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Abstract 

Testosterone acts at the cell surface to induce granulosa/theca cell 

death via an apoptotic pathway in Atlantic croaker  

(Micropogonias undulatus)  

 

 

Chenan Zhang, MSMarineSci 

The University of Texas at Austin, 2011 

Supervisor:  Peter Thomas 

 
The teleost ovarian follicle undergoes extensive remodeling and regression during the 

reproductive cycle—a process involving apoptosis and cell death. However, the 

hormonal regulation of these processes remains unclear. In the current study the role 

of testosterone in regulating regression of Atlantic croaker (Micropogonias 

undulatus) ovarian follicles was investigated in co-cultured granulosa/theca (G/T) 

cells. Testosterone (T) treatment enhanced serum starvation-induced cell death and 

apoptosis of G/T cells during the mature stage of oocyte maturation. This effect was 

mimicked by a cell-impermeable T conjugate, T-bovine serum albumin, indicating 

that this androgen action is initiated at the cell surface.  Mibolerone, a nuclear 

androgen receptor agonist, was ineffective in promoting apoptosis and cell death, 

which suggests that T actions are independent from the nuclear receptor. Together, 

the data suggests that T-induction of apoptosis and cell death are through a novel 
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membrane androgen receptor in the croaker ovary.  T treatment also increased 

expression of a pro-apoptotic member of the Bcl-2 gene family, Bax, and two Bax 

upstream regulators, JNK and p53. These results suggest that T induces cell death of 

G/T cells in croaker through the apoptotic pathway involving JNK, p53 and Bax. An 

opposite response of cell death protection by T was also observed in G/T cells 

cultured from late-stage ovaries.  This response was accompanied by a rapid 

increased ERK-1/-2 phosphorylation not seen in Mibolerone treatment. By examining 

the role of T in croaker follicle cell death and elucidating the corresponding basic 

mechanisms of androgen action, we are learning more about the regulatory 

components involved in the breakdown and remodeling stages of the teleost 

reproductive cycle.   
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CHAPTER 1 
 

INTRODUCTION: ROLE OF ANDROGENS IN TELEOST OVARIAN 
DEVELOPMENT WITH AN EMPHASIS ON THE MEMBRANE ANDROGEN 

RECEPTOR AND THE APOPTOTIC PATHWAY IT REGULATES 
 

Androgens play important physiological roles in the reproductive systems of both 

male and female vertebrates.  In fish species, androgens have been found to influence a 

variety of biological processes such as sexual phenotype, behavior, gametogenesis, and 

subsequent reproductive success (Kim, 1993; Redding and Patiño, 1993; Staub and De 

Beer, 1997).  Androgens exert their actions via a classical genomic mechanism involving 

activation of intracellular receptors and also by a nonclassical cell surface-mediated 

mechanism involving binding to membrane receptors and activation of second messenger 

pathways.  Studies over the past 20 years have described the presence of rapid steroid 

signaling initiated at the cell surface, which is frequently nongenomic in a variety of 

systems (Zhu et al., 2003; Thomas et al., 2006).  For example, evidence has been 

obtained for nonclassical androgen signaling mediated through membrane androgen 

receptors in several vertebrate cell models including croaker follicular cells (Braun and 

Thomas 2003), rat Sertoli cells (Lyng et al., 2000), prostate cancer cells (Peterziel et al., 

1999), and human breast cancer cells (Zhu et al., 1999). Our laboratory has recently 

identified and cloned a cDNA for a putative membrane androgen receptor (mAR) from 

Atlantic croaker ovary, and characterized it as a potential G-protein coupled receptor that 

activates various signaling cascades resulting in a physiological response in target cells, 

involving stimulation of cell death (Hakan and Thomas, unpubl.obs.).   

The goals of the studies described in this thesis are to characterize the cell death 

response of croaker granulosa/theca cells induced by androgens through a nonclassical, 
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membrane-initiated mechanism and to investigate the apoptotic-signaling pathways 

involved in the enhanced cell death response. 

Further characterizing a nonclassical androgen action not only increases our 

understanding of its potential role in reproduction in teleosts but also provides a lower 

vertebrate model for comparison with mammals and other advanced vertebrates.    The 

cell death response mediated by this receptor is important since apoptosis plays a major 

biological role in both fish and mammalian reproduction, particularly during ovulation 

and remodeling of the ovary.  The broader impacts of this study include investigating this 

pathway as a target for pharmaceutical compounds in the treatment of human diseases, 

and as a target for endocrine disrupting compounds. 

1.A. Fish reproduction and cycling   

The occurrence of annual spawning events is common among many marine 

teleost fish, particularly those inhabiting temperate zones, and is associated with annual 

cycles of gonadal recrudescence, gametogenesis and gamete maturation   (Khan and 

Thomas, 1999).  After spawning, these fish undergo gonadal regression and quiescence 

(Barbieri et al., 1994).  The initiation and timing of such processes during the 

reproductive cycle are triggered by environmental cues such as temperature and 

photoperiod, which are detected by sense organs that transmit the signal to the 

hypothalamus, the reproductive center of the brain (Thomas, 2008).  The hypothalamus 

then integrates the message and mediates the release of gonadotropin releasing hormone 

(GnRH), which in turn regulates the release of gonadotropins, follicle stimulating 

hormone (FSH) and luteinizing hormone (LH) from the pituitary gland into circulation.  

FSH and LH in turn bind to specific receptors on steroidogenic cells (granulosa and 
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theca, G/T) in the ovary to regulate sex steroid production and other growth factors and 

regulatory peptides.   

During gametogenesis both male and female gonads undergo extensive tissue 

remodeling and growth.  The most observable anatomical change that occurs during the 

gonadal and gamete maturation stage is a dramatic increase in the overall mass of the 

gonad, which can be measured as an increase in gonadosomatic index (GSI).  The GSI of 

a fish can vary from close to zero during quiescence, to over 20% during late stages of 

maturation.  The increase in size and mass of the ovary is due to oogenesis, the 

proliferation, development, and growth of oocytes within the ovary.  During this stage, 

yolk vesicle formation, vitellogenin uptake, and envelope formation are occurring, along 

with folliculogenesis, in which two layers of cells—an inner layer of granulosa cells, and 

an outer layer of theca cells— form around the oocyte (Khan and Thomas, 1999).  The 

G/T cells are involved in steroidogenesis and growth factor production that support 

oocyte development and growth. 

After the period of oocyte development and growth, a surge in LH secretion 

induces oocyte maturation in which meiosis resumes in preparation for ovulation, 

spawning and fertilization (Thomas et al, 2001). In addition, lipid coalescence occurs 

during oocyte maturation causing the oocytes to hydrate and increase several-fold in size. 

During ovulation, the follicular layer surrounding the oocyte ruptures and the oocyte is 

expelled.  After spawning, the post-ovulatory follicles begin to undergo atresia 

(degeneration) and in single spawning species the ovary begins to regress, decreasing in 

size as it enters the resting stage.  During the early regressing stage, follicular cells also 

undergo apoptosis following detachment from neighboring cells and the basement 
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membrane, a specialized extracellular matrix within the ovarian follicle (Santos et al., 

2008)   

Cell death and apoptosis play integral roles not only in this final stage of the fish 

reproductive cycle, but also throughout the maturation phase before the spawning event 

(Wood and Van Der Kraak, 2001).  The biological importance of these processes will be 

expanded upon in the following section.  

1.B. Cell death and apoptosis 

Apoptosis, or programmed cell death, is a normal and integral part of many 

biological processes in multicellular organisms ranging from the separation of fingers and 

toes in the developing human embryo to the resorption of the tadpole tail during frog 

metamorphosis (Review by Elmore, 2007).  Apoptosis is also responsible for much of the 

cell turnover that occurs during the development and maintenance of healthy tissues.  The 

role of cellular homeostasis regulated by apoptosis extends to processes occurring in both 

testes and ovaries of vertebrate species during the reproductive cycle (Billig et al., 1996; 

Hussein, 2005).  Characteristics of cell death by apoptosis, in contrast to traumatic cell 

death by necrosis, include cell shrinkage, membrane blebbing, DNA and nuclear 

fragmentation, and the formation of cell fragments called apoptotic bodies that are 

quickly engulfed by surrounding cells (Hengartner, 2000; Amsterdam and Selvaraj, 1997; 

Tilly, 1996).  The process of apoptosis involves induction of an apoptotic pathway, a 

series of steps leading to the ultimate death of the cell.  The specific components of the 

pathway can be complex, and vary based on the nature of the apoptotic signal initiating 

the response.  Examples of signaling pathways involved include the MEK/ERK pathway 

(Chang et al., 2003), the caspase signaling cascade (Nunez et al., 1998), the 
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mitochondrial pathway (Ohtsuka et al., 2004), and the c-Jun N-terminal kinase pathway 

(Chen and Tan, 2000).    

The apoptotic pathway is mediated by a suite of pro- and anti-apoptotic factors 

that regulate the final fate of a cell.  Most notably, these include the B-cell lymphoma 2 

(Bcl-2) family, composed of some 25 genes that regulate apoptosis.  Among those, Bcl-2, 

a pro-survival protein and founding member of the family, and Bcl-2-associated X 

protein (Bax), a pro-apoptotic protein, have been scrutinized for their roles in a variety of 

processes ranging from cancer development to ovarian follicle atresia (Tilly et al., 1995; 

Hsu and Hsueh, 2000).  

With regards to reproduction, apoptosis has been identified as a crucial process in 

ovarian function and homeostasis in mammalian models (Hsueh et al, 1994).  

Specifically, only a single follicle undergoes ovulation while the rest of the follicles in 

the cohort degenerate and become eliminated in a process known as atresia.  This process 

is highly regulated within the ovary through all stages of follicular development, and has 

been shown to be mediated by the ovarian granulosa and theca cells (Billig et al., 1993; 

Tajima et al., 2002).  Additionally, the coordinated release of gonadotropins by the 

pituitary, along with a suite of steroids and growth factors, control the progression of 

ovarian follicle atresia (Chun and Hsueh, 1998). 

While much research effort has been directed towards investigating atresia of 

ovarian follicles within mammalian models, comparatively less effort has been spent on 

other vertebrate species.  Follicular atresia has been described in avian, fish, reptilian, and 

amphibian species (Saidapur, 1978; Tilly et al., 1991), although earlier characterizations 

were solely based on morphological and histological observations, and lacked the 
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identification of cellular or molecular mechanisms underlying such phenomena.  More 

recent studies have described the role of apoptosis in teleost follicular atresia, comparable 

to that of mammalian models (Wood and Van Der Kraak, 2001; Santos et al., 2008).  

Specifically, DNA fragmentation, a marker of apoptosis, was detected in theca/epithelial 

cells, indicating the involvement of apoptosis in ovarian growth and postovulatory 

regression.   These studies suggest that apoptosis is a conserved mechanism directing the 

selective removal of somatic and germ cells from the ovary throughout the growth and 

postovulatory stages.  However, the functional significance of such a mechanism is not as 

clear within the teleost model due to inherent differences between piscine and 

mammalian fecundity, thus limiting the comparative power between the two models. 

Fish reproduction differs from that of mammals in that most teleosts display 

higher fecundity.  Whereas in mammals, only one or a few follicles undergo ovulation 

after a majority of the total follicles are eliminated through atresia, teleost reproduction 

involves the recruitment of much greater numbers of oocytes during each reproductive 

cycle, followed by successful ovulation of most of them.  Therefore, a majority of the 

follicular atresia occurs post-ovulation after spawning has occurred, rather than 

throughout the oocyte maturation stage as seen in mammals.  Consequently, much less 

focus has been directed towards the role of apoptotic atresia during earlier developmental 

stages in fish.  Nevertheless, past studies have addressed the role of preovulatory 

apoptosis in ovarian follicles in teleosts, (Janz and Van Der Kraak, 1997; Wood and Van 

Der Kraak, 2001, Wood and Van Der Kraak, 2002)   

Despite the confirmation of the role of apoptosis in follicular atresia in 

mammalian and teleost models, the exact hormonal regulation of this process is still 
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unclear.  A diverse array of hormones has been attributed to the coordination of cell 

survival and death in the vertebrate ovary.  Pro-survival factors include gonadotropins 

FSH and LH (Chun et al., 1994; McGee et al., 1997), estrogen (Billig et al., 1993), and 

progesterone (Peluso and Pappalardo, 1994).  Pro-death factors include gonadotropin-

releasing hormone (GnRH) (Billig et al., 1994) and androgens (Billig et al., 1993).  The 

complexity of the many factors controlling follicular atresia necessitates further studies to 

elucidate this process.  

