for 18 hours at 4°C (Table A.3 - Antibody conditions).  After washing with PBS, the 

sections were incubated with appropriate biotin-conjugated secondary antibodies for 1 

hour at 25°C.  Nucleic acids were stained with Ribonuclease A and YOYO-1. 

 Immunofluorescent staining was captured on a Zeiss (LSM 510 NLO-Meta) 

confocal microscope with an argon and helium-neon laser projected through the tissue 

into a photomultiplier at λ = 488 for YOYO-1 (green) and λ = 633 nm for CY-5 (red).  All 

images were captured with a 40X objective and multiple images were captured for each 

section. 

 

Table A.3:  Antibody Conditions for Immunofluorescence 
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Analysis of Confocal Microscopy Images 

 Each image was analyzed using Image J software (NIH, Bethesda, MD).  For 

cultured ovaries, a total of 50 primordial follicles, 25 primary follicles, and five 

secondary follicles were analyzed per ovary.  For day 39 ovaries, a total of 20 primordial 

follicles, seven primary follicles, five secondary follicles, and three antral follicles were 

analyzed per ovary.  For p-AKT protein, nuclei from both oocyte and granulosa cells 

were measured for staining intensity.  A circular region of interest was defined around the 

oocyte or granulosa cell nuclei of the most brightly stained follicles in both treatment 

groups.  The size of the circular region of interest was fixed for each different follicle 

type on an ovarian section.  The integrated density measurement was taken for each 

selected follicle on a section and the background measurements from the darkest region 

of the tissue section were subtracted from the intensity values.  For each follicle type, 

mean nuclear stain intensity (from the integrated density measurement) for p-AKT 

protein was calculated per ovary followed by statistical analysis of the means between 

treatment groups.  Means were averaged for all ovaries in a treatment group and 

intensities are represented as a ratio of treatment to the control mean ± standard error. 
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Statistical Analysis 

 Comparisons between two means were analyzed using a Student’s t-test.  

Comparisons of multiple treatment groups or means were analyzed using one-way 

analysis of variance (ANOVA) followed by either Fisher’s Protected Least Significant 

Difference (PLSD; for 3 means) or Tukey/Kramer (for >3 means) post-hoc tests.  

Analysis of covariance (ANCOVA) was performed between regression lines plotted for 

healthy and atretic ovarian follicles counted.  For all tests, significance was determined 

by p<0.05. 
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APPENDIX B 

 

COMPLETE GENE LISTS FROM GENOMIC ANALYSES 

 

CHAPTER 2 SUPPLEMENT 

 

 

Table B.1 is a complete list of genes significantly changed in response to VCD exposure 

in any of the treatment groups from the oligoarray analysis (Experiment #1 – in vivo vs. 

in vitro VCD exposure) compared to the reference sample (control fraction 1 follicles).  

The numbers in the columns represent the fold change for each treatment group for a 

specific gene.  The values are indicated for the control fraction 2 follicles (Control-F2; 

non-target in vivo population), control in vitro ovaries (Control-OC; target population), 

VCD-treated in vitro ovaries (VCD-OC; target population), VCD-treated fraction 1 

follicles (VCD-F1: target in vivo population), and VCD-treated fraction 2 follicles (VCD-

F2; non-target in vivo population). 
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Table B.1:  List of All Genes Changed – In Vivo vs. In Vitro – VCD Exposure 
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Table B.1:  Continued 
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Table B.1:  Continued 
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Table B.1:  Continued 
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Table B.1:  Continued 
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Table B.1:  Continued 
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Table B.2 is a complete list of genes significantly changed in any of the time 0 groups 

from the oligoarray analysis (Experiment #2 – in vivo vs. in vitro prior to VCD exposure) 

compared to the reference sample (fraction 1 follicles).  The numbers in the columns 

represent the fold changes (unlog value) for each treatment group for a specific gene.  

The values are indicated for the PND4 ovaries (PND4-O; in vitro system) and the fraction 

2 follicles (F2; in vivo non-target population). 
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Table B.2:  List of All Genes Changed – In Vivo vs. In Vitro – Time O 
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Table B.2:  Continued 
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