1.C. Androgen action  

Androgens mediate a variety of biological functions including cell growth, 

proliferation, survival, and death (Tapanainen et al., 1993; Louvet et al., 1975).  While 

most research efforts have focused on the role of androgens in the male reproductive 

system, its indispensable role in ovarian follicle development is also recognized in many 

studies.  Not only are some androgens necessary precursors for estrogen synthesis in the 

ovary, they also exert direct effects on the maturing follicle as has been noted in rats 

(Hillier and Ross, 1979).  Additionally, anti-androgen administration reversed the follicle 

atresia effects induced by human chorionic gonadotropin treatment of estrogen-primed, 

hypophysectomized immature female rats (HIFR) (Louvet et al., 1975), suggesting a role 

of androgens in the initiation of follicle atresia.  Furthermore, androgens have a 

stimulatory effect on progesterone production by cultured granulosa cells isolated from 

HIFR ovaries, an effect also inhibited by the presence of antiandrogens (Hillier et al., 

1977).  In another study by Hillier (1979), exogenously administered androgens were 

shown to decrease ovarian weight along with increased follicular atresia.  

1.D. Nuclear and membrane steroid receptor mechanisms of action 
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In the classical model of steroid action, androgens such as testosterone diffuse 

through the plasma membrane and bind to intracellular nuclear steroid receptors, 

resulting in their activation, dimerization, and translocation to the nucleus.  The activated 

receptors then bind to specific hormone response elements in the promoter regions of 

genes and act as transcription factors to modify gene expression (Yamamoto, 1985; 

Dehm and Tindall 2006).  This well-recognized mechanism of steroid action involving 

transcription regulation and subsequent protein synthesis is relatively slow, and occurs in 

the range of hours to days.  However, more rapid cellular responses to steroid hormones 

have been reported as early as 1942 (Selye, 1942).      

In the past decade, more evidence has emerged for rapid, nonclassical roles of 

various steroid receptors located on the cell membrane, including novel receptors such as 

membrane progesterone receptor, mPRα (Zhu et al., 2003) and a membrane estrogen 

receptor, GPR30 (Thomas et al., 2005; Revanker et. al., 2005). These receptors have been 

shown to mediate fast responses such as kinase-signaling cascade activation (Estrada et. 

al., 2003), intracellular calcium increase (Lyng et. al., 2000), and cytoskeletal 

modification (Simoncini et. al., 2003).  The activation of these membrane receptors has 

also been shown to result in biological responses such as the induction of oocyte 

maturation and sperm hypermotility by mPRα in fish (Zhu et al., 2003, Tubbs and 

Thomas 2009).  Likewise, the role of GPR30 has also been implicated in the promotion 

of aggressive behavior of breast tumors (Pandey et al., 2009), and in the inhibition of 

oocyte maturation in fish (Pang and Thomas, 2009).  The identification of the cDNAs 

encoding mPRα and GPR30 membrane steroid receptors revealed new classes of G 

protein- associated transmembrane receptors dissimilar to classical nuclear steroid 
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receptors.  This has led to a new field of studies investigating the role of these novel 

membrane steroid receptors in intracellular signaling and their physiological functions.  

1.E. Membrane androgen receptor 

Evidence has been collected over the past decade for the existence of membrane 

androgen receptors, distinct from nuclear androgen receptors (AR).  Wunderlich et al. 

showed a rapid testosterone-induced intracellular calcium increase in murine 

macrophages lacking the classical AR (Wunderlich et. al., 2002).  This response was still 

observed when the macrophages were treated with a BSA-conjugated testosterone that 

cannot cross the cell membrane.  The testosterone-induced rapid calcium response has 

also been noted in murine T cells, human neuroblastoma cells (Estrada et. al., 2005), rat 

cardiac myocytes (Vicencio et. al., 2006), rat skeletal muscle cells (Herbst et. al., 2005), 

rat Sertoli cells, and human prostatic cell lines (Lyng et. al., 2000).  Other rapid responses 

observed by androgen treatment include inositol 1,4,5-triphosphate and diacylglycerol 

formation via a pertussis toxin-sensitive inhibitory G-protein in rat osteoblasts 

(Lieberherr et. al., 1994), the activation of the mitogen-activated protein kinase (MAPK) 

pathway in rat Sertoli cells (Estrada et. al., 2003), and actin polymerization in the prostate 

cancer cell line LNCaP (Kampa et al., 2003).  Previous studies have also shown an 

induction of apoptosis by androgen receptors located at the membrane of T47D breast 

cancer cells (Kampa et al., 2005), as well as apoptosis induced in LNCaP human prostate 

cancer cells by membrane-mediated receptors (Hatzoglou et al., 2005).  

Many of these observations provide indirect evidence of membrane-associated 

androgen receptors, but no specific characterization of such receptors had been attempted 

until Braun and Thomas described the biochemical characteristics of an androgen 
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receptor in the membrane fractions of croaker ovary (Braun and Thomas, 2004).  In 

addition, Braun and Thomas noted a rapid, cell-surface mediated decrease in 17β-

estradiol production by androgen treatment in the presence of 17-hydroxyprogesterone in 

croaker ovarian cells, suggesting a nonclassical role of androgens on ovarian 

steroidogenesis (Braun and Thomas, 2003).   

 Excitingly, Berg and Thomas have recently identified the cDNA of a putative 

membrane androgen receptor (mAR), and investigated its binding characteristics in both 

a mAR-transfected SKBR-3 cell line as well as in croaker ovarian cells (unpublished).  

The receptor was characterized as a transmembrane protein associated with a G-protein.  

The mRNA and protein of mAR were expressed in reproductive tissues as well as in the 

brain and liver.  In addition, mAR’s upregulation by reproductive hormones during 

ovarian development suggests a role in reproduction.  A potential signaling pathway 

following the binding of this receptor involves the activation of a stimulatory G protein 

(Gs) that is coupled to the receptor, which leads to a corresponding increase of 

intracellular cAMP through the adenylyl cyclase pathway.  Berg and Thomas also noted 

that testosterone treatment led to serum starvation- induced cell death in mAR-transfected 

SKBR-3 cells as well as croaker ovarian G/T cells.  The response in the latter cell model 

could be decreased by siRNA mAR treatment, suggesting the receptor’s role in mediating 

this apoptotic androgen action.   

 Taken together, evidence from past and current studies suggests potential 

functional roles for androgen receptors located in the cell membrane in regulating 

apoptosis in the vertebrate ovary. However, the characteristics of androgen-mediated 
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ovarian follicle cell apoptosis and the intracellular signaling mechanisms mediating this 

effect remain unclear.   

1.F. Hypothesis and goals of research 

The purpose of the studies detailed in this thesis is to characterize androgen 

regulation of cell death in croaker granulosa/theca (G/T) cells through a nonclassical, 

membrane-mediated mechanism of action, including the apoptotic-signaling pathways 

involved.  Preliminary studies indicate that testosterone increases croaker G/T cell death 

via a nonclassical, membrane androgen receptor-mediated mechanism.  The 

characteristics of this response, and the role of an apoptotic-signaling pathway in this 

observed cell death will be investigated using a variety of molecular, biochemical, and 

immunological assays.  This research tests the hypothesis that androgens act at the cell 

surface and through an apoptotic pathway to induce G/T cell death.  Three 

subhypotheses are investigated to address the above hypothesis: 1) Androgens act at the 

cell surface to induce cell death in croaker G/T cells; 2) Cell death is initiated via an 

apoptotic pathway.  3) The associated apoptotic pathway involves the activation of Bax, 

and two Bax upstream regulators, JNK and p53.  

1.G. Appropriateness of model species  

The Atlantic croaker is an iteroparous, synchronous spawning species that is 

reproductively mature within one to two years.  Spawning in the Gulf of Mexico occurs 

over the months of September through December, with a peak in October, although 

individuals spawn over shorter intervals (Hernandez et al., 2010).  During the spawning 

season, females release between 100,000 and 2 million eggs (Barbieri et al., 1994).  The 

occurrence and intensity of follicular atresia increases during gametogenesis to reach a 
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peak in advanced yolked follicle-enclosed oocytes.  After ovarian regression, and upon 

reaching the resting stage, the incidence of atresia decreases as the majority of oocytes 

are in the primary growth phase (Barbieri et al., 1994).  This high incidence of atresia 

during the reproductive season may be attributed to surplus production of oocytes as part 

of the reproductive strategy of the Atlantic croaker (Barbieri et al., 1994). 

Atlantic croaker and other sciaenid fishes can complete the entire reproductive 

cycle in the laboratory under appropriate photoperiod and temperature conditions that 

mimic natural seasonal variations (Thomas and Arnold, 1993).  The ability to control 

reproductive cycling, along with the great number of eggs produced in the ovary during 

each maturation stage make the Atlantic croaker an excellent model to collect ovarian 

follicles for cell culture.  The above-mentioned high incidence of follicle atresia during 

gametogenesis also makes the croaker an ideal model to study androgen-induced 

apoptosis in G/T cells.  
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CHAPTER 2 
 

TESTOSTERONE ACTS AT THE CELL SURFACE TO INDUCE APOPTOSIS 
OF TELEOST GRANULOSA/THECA CELLS VIA AN APOPTOTIC PATHWAY 
 
INTRODUCTION:  

With the discovery of novel membrane progesterone and estrogen receptors in a 

variety of vertebrate species (Thomas et al., 2005; Revanker et. al., 2005; 

Zhu et al., 2003), efforts have also been directed towards finding membrane receptors 

that respond to nonclassical androgen signaling.  Membrane steroid receptors differ from 

classical nuclear steroid receptors in their primary location at the cell surface, where their 

activation by steroids leads to rapid signaling through second messengers.  Such 

responses include kinase-signaling cascade activation (Estrada et. al., 2003), intracellular 

calcium increase (Lyng et. al., 2000), and cytoskeletal modification (Simoncini et. al., 

2003), mediating biological responses such as the induction of oocyte maturation and 

sperm hypermotility by membrane progestin receptor observed in fish (Zhu et al., 2003, 

Tubbs and Thomas 2009).   

Evidence for such nonclassical androgen signaling has been described in the 

literature in a variety of species and cell models, characterized by their rapid response 

and ability to act at the cell surface.  Testosterone-induced rapid calcium responses have 

also been noted in numerous mammalian cell lines and cultures (Lyng et. al., 2000; 

Estrada et. al., 2005; Herbst et. al., 2005; Vicencio et. al., 2006).  Other rapid responses 

observed by androgen treatment include inositol 1,4,5-triphosphate and diacylglycerol 

formation via a pertussis toxin-sensitive inhibitory G-protein in rat osteoblasts 

(Lieberherr et. al., 1994), the activation of the mitogen-activated protein kinase (MAPK) 
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pathway in rat Sertoli cells (Estrada et. al., 2003), and actin polymerization in the prostate 

cancer cell line LNCaP (Kampa et al., 2003).   

The presence of androgen receptors at the cell surface of the female teleost ovary 

was demonstrated biochemically by Braun and Thomas (2004).  Membrane fractions 

isolated from teleost ovary had binding kinetics and relative binding affinities distinct 

from nuclear androgen binding characterized previously in this system (Braun and 

Thomas, 2004; Sperry and Thomas, 1999).  Androgens have numerous biological 

functions in both male and female systems, including the modulation of reproductive 

development, behavior, and physiology (Borg, 1994; Staub and De Beer, 1997; Walter et 

al., 2008).  However, the role of androgens in vertebrate female reproductive physiology 

has long been overlooked, and is only starting to gain more attention as a potential 

significant player in normal reproductive processes.  Androgens have been identified as 

atretogenic factors leading to the atresia of ovarian follicles (Louvet et al, 1975; Hsueh et 

al., 1994, Hillier and Tetsuka, 1997).  In mammalian species, the degenerative process of 

atresia is present prominently during ovarian follicular development (Hsueh et al., 1994; 

Kaipia and Hsueh, 1997), and is responsible for the massive cell death resulting in the 

elimination of more than 99.9% of the follicles during the female reproductive life.  

Exogenous testosterone treatment has been shown to reduce ovarian weight—a response 

that is directly related to an increase of follicular atresia in estrogen-primed 

hypophysectomized immature female rats (Hillier and Ross, 1979).  Androgen-mediated 

deterioration of ovarian follicles is accompanied by an increase in granulosa cell 

apoptosis (Billig et al., 1993), indicating a functional role of androgens in mammalian 

ovarian follicular development.    
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In contrast to mammals, where only one or a few follicles undergo ovulation after 

a majority of the total follicles are eliminated through atresia, teleost reproduction 

involves the recruitment of much greater numbers of oocytes each reproductive cycle, 

followed by successful ovulation of most of them.  Therefore, a majority of the follicular 

atresia and apoptosis occurs post-ovulation after spawning has occurred, rather than 

throughout the oocyte maturation stage as seen in mammals (Hunter and Macewicz 1985; 

Drummond et al., 2000; Santos et al., 2005).  In addition to post-ovulatory atresia, 

apoptosis has also been observed throughout the maturation stages of ovarian follicles in 

teleost species in both normal conditions as well as during environmental stress 

conditions (Saidapur, 1978; Wood and Van Der Kraak, 2001; Janz and Van Der Kraak, 

1997).   

The purpose of this study is to determine the role of a membrane-mediated 

nonclassical androgen action in modulating follicular cell death during the mature- and 

late-stages of the teleost reproductive cycle.  The data support the hypothesis that 

androgens act at the cell surface and through an apoptotic pathway to modulate follicular 

apoptosis and cell death.  In addition, I cloned three genes: Bax, a pro-apoptotic member 

of the Bcl-2 family, and two Bax upstream regulators p53 and JNK, and measured their 

mRNA expressions in response to testosterone treatment. 

Materials and methods 

Chemicals 

Radiolabeled testosterone [1,2,6,7-3H]T (Specific activity, 95 Ci/mmol) was 

purchased from Amersham (Piscataway, NJ).  Mibolerone was purchased from Steraloids 

(Newport, RI).  Testosterone-BSA was purchased from Sigma.  The Dulbecco modified 
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Eagle medium (DMEM nutrient mixture, F-12 HAM without phenol red), and all other 

chemicals were purchased from Sigma Aldrich (St. Louis, MO).  All steroids were 

dissolved in 95% ethanol and stored at -20ºC. 

Animal care and tissue collection 

Atlantic croaker were purchased from local fishermen, and maintained in 

recirculating tanks under photoperiod and temperature conditions mimicking the natural 

seasonal cycle to promote gonadal growth.  Fish were fed a diet of commercial pellets 

daily, and fasted one day prior to tissue collection.  Fish were put under deep anesthesia 

using quinaldine sulfate, and sacrificed humanely by rapid decapitation following 

guidelines approved by the University of Texas at Austin Animal Care and Use 

Committee.  Tissues were immediately excised and placed in ice-cold buffer for binding 

assays, or in buffer at room temperature for cell culture.    

Plasma membrane preparation 

One gram aliquots of ovaries were homogenized in 10 ml HAED buffer (25 mM 

HEPES, 10 mM NaCl, 1 mM dithioerythritol, and 1 mM EDTA, pH 7.6) at 4ºC using a 

handheld glass homogenizer.  All remaining preparation steps were conducted at 4ºC.  

The ovary homogenate was centrifuged at 1000 x g for 7 min to pellet the nuclear 

material, with the resulting supernatant collected and centrifuged at 20,000 x g for 20 min 

to pellet the membrane fraction.  The pellet was resuspended in 10 ml HAED, layered 

over 10 ml of 1.2 M sucrose dissolved in HAED, and centrifuged at 6900 x g for 45 min 

based on the technique described by Peck and Kelner (1982) as described previously 

(Braun and Thomas, 2003).  Following this spin, the middle white layer containing the 

plasma membranes was removed with a Pasteur pipette, resuspended in 10 ml HAED, 
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and centrifuged at 20,000 x g for 20 min.  The resulting pellet was resuspended in 5 ml 

HAED, and used immediately in a binding assay.  Protein concentrations were measured 

using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA).    

Androgen binding assay 

Membrane androgen receptor binding assays were conducted following the 

procedures described previously with minor modifications (Braun and Thomas, 2003).  

Saturation and Scatchard analyses were conducted by incubating 250 µl of 0.5 mg 

protein/ml membrane preparations in HAED together with 250 µl of various 

concentrations of [3H]-testosterone (T), in the absence (total binding) or presence 

(nonspecific binding) of 1000-fold excess unlabeled T. After 30 min incubation, reactions 

were terminated by rapidly filtering the reaction through presoaked glass-fiber filters 

(Whatman), followed by four washes with 5 ml of wash buffer (HAED without 

dithioerythritol), to separate bound and free steroid.  The filters were then placed in 

scintillation vials, and radioactivity was counted in a liquid scintillation counter (LSC 

6000SC; Beckman Instruments, Fullerton, CA).  Specific binding was calculated as the 

difference between total and nonspecific binding.  A non-linear regression curve was 

plotted from the saturation binding data, from which the number of receptors (Bmax) and 

the affinity constant (Kd) were determined.  

Characterization of mature- and late-stage ovarian donors for G/T cell cultures  

  Gonadosomatic index (GSI) was calculated from the following formula: gonad 

weight/(body weight – gonad weight) x 100.  Fragments of ovaries of various GSI were 

fixed in 10% formalin, embedded in paraffin, sectioned at 5 µm and stained with 

haematoxylin-eosin. The percent of atretic follicles relative to total number of large 
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vitellogenic oocytes was quantified by counting a total of 50 oocytes from three random 

frames from each slide.  Blood samples (~1mL), collected from the caudal vessels of the 

fish using heparinized syringes, transferred to heparinized tubes, centrifuged at 4000 x g 

for 10 min, at 4°C to separate the plasma, and stored at -80°C until analysis.  Steroids 

were extracted from plasma with diethyl ether (Sigma Aldrich), and testosterone was 

measured as described by the manufacturer using a testosterone EIA kit (Cayman 

Chemical, Ann Arbor MI). 

Cell culture and treatments 

Primary cultures of granulosa/theca cells from mature croaker ovaries were 

conducted as described previously (Benninghoff and Thomas, 2006). In brief, ovarian 

follicles were mechanically dispersed by repeated pipetting with progressively smaller 

serological pipets. The follicle cells were harvested by enzymatic digestion of the 

connective tissue with 0.1% collagenase for 1.5 hr with gentle rotation at room 

temperature, followed by 20-30 times repeated serological pipetting to shear the follicle 

cells from the oocytes.  When most of oocytes had settled to the bottom of the tube, the 

supernatant containing the G/T cells was passed over a 100 µM mesh Nitex screen to 

remove the remaining oocytes.  The supernatant was then gently layered over a 45% 

percoll pad and centrifuged at 2800 x g for 20min. The G/T cells form a fluffy, white 

layer at the percoll/media interface, which was collected by aspiration with a syringe. The 

cells were washed with Dulbecco’s Modified Eagle Medium (DMEM) and centrifuged 

again at 500 x g for 5 min. The G/T cells were seeded on 6-well plates and cultured 

overnight at a density of 2.5x105 cells/mL in DMEM supplemented with 3% bovine calf 

serum.  



 19 

Cell death assay 

 G/T cells that had been cultured for one day were washed and cultured in serum-

free DMEM overnight.  Next day, the cells were washed again and cultured in serum-free 

DMEM with ethanol vehicle, and various steroid treatments.  After 2 days incubation, 

more vehicle or steroid treatments were added and cultured for an additional 2 days.  At 

the end of 4 days of serum-starvation and steroid treatments, the culture media was 

removed and saved in 15 ml tubes, along with 200 µl PBS used to wash each well.  

Adherent cells were then harvested with 200 µl Cell-Stripper (Mediatech, Inc Manassas, 

VA) per well and added to the 15 ml tubes.  The cell collection was centrifuged at 500 x 

g for 5 min, and resuspended in 100 µl Hanks saline and 100 µl 0.4% filtered Trypan 

Blue stain.  After a 5-min incubation, cells were loaded onto a hemocytometer and cell 

death determined by blue-staining of the cells.  500 cells were counted for each sample, 

of which triplicates were prepared for each treatment.  Cell death index was calculated by 

dividing the number of dead, stained cells over living, non-stained cells. 

Apoptosis assay 

A subset of G/T cells prepared from each cell death experiment was used in 

concurrent apoptosis studies. Prior to seeding, round 15 mm sterile glass coverslips were 

placed into 12-well culture plates.  After an overnight incubation, cells were washed with 

a calcium- and magnesium-free balanced salt solution, and cultured in a serum-free 

DMEM.  Testosterone (100nM) and ethanol vehicle were added for a 16-hr incubation, 

after which cells were washed with PBS and fixed by a 4% paraformaldehyde solution 

for 20 min.  After fixing, the cells were washed twice with PBS, followed by a one-min 

incubation in 1ug/ml Hoechst 33342 in PBS.  The round glass coverslips on which the 
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cells were adhered were then placed cell-side down on a glass slide over a drop of 

mounting media.  These slides were kept in the dark until visualization on an 

epifluorescence microscope.  Brightly fluorescent cells, indicating staining of condensed 

chromatin of apoptotic cells, were compared to the dimly stained normal chromatin of 

non-apoptotic cells. Samples were prepared in triplicates, and images from three random 

fields were taken for each sample.  500 cells were counted for each sample.  Apoptosis 

index was calculated by dividing the number of apoptotic cells by the number of non-

apoptotic cells.  Selective inhibitors of various components in the apoptotic pathway were 

used to identify which ones were necessary for the testosterone-mediated apoptotic 

response.  Caspase 3 (10 µM) and Caspase 8 (10 µM) inhibitors (Z-DEVD-FMK, Z-

IETD-FMC respectively), as well as Bax inhibitor (50 µM, peptide V5) were used to pre-

treat the G/T cells for 1 hr prior to testosterone treatment. 

Caspase 3 activity 

Cells were treated as in the Hoechst apoptosis assay.  Cells were harvested and 

caspase 3 activity was determined using Apo-ONE Homogenous Caspase-3/7 Assay 

(Promega, Madison, WI) according to the manufacturer’s instructions.  Briefly, cells 

were stripped, lysed, and centrifuged after treatment, and the supernatant was added to a 

1:1 volume of Apo-ONE caspase reagent.  The mixture was incubated for 2 hr and 

fluorescence measured using a fluorescence plate reader (excitation, 485 nm; emission, 

520 nm).  

Determination of ERK phosphorylation by western blot analysis 

For the time course study, G/T cells cultured from late-stage fish were incubated 

for 0 to 30 min in either vehicle or testosterone (100 nM).  For the single point study, G/T 
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cells cultured from late-stage fish were incubated for 15 min in either vehicle, T (100 

nM), or Mibolerone (100 nM) in DMEM.  After incubation, media were removed, 100 µl 

of RIPA buffer (Millipore, Temecula, CA) with protease inhibitor (Merck, Darmstadt, 

Germany) and phosphatase inhibitor (Thermo Scientific, Wilmington, DE) were added, 

and G/T cells were transferred to 1.5 ml microcentrifuge tubes and vortexed, followed by 

shaking for 30 min at 4ºC to obtain the lysate fraction.  The samples were then 

centrifuged at 15,000 x g for 5 min at 4ºC to remove insoluble material.  The supernatant 

containing proteins was transferred to a new tube, and measured for protein concentration 

using the BCA protein assay (Biorad, Hercules, CA).  Protein (8 µg) was loaded and run 

on a 10% SDS-PAGE gel, and the protein bands were transferred to nitrocellulose 

membranes (Biorad, Hercules, CA).  Membranes were blocked for 1 hr at room 

temperature in 5% milk diluted in PBS-T, followed by incubation with primary antibody 

for phosphorylated-ERK (P-ERK, 1:2000) in Odyssey blocking buffer diluted 1:1 in 

PBS-T overnight at 4ºC (Li-Cor Biosciences, Lincoln, NE).  The following day, 

membranes were washed with PBS-T and incubated with goat anti-rabbit secondary 

antibody (1:10,000) in Odyssey buffer diluted 1:1 in PBS-T at room temperature for 1 hr.  

Following detection of P-ERK with the Odyssey Infrared Imaging System at 800 nm, the 

membrane was stripped using Odyssey stripping buffer, following the manufacturer’s 

protocol, and the process was repeated with the primary antibody for total-ERK (1:2000).  

Densitometry data of protein expression was gathered using Odyssey Data Analysis 

Software. 

RNA isolation and primer design 
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G/T cells were harvested from culture using Tri-reagent (Sigma Aldrich, St. 

Louis, MO), and total RNA was isolated following the manufacturer’s protocol.  DNase 

was used to remove any genomic DNA contamination using an RNase-free DNase kit 

(Promega, Madison, WI).  cDNA was synthesized using SuperScript II reverse 

transcriptase (Invitrogen, Carlsbad, CA), and polymerase chain reaction (PCR) was 

performed using GoTaq Green Master Mix (Promega).   

Partial sequences of 3 genes relevant to the apoptotic pathway were initially 

obtained using degenerate primers.  Degenerate oligonucleotide primers were designed 

from sequence alignments with highly conserved regions of closely related teleost 

species, and used to amplify fragments of the croaker genes Bax, p53, and JNK (Table 1).  

Amplified PCR products of the expected size were resolved using 1% agarose gels, after 

which they were purified using the Wizard SV Gel and PCR Clean-Up System 

(Promega).   

Rapid amplification of 5’- and 3’-cDNA ends 

Gene-specific primers were designed from the partial cDNA fragments obtained 

of each gene in order to amplify the 5’- and 3’-ends of each gene using the FirstChoice 

RLM-RACE Kit (Ambion, Austin TX) (Table 1).    

Cloning, sequencing and analysis of PCR products 

The amplified cDNA fragments were subcloned with pGEM-T TA-cloning 

plasmids (Promega) and sequenced at the University of Texas at Austin DNA Sequencing 

Facility. Nucleotide and amino acid homology was checked using BLAST 

(http://www.ncbi.nlm.nih.gov/BLAST/). 

Real-time RT-PCR analysis  
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Real-time PCR primers were designed against the cloned sequences (Table 1).  

Quantitative real-time PCR (Q-PCR) was performed in a reaction volume of 15 µl using 

Brilliant II SYBR Green QRT-PCR Master Mix (Stratagene, La Jolla CA) and Eppendorf 

RealPlex 2.0 software, following the manufacturer’s protocol.  Conditions for Q-PCR 

were 50 °C for 30 min, followed by 95 °C for 10 min, followed by 40 cycles of 95 °C for 

30 sec, 57 °C for 60 sec, and 68 °C for 30 sec. This was then followed by 95 °C for 15 

sec, 60 °C for 15 sec, and 20 min for changes in temperature to reach 95 °C for 15 sec.  

The Ct (threshold cycle) data was analyzed to detect any differences in expression of 

each of the genes Bax, p53, and JNK, based on different treatment conditions.  Each 

sample was run in duplicate, and normalized against the expression of housekeeping gene 

18S.  The primers for 18S mRNA (forward primer 5′-AGAAA- 

CGGCTACCACATCCA-3′ and reverse primer 5′-TCCCGAGATCCAACTACGAG- 

3′) were designed from the croaker ovary 18S rRNA sequence (GenBank accession no. 

AY866435).  

Testosterone regulation of gene expression 

G/T cells were cultured and starved overnight as described for cell death and 

apoptosis assays.  After overnight starvation, cells were washed with buffer and 

incubated in new serum-free media for 1 hr before being treated with vehicle and steroids 

for 6 to 48 hr for the time course study and 48 hr for the single point study.  After the 

treatment period, cells were harvested for RNA isolation. 

Statistical analysis 
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Student’s t-test, one-way ANOVA with Bonferroni’s multiple comparison test 

were used to determine statistical differences between control and experimental 

treatments using GraphPad Prism 5 software (GraphPad Software, San Diego, CA).  

Results  

 Androgen receptor binding to G/T cell membranes  

Nonlinear regression of the specific [3H]T binding saturation curves (Fig.1) 

indicated the presence of a high affinity (Kd = 10.58 nM), low-capacity (Bmax = 0.7423 

pmol/mg protein), testosterone-binding site.  Linear Scatchard transformations indicate a 

one-site model of testosterone binding (Fig.1, inset). 

Characterization of mature- and late-stage ovarian donors for G/T cell cultures 

Donor fish were divided into mature- and late-stages of ovarian development 

based on the histological appearance of their ovaries, the incidence of follicle atresia, the 

gonadosomatic index, and their plasma testosterone levels. Ovarian histological sections 

from both mature-stage and late-stage fish contained mainly large vitellogenic (tertiary 

yolk) oocytes, interspersed with some perinucleolus oocytes (Fig. 2A, B).  Atretic 

follicles, identified by a disruption of the basement membrane, and a shrunken, distorted 

appearance, appeared to be more numerous in ovarian sections from the late-stage group 

compared to those in the mature-stage group (Fig. 2A, B).  

The mean GSI of fish from the mature-stage group was significantly higher than 

that of the late-stage fish (Fig. 3A, ***p<0.001, n=3).  There was a significantly higher 

percentage of atretic cells in the late-stage compared to mature-stage fish (Fig. 3B, 

***p<0.001, n=3).  Mean plasma testosterone levels in the mature-stage group (n=3) 



 25 

were 555±267 pg/µl, significantly higher than those of the late-stage group (n=3) at 

74.6±32.4 pg/µl (Fig. 3C, *p<0.05).   

Effects of androgens on serum starvation-induced cell death of G/T cells from mature- 

and late-stage ovarian donors  

We used trypan blue exclusion to assess any changes in the incidence of G/T cell 

death (Fig.4A, B).  Opposite effects of testosterone treatment was observed in G/T cells 

cultured from ovaries of fish that were at the mature and late reproductive stages.  During 

the mature-stage, testosterone treatment (100 nM) significantly increased serum 

starvation-induced G/T cell death compared to controls (Fig. 5A, **p<0.01 *p<0.05, Fig. 

5C, *p<0.05).  Fig. 5B did not show statistical significance but was included to show 

general dose response trend.   

However, testosterone treatment (100 nM) during the late-stage caused an 

opposite response, significantly decreasing serum-starved G/T cell death compared to 

controls (Fig. 6A, **p<0.01 6B *p<0.05).  In addition, treatment of G/T cells with 

Mibolerone (100 nM) at concentrations that should activate the nuclear AR did not result 

in alterations of cell death in either reproductive stage group, indicating that both of these 

responses to testosterone in G/T cells are not mediated by the nuclear AR (Fig. 5C, 6B).  

Finally, treatment of both mature- and late-stage derived G/T cells with the fish progestin 

20β-S confirmed previous observations of its protective effect against serum starvation-

induced cell death (Dressing et al., 2010) (Figs. 5D, 6C, ***p<0.001).  Fig. 5D did not 

show statistical significance but was included to show general dose response trend. 

Apoptosis  
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The Hoechst assay was used to determine whether the testosterone-mediated 

increase in death of G/T cells was due to apoptosis (Fig. 7A,B).  Testosterone treatment 

(100 nM) for 16 hr caused a significant increase in apoptosis of mature-stage G/T cells 

compared to controls (Fig. 7C, *p<0.05).  In contrast, a corresponding Mibolerone 

treatment (100 nM), a concentration that should activate the AR, did not result in an 

alteration of apoptosis, indicating that the testosterone response is not mediated by the 

nuclear AR (Fig.7C).  On the other hand, treatment of cells with T-BSA resulted in an 

increase in apoptosis corresponding to that seen with unconjugated testosterone, 

indicating that this response to testosterone is mediated at the cell surface (Fig. 7C), while 

BSA treatment alone did not alter apoptosis.  

 Selective inhibitors of various components in the apoptotic pathway were used to 

identify which ones were necessary for the testosterone-mediated apoptotic response.  

Caspase 3 and 8 inhibitors (Z-DEVD-FMK, Z-IETD-FMC respectively), as well as Bax 

inhibitor (peptide V5) were used to pre-treat the G/T cells prior to testosterone treatment.  

The results show that pretreatment with inhibitors of caspase 3 and Bax blocked the 

response to testosterone, indicating their involvement the apoptosis pathway (Fig. 8A, 9, 

*p<0.05).  Caspase 3 activity was also significantly increased by testosterone treatment 

(Fig. 8B, *p<0.05). Caspase 8 inhibitor-pretreated cells, on the other hand, still showed 

increased cell death in response to testosterone treatment (Fig.8C *p<0.05), suggesting 

this caspase is not involved in the testosterone-dependent apoptotic pathway.     

Involvement of MAP kinase in the anti-apoptotic effects of testosterone in late-stage fish  

The potential involvement of MAP kinase in the anti-apoptotic actions of 

testosterone on G/T cells in late-stage fish was investigated by measuring ERK-1/-2 
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phosphorylation.  A time course treatment spanning 30 min treatment time revealed 

significant increases in ERK phosphorylation by testosterone at 5 and 15 min (Fig. 10A, 

B, *p<0.05, and **p<0.01, respectively).  Treatment with the nuclear androgen receptor-

specific agonist, Mibolerone, for 15 min did not increase ERK-1/-2 phosphorylation, 

whereas testosterone caused a significant increase in phosphorylated ERK-1/-2 at this 

time point (Fig. 11A), which was confirmed by densitometry (Fig. 11B, **p<0.01), 

suggesting that the nuclear AR does not mediate this response.  No differences were 

observed for ERK activation in G/T cells after androgen treatments in mature-stage fish 

(data not shown). 

Cloning and sequencing of Bax, JNK, and p53 

Degenerate oligonucleotide primers were used to amplify fragments of the 

croaker genes Bax, p53, and JNK. Gene-specific primers were then designed from the 

partial cDNA fragments obtained of each gene, with which expected band-lengths and 

sequences were confirmed by PCR, gel electrophoresis, and cloning (Fig. 12). 

The full-length nucleotide sequence of croaker Bax cDNA, obtained by 3’ and 5’ 

RACE, has an open reading frame (ORF) of 576 nucleotides, encoding a polypeptide of 

192 amino acid residues.  The deduced amino acid sequence shows high identities with 

Bax polypeptide sequences of other vertebrate species, including channel catfish (80%), 

zebrafish (76%), mouse (54%), and human (52%).  Three evolutionarily conserved 

domains of the Bcl-2 family associated with Bax (BH1-3) were identified within the 

sequence.  The complete alignment, as well as the conserved domains, is shown in Fig. 

13.  
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The full-length cDNA of croaker p53 was cloned and sequenced, and has an ORF 

of 1080 nucleotides, encoding a polypeptide of 360 amino acid residues.  The deduced 

amino acid sequence shows high identities with p53 polypeptide sequences of other 

vertebrate species, including olive flounder (74%), European flounder  (71%), puffer fish 

(69%), tilapia (66%), and human (46%).  The complete alignment of the full-length 

amino acid sequence, along with five phylogenetically conserved domains of the p53 

protein, is shown in Fig. 14.   

Two sequences were identified for croaker JNK cDNA, one with an ORF of 1260 

nucleotides, encoding a polypeptide of 420 amino acid residues (JNK1), and another with 

an ORF of 1062 nucleotides, encoding a polypeptide of 354 amino acid residues (JNK2).  

JNK1 shows high identities with JNK polypeptide sequences of other vertebrate species, 

including zebrafish (90%), goldfish (76%), human (76%), and swamp eel (74%).  JNK2 

shows the same identities as JNK1, with the exception of a 66 amino acid deletion at 

position 235.  The complete alignment of the two sequences is shown in Fig. 15.   

Upregulation of Bax, p53, and JNK mRNAs by testosterone  

The relative expression of Bax, p53, and JNK mRNAs after various treatments are 

reported in Fig. 16.  Examination of the Ct values from quantitative real time PCR 

revealed that G/T cells treated with testosterone exhibited higher levels of gene 

expression of Bax, p53, and JNK after 24 hr.  Earlier time points (6 and 12 hr) and later 

time points (24 and 48 hr) were grouped together to enhance observable differences in 

gene expression between treatment and control.  The relative gene expression response of 

Bax to two androgens at 48 hr is shown in Fig. 17 (*p<0.05, n=6).  Testosterone 
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treatment elicited a two-fold increase in Bax gene expression over control, but 

Mibolerone did not, indicating that the testosterone response is not mediated by the AR.  

Discussion  

The present study describes the first evidence that androgens act via a 

nonclassical steroid mechanism to regulate apoptosis and cell death in vertebrate ovarian 

follicle cells.  The results suggest that testosterone acts at the cell surface via a membrane 

receptor unrelated to the nuclear receptor to influence apoptosis and cell death of cultured 

Atlantic croaker G/T cells.  Testosterone exerted a protective effect through the 

membrane receptor, reducing cell death rate of G/T cells from ovaries of late-stage fish, 

whereas it promoted apoptosis and cell death through the membrane receptor of G/T cells 

from mature-stage fish.  The signaling pathways associated with the pro-apoptotic and 

anti-apoptotic actions of testosterone on ovarian follicle cells mediated through a cell-

surface receptor were also described for the first time.  The protective effects of 

testosterone on cell death were associated with activation of the ERK signaling pathway, 

whereas the pro-apoptotic actions of the steroid were accompanied by upregulation of 

Bax, JNK and p53 gene expression.   

Rapid, nongenomic androgen actions initiated at the cell membrane have been 

shown in a variety of vertebrate species and cell models (Lieberherr et. al., 1994; 

Wunderlich et. al., 2002; Estrada et. al., 2005).  More recently, binding data by Braun and 

Thomas (2004), as well as in this study demonstrate the presence of an androgen-binding 

moiety on the cell membrane with unique binding characteristics distinct from previously 

characterized nuclear androgen receptors in croaker (Sperry and Thomas, 1999).  

Additionally, androgen receptor binding was increased in recrudescing ovaries, with the 
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highest binding in fully mature ovaries (Braun and Thomas 2004)—suggesting a 

physiological role for the membrane androgen receptors in the fish reproductive cycle.  

This evidence, along with a previous study (Braun and Thomas, 2003) describing the 

ability of androgens to rapidly inhibit in vitro gonadotropin-stimulated 17β- estradiol 

production in the croaker ovaries through a non-genomic mechanism, indicate the 

presence of a functionally relevant membrane androgen receptor in the croaker ovary.       

In this study, the functional role of a membrane androgen receptor-mediated 

testosterone response was explored in the context of follicular cell death and apoptosis 

due to the abundance of studies detailing the atretogenic nature of testosterone in 

mediating ovarian follicle degeneration in various vertebrate models (Billig et al., 1993; 

Hillier and Tetsuka, 1997).  The hormonal profile of the ovary, specifically the presence 

of estrogens and androgens, has been found to be a determinant of follicular atresia and 

apoptosis (Hsueh et al., 1994; Habibi and Andreu-Vieyra, 2007).  As a hormonally 

controlled process, follicular apoptosis regulation is therefore susceptible to the ovarian 

hormone environment, which changes dramatically throughout the reproductive process. 

Since the membrane binding data for testosterone indicates an increase in membrane 

receptor concentrations in conjunction with an increase in ovarian size and maturation, it 

is not surprising that the observed response to testosterone also varies at different stages 

of the ovarian development.  In this study, we observed opposite follicular cell death 

responses to testosterone mediated by nonclassical membrane androgen receptors that are 

dependent on the ovarian reproductive stage.  We were able to differentiate the two 

response groups by the characteristically higher GSI of the mature-stage fish compared to 

the lower GSI of the late-stage fish.  We were also able to differentiate between the two 
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response groups histologically by observing the characteristically greater percentage of 

atretic follicles present in late-stage ovaries compared to the mature-stage ovaries and by 

the lower plasma testosterone levels in late-stage fish compared to those in mature-stage 

fish.  Together, these observations demonstrate that the ovarian stages during which 

testosterone exerts opposite responses differ morphometrically, histologically and 

physiologically.  While this information does not explain the how and why of this 

bimodal testosterone response, it provides the necessary background to begin to elucidate 

this process.  

A potential explanation for the reverse response seen in the testosterone-induced 

protection from apoptotic cell death of the late-stage fish is that the transitional state that 

occurs after spawning results in a follicle composition with very different steroidogenic 

and structural environment than that which existed during the pre-spawning stages.  

Whereas during the mature-stage, vitellogenic oocytes with hormonally active and 

responsive follicle cells dominate the ovary, late-stage, post-spawning consists mainly of 

non-mature, primary follicles and atretic follicles which may already be neither 

steroidogenically active or responsive.  At this point, the functional role of any 

testosterone-mediated protection against apoptosis and cell death of follicular cells may 

be associated with preparation for the following reproductive cycle.  Additionally, it must 

be taken into consideration that testosterone-mediated apoptosis of G/T cells does not 

necessarily indicate progression towards follicular atresia—apoptosis is found in normal 

cell-turnover, an event that readily occurs during the proliferative stage of the G/T cells.  

The pro-apoptotic role of testosterone on G/T cells may be a growth-associated process 

rather than an indicator of the onset of follicle atresia.  Along the same line of reasoning, 
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the protective role of testosterone against G/T cell death during the late-stage may not 

necessarily indicate an overall protection against the progression of follicle atresia.  

Rather, the mechanistic role of testosterone observed in this study needs to be considered 

in the context of the ongoing process of remodeling, cell growth, and turnover.  

Furthermore, such processes are generally accompanied by corresponding characteristics 

associated with the ovarian environment, such as the ones we described regarding GSI, 

percentage of atretic follicles, and testosterone levels present at the ovarian level.  Plasma 

testosterone levels serve as a proxy for testosterone concentrations at the follicular level 

that lead to corresponding apoptotic responses within the follicle depending on the stage 

of the ovary.  While a protective effect was observed for the treatment of G/T cells from 

late-stage ovaries, such a response may not actually occur naturally in vivo due to the low 

testosterone levels measured in the late-stage fish.   

While this finding of stage-dependent responses to testosterone was an 

unexpected one, we are not alone in making such observations—stage-dependent effects 

of androgens on ovarian follicles have been previously described across various 

vertebrate species (Vendola et al., 1998; Hickey et al., 2004).  In primate ovarian studies, 

testosterone pellet implantation resulted in proliferation and follicular cell increase only 

in growing preantral and small antral follicles, while preovulatory follicles were 

unresponsive (Vendola et al., 1998).  In addition, the apoptotic index of small antral 

follicles was decreased in testosterone-treated groups.  This observation parallels the 

results of our study in that G/T cells cultured from the mostly non-mature primary 

follicles of the late-stage teleost ovary experienced a protective effect against cell death 

after testosterone treatment—a response different from that seen in follicle cells cultured 
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from the mostly vitellogenic follicles of mature-stage ovaries.  Another example of the 

temporally dependent effect of androgens is described in a porcine model, in which the 

non-aromatizable androgen 5-α-dihydrotestosterone (DHT) stimulated DNA synthesis 

and progesterone secretion in mural granulosa cells cultured from 1- to 3- mm antral 

follicles, but not 3- to 5-mm antral follicles, in which steroidogenesis was actually 

inhibited by DHT treatment (Hickey et al., 2004).  Furthermore, the steroidogenic 

inhibitory response seen in the 3- to 5-mm antral follicles were not inhibited by 

hydroxyflutamide, an AR antagonist, indicating the possible involvement of non-genomic 

mechanisms.  Previous studies from our own lab also described a rapid effect of DHT on 

steroidogenesis, specifically the reduction of estradiol production in croaker G/T cells 

(Braun and Thomas, 2003).  It would be interesting to further determine whether this 

effect on steroidogenesis by androgens would be the same, have no response, or be 

reversed in G/T cells obtained from a late-stage ovarian sample.  From these past studies 

as well as our current observations, it is apparent that the actions of androgens in the 

ovarian follicle are dynamic and complex.  Any future efforts to investigate or explain the 

actions of androgens or any other steroid hormone in the ovary should take into 

consideration the reproductive stage as well as accompanying conditions of the ovarian 

follicles.   

An initial attempt at explaining the protective response of androgens was that it 

might be indirect due to their conversion to estrogen, which is known to act as a follicle 

survival factor (Billig et al., 1993; Tesarik and Mendoza 1997).  However, the primary 

culture technique used in this study has been characterized previously (Benninghoff and 

Thomas, 2006), with the observation that there is a lack of estradiol synthesis during the 
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culture period—a response that has been described in a variety of vertebrates (Stokloswa 

et al. 1982; Stoklosowa and Epler, 1985), and may be due to loss of aromatase 

expression.  With the current available information, we can eliminate the possibility of 

indirect androgen protection against G/T apoptosis due to conversion to estrogen, 

although the exact mechanism regulating the switch to the protective effect is still 

unclear.  

Corresponding with the protective response to androgen treatment seen in the 

late-stage derived ovarian follicle cells is a characteristic rapid ERK phosphorylation 

response.  The ERK1/2 pathway is a potential signaling pathway involved in cell 

survival, and its inhibition has been associated with induction of apoptosis (Xia et al., 

1995).  ERK activation has been associated with upregulation of anti-apoptotic members 

(Lin et al., 2002), and the inactivation of pro-apoptotic members (She et al., 2002) of the 

Bcl-2 family associated with cell survival and apoptosis.  Rapid ERK phosphorylation by 

androgens has been described previously by Unni et al. (2004), in which DHT at low 

0.01-10 nmol/L concentrations elicited an ERK-1/2 signaling response in LNCaP 

androgen-dependent cells within 5 min.  The ability of testosterone to elicit this ERK 

response in ovarian follicular cells in addition to the protective effect on cell survival 

implies a potential role that the ERK signaling plays in cell survival and part of the 

apoptotic pathway.  Mibolerone, a nuclear androgen agonist that does not show binding 

affinity for the ovarian membrane androgen receptor (Braun and Thomas 2004), did not 

elicit an ERK phosphorylation response.  This indicates that the ERK phosphorylation 

and corresponding cell death response is mediated by a non-genomic, membrane-

mediated androgen receptor, unrelated to the nuclear androgen receptor.  
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Cell death can be induced by various pathways including apoptosis, autophagy, 

and necrosis.  We investigated the apoptotic pathway as a potential mechanism by which 

ovarian follicular cell death occurs due to various past studies indicating the role of 

apoptosis in follicular atresia.  Chromatin condensation and DNA fragmentation are 

morphological hallmarks of apoptosis, staining more brightly than the DNA in normal 

cells, allowing us to identify the type of cell death that is taking place (Ziegler and 

Groscurth, 2004).  In addition to being an indicator of apoptosis, chromatin condensation 

and DNA fragmentation also serve as early markers of the progression of cell death, 

occurring before other morphological and biochemical signs of cell death such as loss of 

membrane integrity (Smyth et al., 2002).  The loss of membrane integrity is the basis of 

the trypan blue exclusion assay, in which dead cells are unable to exclude the blue dye, 

thus becoming stained blue and allowing for their identification and counting.  In the case 

of our studies, we were able to observe statistically significant differences in treatment 

groups using the apoptotic assay after 16 hr and using the cell death assay after 4 days.  

Our results from the Hoechst apoptosis assays corresponded with the data from the 

longer-term cell-death assays, allowing us to use the apoptosis assay for short-term 

determination of inhibitor effects on the testosterone-mediated apoptotic cell death. 

There are two general pathways leading to apoptotic cell death.  The extrinsic 

pathway is triggered by external conditions of the cell environment while the intrinsic 

pathway can be triggered by internal stresses such as survival factor deprivation.  The 

two pathways may also experience cross-talk, leading to a convergence of signals (Roy 

and Nicholson, 2000, Basu et al., 2006).  To elucidate the specific pathway activated by 

testosterone, we inhibited components of the extrinsic (caspase 8) and intrinsic (Bax) 
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pathways as well as a common downstream component (caspase 3) where the two 

pathways converge.  A rescue effect by the inhibitor would indicate the role of the 

inhibited component as an intermediary of the apoptotic pathway triggered by 

testosterone treatment.  Our results show a rescue effect by the inhibitor for caspase 3 and 

Bax, but not caspase 8, signifying a potential role of the intrinsic pathway involving 

caspase 3 and Bax in the apoptotic pathway leading to cell death.  The caspase 3 inhibitor 

data was also supported by the caspase 3 activity data in which testosterone treatment 

enhanced caspase 3 activity.  

The role of testosterone modulating components of the intrinsic apoptotic 

pathway was further explored by measuring the mRNA expressions of Bax, and two Bax 

upstream regulators, JNK and p53.  Bax’s role in apoptosis involves its translocation to 

the mitochondrion surface, where it inserts itself into the membrane and releases 

cytochrome c, inhibiting the protective effects of Bcl-2 (Wei et al., 2001; Wolter et al., 

1997).  Androgen and the classical AR have previously been reported to promote Bax-

mediated apoptosis in prostate cancer cells (Lin et al., 2006).  In a rat model studying 

mammary carcinogenesis, Xie et al. (1999) described the induction of Bax expression by 

testosterone, either alone, or in combination with estrogen.  In our time course study, 

testosterone treatment increased gene expression of Bax after 24 hr, further supporting 

the role of a testosterone-mediated, Bax-regulated apoptotic pathway.  Furthermore, 24 

and 48 hr treatments with Mibolerone, a nuclear androgen agonist, did not increase Bax 

expression, suggesting that the genomic response was not elicited by nuclear androgen 

receptors.  Time course treatments with testosterone also showed gene expression 

increases of p53 and JNK after 24 hr, suggesting their upregulation along with Bax.  p53 
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and JNK have respectively been shown to be upstream regulators of, or co-upregulated 

with Bax (Miyashita and Reed, 1995; Papadakis et al., 2006; Zwain and Amato, 2001.  

While these studies alone do not give a clear idea of the exact mechanism leading to 

apoptosis, they provide a starting point by determining relevant members of the apoptotic 

pathway.  

Bax, p53, and JNK cDNAs were cloned and sequenced for the purpose of gene 

regulation studies.  The predicted amino acid sequences of each gene showed high 

sequence similarity to that of other vertebrates, suggesting that they may play similar 

roles in apoptosis as in other vertebrate species.  Croaker Bax had high sequence identity 

and displayed all three BH domains with high similarity with Bax sequences of other 

vertebrate species.  As expected, the croaker Bax sequence showed higher sequences 

identity with the two teleost species, channel catfish and zebrafish, than mammalian 

species mouse and human.  Additionally, croaker Bax showed 100% sequence identity 

for both BH1 and BH2 regions, and 87% for the BH3 region of zebrafish Bax.  BH 

domains are crucial to the function of members of the Bcl-2 family (Kelekar and 

Thompson, 1998).  The presence of one or more of these domains contributes to the 

ability of these proteins to regulate cell death and survival.  More specifically, the 

presence of BH3, known as the death domain, is necessary for Bax to exert its apoptotic 

actions.   

Croaker p53 also had high sequence identity to p53s of other vertebrate species, 

and displayed five phylogenetic domains with a high degree of sequence conservation 

with p53 of other species.  As expected, the croaker p53 had higher sequence similarity to 

that of teleost species than to human p53.  The obtained p53 sequence consists of 
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characteristic features found in all p53 proteins: 1) five highly conserved phylogenetic 

domains, 2) hydrophobic N-terminus, 3) hydrophilic C-terminus, and 4) a penultimate 

serine residue (Caron de Fromente et al., 1992).     

The croaker JNK1 isoform had high sequence identities with JNK sequences of 

other vertebrate species. The JNK protein kinase, a member of the MAP kinase group, 

has ten different isoforms in humans, corresponding to alternative splicing of the three 

genes JNK1, JNK2, and JNK3. The isoform croaker JNK2 is identical to JNK1, with the 

exception of a 66 amino acid residue starting at position 235 that is absent from JNK2.  

Presumably since the JNK2 isoform still possesses an open reading frame, the mRNA is 

translated to a full-length peptide, although it is unclear whether the truncated peptide 

would be fully functional as a c-Jun N-terminal kinase in the process of regulating 

downstream apoptotic actions. 

In addition to serving as useful markers for studying testosterone-mediated 

follicular cell apoptosis in the ovary, the gene sequence information may also be valuable 

for evaluating croaker ovarian atresia and apoptosis triggered by other sources such as 

environmental toxins or hypoxia exposure.   

In conclusion, our results suggest that testosterone acts through a nonclassical 

membrane receptor to induce cell death of G/T cells in croaker through an apoptotic 

pathway involving JNK, p53 and Bax. 
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Figure 1.  Saturation curve and Scatchard analysis (inset) of a [3H]-
testosterone binding to a croaker ovarian plasma membrane tissue 
preparation.  TB: total binding , SB: specific binding , NSB: nonspecific 
binding. 
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Figure 2. Histological appearance of representative A) mature-stage and 
B) late-stage ovaries. At, atretic follicles; PNS, peri-nucleolus stage; TYS, 
tertiary yolk stage.  Scale bar, 200 µm.  
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Figure 3. Characterization of mature- and late-stage ovarian donors for 
G/T cell cultures. A) GSI. B) % atretic oocytes. C) Plasma testosterone 
level. Data represents means ± SEM.  Statistically significant differences 
between the two groups were determined using Student’s t-test.  Asterisks 
indicate significant differences. ***p<0.001, *p<0.05.  Mature-stage n=3, 
late-stage n=3.    
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Figure 4. Characteristic micrograph of croaker granulosa and theca cell 
death response A) to vehicle and B) to testosterone using the trypan blue 
exclusion assay.  Arrows indicate blue, dead cells. 
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Figure 5. Modification of croaker granulosa and theca cell death by 
steroid treatments in mature-stage fish, measured by trypan blue exclusion 
assay.  A. Cell death response to testosterone over 2 and 4 days.  Data 
represents means ± SEM.  Statistically significant differences from 
ethanol control were determined using Student’s t-test **p<0.01 *p<0.05 
B. Cell death response to two different dosages of testosterone after 4 
days.  C. Cell death response to testosterone and nuclear androgen agonist 
Mibolerone after 4 days treatment. Data represents means ± SEM. 
Statistically significant differences from ethanol control were determined 
using one way ANOVA and Dunnett’s multiple comparison test *p<0.05. 
D. Cell death response to two different doses of 20β-S after 4 days.  
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Figure 6. Modification of croaker granulosa and theca cell death by 
steroid treatments in late-stage fish, measured by trypan blue exclusion 
assay. A. Cell death response to treatment of two different doses of 
testosterone after 4 days. Data represents means ± SEM. Statistically 
significant differences from ethanol control were determined using one 
way ANOVA and Dunnett’s multiple comparison test **p<0.01.  B. Cell 
death response to testosterone and nuclear androgen agonist Mibolerone 
after 4 days treatment. Data represents means ± SEM. Statistically 
significant differences from ethanol control were determined using one 
way ANOVA and Dunnett’s multiple comparison test *p<0.05. C. Cell 
death response to two different dosages of 20B-S after 4 days. 
***p<0.001 
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Figure 7. Modification of croaker granulosa and theca cell apoptosis by 
androgen treatments in mature-stage fish. A. Representative micrograph 
of vehicle-treated cells viewed under 100x epifluorescence microscope. B. 
Representative micrograph of testosterone-treated cells.  C. % Apoptosis 
of cells in response to androgens. Data represents means ± SEM.  
Statistically significant differences from ethanol control were determined 
using one way ANOVA and Dunnett’s multiple comparison test *p<0.05, 
n=3 
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Figure 8. Involvement of caspases in testosterone-modulated granulosa 
theca cell apoptosis in mature-stage fish. A. Modulation of G/T cell 
apoptosis after pretreatment with caspase 3 inhibitor Z-DEVD-FMK, 
followed by testosterone treatment.  Data represents means ± SEM.  
Statistically significant differences from ethanol control were determined 
using one way ANOVA and Dunnett’s multiple comparison test *p<0.05 
B. Caspase 3 activity following vehicle or testosterone treatment of G/T 
cells. Data represents means ± SEM.  Statistically significant differences 
from ethanol control were determined using Student’s t-test *<0.05. C. 
Modulation of G/T cell apoptosis after pretreatment with caspase 8 
inhibitor Z-IETD-FMC. Statistically significant differences from ethanol 
control were determined using one way ANOVA and Dunnett’s multiple 
comparison test *p<0.05, n=3 
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Figure 9. Modulation of G/T cell apoptosis after pretreatment with Bax 
inhibitor peptide V5, followed by testosterone treatment in mature-stage 
fish. Data represents means ± SEM.  Statistically significant differences 
from ethanol control were determined using one way ANOVA and 
Dunnett’s multiple comparison test *p<0.05, n=3 
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Figure 10. ERK activation in croaker granulosa and theca cells by 
testosterone in late-stage fish. A. Representative blot showing ERK 
phosphorylation after 100 nM testosterone exposure over the course of 30 
minutes. B. Band densitometry adjusted for total ERK protein of treated 
and control cell extracts. Data represents means ± SEM.  Statistically 
significant differences between the two groups were determined using 
Student’s t-test. *p<0.05, **p<0.01, n=3    
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Figure 11. ERK activation in granulosa and theca co-cultures by 
androgens in late-stage fish. A. Representative blot showing ERK 
phosphorylation after 15 min treatment with Mibolerone and testosterone. 
B. Band densitometry adjusted for total ERK protein of treated and 
control cell extracts.  Data represents means ± SEM.  Statistically 
significant differences from ethanol control were determined using one 
way ANOVA and Dunnett’s multiple comparison test **p<0.01, n=6 
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Figure 12. Cloning results of apoptosis-associated genes. A. Bax 
(expected band length 145 bp; B. p53 (expected band length 166 bp), and 
C. JNK (expected band length 149 bp) from croaker granulosa theca cells.   
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At. Croaker BAX     ----MASHPGGGDQGNTRDQILEVGAVLLKDFIYQRVQRHGDSNTLVTRAQLGGAELCDP 56 
Ch. Catfish BAX     IIFHTNMASGEGD-GTSNDQILEVGAVLLKDFIYERVHRHGDSGTVVSRHELGGSELCDP 59 
Zebrafish BAX       ----MAAPSGGGDTGSGNDQILDLGAALLNNFVYERVRRHGDRDAEVTRSQLGGVELCDP 56 
Mouse BAX           -MDGSGEQLGSGG-PTSSEQIMKTGAFLLQGFIQDRAGRMAGETPELTLEQPPQ----DA 54 
Human BAX           -MDGSGEQPRGGG-PTSSEQIMKTGALLLQGFIQDRAGRMGGEAPELALDPVPQ----DA 54 
                               *.  .  :**:. ** **:.*: :*. * ..  . ::          *. 
 
       BH3        BH1 
At. Croaker BAX     NHKKLAQCLQQIGDELDSHVDLQRMINDSALSPSKDVFMRVAYEIFSDGKFNWGRVVALF 116 
Ch. Catfish BAX     THKKLAQYLQQIGDELDNNVDLQRMLADSALQPTKEVFVKVAREIFSDGKFNWGRVVALF 119 
Zebrafish BAX       SHKRLAQCLQQIGDELDGNAQLQSMLNNSNLQPTQDVFIRVAREIFSDGKFNWGRVVALF 116 
Mouse BAX           STKKLSECLRRIGDELDSNMELQRMIADVDTDSPREVFFRVAADMFADGNFNWGRVVALF 114 
Human BAX           STKKLSECLKRIGDELDSNMELQRMIAAVDTDSPREVFFRVAADMFSDGNFNWGRVVALF 114 
                    . *:*:: *::******.: :** *:     ...::**.:** ::*:**:********** 
 
     BH2 
At. Croaker BAX     YFACRLVIKALVTKVPDIIRTIISWTMDYLREHVINWIREQGGWEGIRSHFGTPTWQTVG 176 
Ch. Catfish BAX     YFACRLVIEALLTKIPDIIRTIINWTLDYLREHVINWIREQGGWEGIQTYFGTPTWKTVG 179 
Zebrafish BAX       YFACRLVIKAISTRVPDIIRTIISWTMSYIQEHVINWIREQGGWDGIRSYFGTPTWQTVG 176 
Mouse BAX           YFASKLVLKALCTKVPELIRTIMGWTLDFLRERLLVWIQDQGGWEGLLSYFGTPTWQTVT 174 
Human BAX           YFASKLVLKALCTKVPELIRTIMGWTLDFLRERLLGWIQDQGGWDGLLSYFGTPTWQTVT 174 
                    ***.:**::*: *::*::****:.**:.:::*::: **::****:*: ::******:**  
 
 
At. Croaker BAX     VFLAGVLTTVIVIRKM-- 192 
Ch. Catfish BAX     VFLAGVLTTVLVMRKM-- 195 
Zebrafish BAX       VFLAGVITTALVIRKM-- 192 
Mouse BAX           IFVAGVLTASLTIWKKMG 192 
Human BAX           IFVAGVLTASLTIWKKMG 192 
                    :*:***:*: :.: *    
Figure 13. Alignment of the deduced amino acid sequence of Atlantic croaker Bax with the Bax proteins of other vertebrates.  The 
alignment was generated using the ClustalW alignment version 1.82 (European Bioinformatics Institute). (*) indicates positions of 
fully conserved residues, (:) indicates conservation between groups of strongly similar properties, and (.) indicates conservation 
between groups of weakly similar properties. GenBank accession nos. for the sequences used are as follows: A. Atlantic croaker 
(unpublished), B. channel catfish (NM_001200937), C. zebrafish (AF231015), D. mouse (NP_031553), E. human (NP_620116). The 
three evolutionarily conserved domains of BAX, BH1-3, are outlined.   
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 I 
At. Croaker P53     MEEQDFGS------LPLSQDSFKALWESVVPPPLPFTQMTGMTELFMNDPALAAFDAQ-- 52 
Ol. flounder P53    MEEQGLENEELTPSLPLSQISFPDLWANVVMP--SISSIPGPVDDMDMLLMQDELDLNC- 57 
Eu. flounder P53    MDEQGLDG---MQILPGSQDSFSELWASVQTP--SIATIAEEFDDHLGNLLQNGFDMN-- 53 
Puffer fish P53     MEEENISL-------PLSQDTFQDLWDNVSAP--PISTIQTAALENEAWPAERQMNMMCN 51 
Tilapia P53         MEEQGVEN----VSLPLSQESFPDLWANVVMP---ISTIQTAALNEPTGSWVASLTMALM 53 
Human P53           MEEPQSDP---SVEPPLSQETFSDLWKLLPENN-VLSPLPSQAMDDLMLSPDDIEQWFTE 56 
                    *:*            * ** :*  **  :      :: :                      
 
At. Croaker P53     ---------LFDMGPEMSTKESVTPP-----------ASTVPVTTDYPGEYGFQLRFQKS 92 
Ol. flounder P53    ---------LFELPPETVTKDGVIPP-----------VSTVPVTTDYPGEYGFQLRFQKS 97 
Eu. flounder P53    ---------LFELPPEMVAKDSVTPP-----------SSTVPVVTDYPGEYGFQLRFQKS 93 
Puffer fish P53     FMDSTFNEALFNLLPEPPSRDGANSS-----------SPTVPVTTDYPGEYGFKLRFQKS 100 
Tilapia P53         DMPDLN--CLFELQPSISTLDTGSPP-----------TSTVPVTTDHPGEYDFKLRFQKS 100 
Human P53           DPGPDEAPRMPEAAPPVAPAPAAPTPAAPAPAPSWPLSSSVPSQKTYQGSYGFRLGFLHS 116 
                             : :  *   .     ..            .:**  . : *.*.*:* * :* 
 II                                                      III 
At. Croaker P53     GTAKSVTSTYSELLNKLYCQLAKTSPVEVLVSMDPPAGAIFRATAVYKKTEHVAEVVRRC 152 
Ol. flounder P53    GAAKSVTSTFSELLNKLYCQLAKTSPVEVLVSKEPPQGAFLRATAVYKKTEHVADVVRRC 157 
Eu. flounder P53    GTAKSVTSTFSELLKKLYCQLAKTSPVEVLLSKEPPQGAVLRATAVYKKTEHVADVVRRC 153 
Puffer fish P53     GTAKSVTSTYSEILNKLYCQLAKTSLVEVLLGKDPPMGAVLRATAIYKKTEHVAEVVRRC 160 
Tilapia P53         GTAKSVTSTYSELLNKLYCQLAKTSPVEVLVSKEPPKGAILRATAVYKKSEHVAEAVRRC 160 
Human P53           GTAKSVTCTYSPALNKMFCQLAKTCPVQLWVDSTPPPGTRVRAMAIYKQSQHMTEVVRRC 176 
                    *:*****.*:*  *:*::******. *:: :.  ** *: .** *:**:::*:::.**** 
 
 
 
Figure 14. Alignment of the deduced amino acid sequence of Atlantic croaker P53 with the P53 proteins of other vertebrates.  The 
alignment was generated using the ClustalW alignment version 1.82 (European Bioinformatics Institute). (*) indicates positions of 
fully conserved residues, (:) indicates conservation between groups of strongl similar properties, and (.) indicates conservation 
between groups of weakly similar properties. GenBank accession nos. for the sequences used are as follows: A. Atlantic croaker 
(unpublished), B. olive flounder (ABQ42582), C. European flounder (O12946), D. puffer fish (Q9W679), E. tilapia (ADE21938), F. 
human (NP_000537.3). The five phylogenetically conserved domains of the p53 protein are outlined. 
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At. Croaker P53     PHHQ--NEDSDAEHRSHLIRVEGS-QKAQYFEDPHTKRQSVTVPYEPPQLGSEMTTILLS 209 
Ol. flounder P53    PHHQ--NEDT-AEHRSHLIRLGGS-QRAQYFEDLHTKRQSVTVPYEPPQLGSEMTTILLS 213 
Eu. flounder P53    PHHQ--TEDT-AEHRSHLIRLEGS-QRALYFEDPHTKRQSVTVPYEPPQLGSETTAILLS 209 
Puffer fish P53     PHHQ--NEDS-AEHRSHLIRMEGS-ERAQYFEHPHTKRQSVTVPYEPPQLGSEFTTILLS 216 
Tilapia P53         PHHQ--NEDS-VEHRSHLIRVEGSSQRAQYFEDLHTKRQSVTVPYEPPQLGSEFTTILLS 217 
Human P53           PHHERCSDSDGLAPPQHLIRVEGN-LRVEYLDDRNTFRHSVVVPYEPPEVGSDCTTIHYN 235 
                    ***:  .:.      .****: *.  :. *::. :* *:**.******::**: *:*  . 
 
 IV V 
At. Croaker P53     FMCNSSCMGGMNRRPILTILTLETPEGLVLGRRCFEVRVCACPGRDRKTEEENSTKAQSG 269 
Ol. flounder P53    FMCNSSCMGGMNRRQILTILTLETPEGLVLGRRCFEVRVCACPGRDRKTDEESSTKTQSG 273 
Eu. flounder P53    FMCNSSCMGGMNRRQILTILTLETPDGLVLGRRCFEVRVCACPGRDRKTDEESSTKTPNG 269 
Puffer fish P53     FMCNSSCMGGMNRRPILTILTLETQEGIVLGRRCFEVRVCACPGRDRKTEETNSTKMQND 276 
Tilapia P53         FMCNSSCMGGMNRRPILTILTLETPEGLVLGRRCFEVRVCACPGRDRKTEEQANKKE-SG 276 
Human P53           YMCNSSCMGGMNRRPILTIITLEDSSGNLLGRNSFEVRVCACPGRDRRTEEENLRKKGEP 295 
                    :************* ****:***  .* :***..*************:*:*    *  .  
 
At. Croaker P53     TKQTKKRK---SAPTPDTTAVSVKKSKPASSAEEEEKEVFTLQIRGRK---RYEMLKEIN 323 
Ol. flounder P53    PKQTKKRK---TNPVPHTT--TMKKSRSASSAEEEDKEVFHLPIVGRG---RYEMFKKIN 325 
Eu. flounder P53    PKQTKKRKQAPSNSAPHTT--TVMKSKSSSSAEEEDKEVFTVLVKGRE---RYEIIKKIN 324 
Puffer fish P53     AKDAKKRK---SVPTPDST--TIKKSKTASSAEEDNNEVYTLQIRGRK---RYEMLKKIN 328 
Tilapia P53         PKQTKKRK---VTPNTSSLTTPAKKMKSSSSGEDEDKEVFHFEVYGRERYGRYEMFKKIN 333 
Human P53           HHELPPGS--TKRALPNNT-----SSSPQPKKKPLDGEYFTLQIRGRE---RFEMFRELN 345 
                     ::    .     . . .      .  . .. :  : * : . : **    *:*:::::* 
 
At. Croaker P53     DALE------DKEK-KTKTSV----KHEFAVPSCGKRLLQRGEKSDSD 360 
Ol. flounder P53    EGLE----LLDREKTKNKVPV----KQELPVPSTGKRLLQRGEQSDSD 365 
Eu. flounder P53    EAFEG---AAEKEKAKNKVAV----KQELPVPSSGKRLVQRGERSDSD 365 
Puffer fish P53     DGLD-----LLENKPKSKATH----RPDGPIPPSGKRLLHRGEKSDSD 367 
Tilapia P53         EGLDLVESDAEKYRQKGKKKD----GQTPEGPKKGKKLLVKEEKSDSD 377 
Human P53           EALELKDAQAGKEPGGSRAHSSHLKSKKGQSTSRHKKLMFKTEGPDSD 393 
                    :.::       .     :             .   *:*: : * .*** 
 
 
 
Figure 14. (Cont.) 
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At. croaker JNK1    ----------------------------------------MSEAEGQFYSVQVGDSTFTV 20 
At. croaker JNK2    ----------------------------------------MSEAEGQFYSVQVGDSTFTV 20 
Zebrafish JNK1      --------------------------------------MNRNKREKEYYSIDVGDSTFTV 22 
Goldfish JNK1       --------------------------------------MNRNKREKEYYSLDVGDSTFTV 22 
Eel JNK1            --------------------------------------MNRNKCEKEYYSIDVGDSTFTV 22 
Human JNK3          MSLHFLYYCSEPTLDVKIAFCQGFDKQVDVSYIAKHYNMSKSKVDNQFYSVEVGDSTFTV 60 
                                                             .: : ::**::******** 
 
At. croaker JNK1    LKRYQQLRAIGSGAQGIVCSALDTVLGIPVAVKKLCRPFQNQTHAKRAYRELVLLKCVNH 80 
At. croaker JNK2    LKRYQQLRAIGSGAQGIVCSALDTVLGIPVAVKKLCRPFQNQTHAKRAYRELVLLKCVNH 80 
Zebrafish JNK1      LKRYQNLRPIGSGAQGIVCSAYDHVLDRNVAIKKLSRPFQNQTHAKRAYRELVLMKCVNH 82 
Goldfish JNK1       LKRYQNLRPIGSGAQGIVCSAYDHVLERNVAIKKLSRPFQNQTHAKRAYRELVLMICVNH 82 
Eel JNK1            LKRYQNLRPIGSGAQGIVCSAYDHNLERNVAIKKLSRPFQNQTHAKRAYRELVLMKCVNH 82 
Human JNK3          LKRYQNLKPIGSGAQGIVCAAYDAVLDRNVAIKKLSRPFQNQTHAKRAYRELVLMKCVNH 120 
                    *****:*:.**********:* *  *   **:***.******************: **** 
 
At. croaker JNK1    KNIIRLINVFTPQKSLEEFQDLYLVMELMDASLCQVIHMDLDHERMSYLLYQILCGIRHL 140 
At. croaker JNK2    KNIIRLINVFTPQKSLEEFQDLYLVMELMDASLCQVIHMDLDHERMSYLLYQILCGIRHL 140 
Zebrafish JNK1      KNIIGLLNVFTPQKTLEEFQDVYLVMELMDANLCQVIQMELDHERLSYLLYQMLCGIKHL 142 
Goldfish JNK1       KNIIGLLNVFTPQKTLEEFQDVYLVMELMDANLCQVIQMEPDHERLSYLLYQMLCGIKHL 142 
Eel JNK1            KNIIGLLNVFTPQKTLEEFQDVYLVMELMDANLCQVIQMELDHERLSYLLYQMLCGIKHL 142 
Human JNK3          KNIISLLNVFTPQKTLEEFQDVYLVMELMDANLCQVIQMELDHERMSYLLYQMLCGIKHL 180 
                    **** *:*******:******:*********.*****:*: ****:******:****:** 
 
At. croaker JNK1    HSAGIIHRDLKPSNIVVKSDCTLKILDFGLARTACTNFMMTPYVVTRYYRAPEVILGMKY 200 
At. croaker JNK2    HSAGIIHRDLKPSNIVVKSDCTLKILDFGLARTACTNFMMTPYVVTRYYRAPEVILGMKY 200 
Zebrafish JNK1      HAAGIIHRDLKPSNIVVKSDCTLKILDFGLARTAATGLLMTPYVVTRYYRAPEVILGMGY 202 
 
Figure 15. Alignment of the deduced amino acid sequences of Atlantic croaker JNK with the JNK proteins of other vertebrates.  The 
alignment was generated using the ClustalW alignment version 1.82 (European Bioinformatics Institute). (*) indicates positions of 
fully conserved residues, (:) indicates conservation between groups of strongl similar properties, and (.) indicates conservation 
between groups of weakly similar properties. GenBank accession nos. for the sequences used are as follows: A. Atlantic croaker JNK1 
(unpublished), B. Atlantic croaker JNK2 (unpublished), C. zebrafish (NP_571796), D. goldfish (ABY75964), E. eel (ABS20065), F. 
human (NP_620448).  
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Goldfish JNK1       HAAGIIHRDLKPSNIVVKSDCTLKILDFGLARTAATGLLMTPYVVTRYYRAPEVILGMGY 202 
Eel JNK1            HSAGIIHRDLKPSNIVVKSDCTLKILDFGLARTAATGLLMTPYVVTRYYRAPEVILGMGY 202 
Human JNK3          HSAGIIHRDLKPSNIVVKSDCTLKILDFGLARTAGTSFMMTPYVVTRYYRAPEVILGMGY 240 
                    *:******************************** *.::******************* * 
 
At. croaker JNK1    KENVDIWSVGCIMGEVVKGSVIFQRTDHIDQWNKVIEVLGTPSLEFMNRLMETVRNYVMN 260 
At. croaker JNK2    KENVDIWSVGCIMGEMVKGSVIFQGTDHIDQWNK-------------------------- 234 
Zebrafish JNK1      QANVDVWSIGCIMAEMVRGSVLFPGTDHIDQWNKVIEQLGTPSQEFMMKLNQSVRTYVEN 262 
Goldfish JNK1       QANVDVWSVGCIMADMVRGSVLFPGTDRIDQWNKVIEQLGTPSQEFMLKLNQSVRTYVEN 262 
Eel JNK1            QANVDVWSIGCIMAEMVRGSVLFPGTDHIDQWNKVIEQLGTPSQEFLMKLNQSVRTYVEN 262 
Human JNK3          KENVDIWSVGCIMGEMVRHKILFPGRDYIDQWNKVIEQLGTPCPEFMKKLQPTVRNYVEN 300 
                    : ***:**:****.::*: .::*   * ******                           
 
At. croaker JNK1    KPQYPGVSFAELFPDWAFPSDSEHDKLKTGQARDLLSKMLVIDPESRISVEEALNHPYIH 320 
At. croaker JNK2    ----------------------------------------VIDPESRISVEEALNHPYIH 254 
Zebrafish JNK1      RPRYAGYSFEKLFPDVLFPADSDHNKLKASQARDLLSKMLVIDASKRISVDEALQHPYIN 322 
Goldfish JNK1       RPRYAGYSFEKLFPDVLFPADSDHNKLKASQARDLLSKMLVIDASKRISVDEALQHPYIN 322 
Eel JNK1            RPRYAGYSFEKLFPDVLFPADSEHNKLKASQARDLLSKMLVIDASKRISVDEALQHPYIN 322 
Human JNK3          RPKYAGLTFPKLFPDSLFPADSEHNKLKASQARDLLSKMLVIDPAKRISVDDALQHPYIN 360 
                                                            ***. .****::**:****: 
 
At. croaker JNK1    VWYDPAEADAPPPQISDKQLEEREHTIEQWKELIYEEVIDWEERNKNGLMKEDSSDAVSG 380 
At. croaker JNK2    VWYDPAEADAPPPQISDKQLEEREHTIEQWKELIYEEVIDWEERNKNGLMKEDSSDAVSG 314 
Zebrafish JNK1      VWYDPSEVEAPPPAITDKQLDEREHSVEEWKELIYKEVLEWEERTKNGVIRGQP-ASLAQ 381 
Goldfish JNK1       VWYDPSEVEAPPPAITDKQLDEREHTVEEWKELIYKEVLDLEERTKNGVIRGQP-ASLAQ 381 
Eel JNK1            VWYDPTEVEAPPPVITDKQLDEREHTVEEWKELIYKEVLDWEERTKNGVIRGQP-ASIAQ 381 
Human JNK3          VWYDPAEVEAPPPQIYDKQLDEREHTIEEWKELIYKEVMNSEEKTKNGVVKGQPSPSGAA 420 
                    *****:*.:**** * ****:****::*:******:**:: **:.***::: :.  : :  
 
At. croaker JNK1    SAS-----QSSSANDISSMSTEQTLASDTDSSSIDTLTGPLDESQ 420 
At. croaker JNK2    SAS-----QSSSANDISSMSTEQTLASDTDSSSIDTLTGPLDESQ 354 
Zebrafish JNK1      VQQ------------------------------------------ 384 
Goldfish JNK1       VQQ------------------------------------------ 384 
Eel JNK1            VKQWAAAP--SSTTSITPLHPPPPMMSPPCP-LTRH--------- 414 
Human JNK3          VNSSESLPPSSSVNDISSMSTDQTLASDTDS-SLEASAGPLGCCR 464 
                      . 
Figure 15. (Cont.) 
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Figure 16. Effects of a time course testosterone treatment on earlier and 
later time points on granulosa theca cell gene expression using real time 
quantitative RT-PCR.  A. Bax B. p53. C. JNK. Earlier time points (6 and 
12 hr) and later time points (24 and 48 hr) were grouped together to 
enhance observable differences in gene expression between treatment and 
control.  All measurements are adjusted for 18S as the internal control. 
Statistically significant differences from ethanol control were determined 
using the ANOVA F-test of equal variance. *p<0.05 **p<0.01 ***p<0.001 
n=6 
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Figure 17. Effects of androgen treatment on Bax gene expression after 48 
hours using real time quantitative RT-PCR. All measurements are 
adjusted for 18S as the internal control. Data represents means ± SEM. 
Statistically significant differences from ethanol control were determined 
using one way ANOVA and Dunnett’s multiple comparison test *p<0.05, 
n=6  
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Table 1. Sequences of Primers (5’-3’) 

Primer Bax P53 JNK 
PS-F GGGTGGTGGCCCTGttytayttygc GCTGCTGAACAAGCTGtaytgycaryt CTGTCCCGGCCCttycaraayca 
PS-R CGGTGAACACGCCCacngtytgcca GCGCACACCCGCacytcraarca CTGCTCGATCACCTTGttccaytgrtc  
GSP5-1 CGTGGGTGTGCCAAAGTGGGA GCACACCCGCACTTCGAAGC GCCCTGGAAGATGACGCTGC 
GSP5-2 AGCCACCTTGCTCCCTGATCCA GGATGGGTCTGCGGTTCATGCC TGCAGGTGCCTGATGCCACA 
GSP3-1 CGACTCGTCATCAAAGCTCTCGTGA GCAGAGTGTGACCGTCCCGT TGGCTAGGACGGCCTGCACT 
GSP3-2 CCTCCGGGAACATGTGATCAACT ACCATCCTGACCCTCGAGACCC ACTACCGTGCCCCGGAGGTC 
GSP-F GGAGGAGGCGACCAAGGAAA CCGCTGAGCCAAGACTCCTT CAGCGTTCAGGTGGGAGACT 
GSP-R GGGTGTGCCAAAGTGGGAAC GTAGCGTTTGCGACCACGAA GAGGACTGGGAGGCTGAACC 
QPCR-F TGTCGACTCGTCATCAAAGC CAGGGTGGAGGGCAGCCAGA GCGTGCCTACAGGGAGCTGG 
QPCR-R GCCAAAGTGGGAACGAATAC GGGTCTGCGGTTCATGCCCC CCTGGCATAGGCTGGCGTCC 
Abbreviations: PS, partial sequence; GSP, gene-specific primer; QPCR, quantitative real-time polymerase chain reaction; F, 
forward; R, reverse; S, C or G; M, A or C; Y, C or T; R, A or G. For other abbreviations, see text. 
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CHAPTER 3 

SUMMARY AND CONCLUSIONS 

 
The teleost ovarian follicle undergoes extensive changes in composition and 

hormone profile during the maturing and regression stages of the reproductive cycle—a 

process involving apoptosis and cell death.  However, the hormonal regulation of these 

processes remains unclear.  In the current study we investigated the role of testosterone in 

regulating survival and death of Atlantic croaker ovarian follicles using co-cultured G/T 

cells.  Testosterone treatment enhanced serum starvation-induced cell death and apoptosis 

of G/T cells from mature-stage fish, but reduced G/T cell death in late-stage fish.  The 

stages corresponding to either response were characterized based on GSI, histology, and 

plasma testosterone levels of the fish.  The apoptosis-induction by testosterone was 

mimicked by a non-permeable testosterone-BSA conjugate, indicating that this androgen 

action is initiated at the cell surface. Mibolerone, a nuclear androgen receptor agonist, 

was ineffective in promoting apoptosis and cell death, suggesting that testosterone actions 

are independent from the nuclear receptor.  The protective effects of testosterone on cell 

death were associated with activation of the ERK signaling pathway, a potential signaling 

pathway involved in cell survival.  On the other hand, the pro-apoptotic actions of the 

steroid were accompanied by mRNA upregulation of Bax, a component of the intrinsic 

apoptotic pathway, and two of its upstream regulators, p53 and JNK.  Together, results 

suggest that testosterone modulates croaker G/T cell death through a cell surface-

mediated androgen receptor activating an intrinsic apoptotic pathway involving JNK, p53 
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and Bax.  

Although some potential players in the membrane androgen receptor-mediated 

apoptotic pathway have been outlined, much work is still needed to clarify and confirm 

their role in the testosterone-induced cell death process.  Future experiments to confirm 

testosterone’s ability to induce the intrinsic apoptotic pathway include measuring 

cytochrome c release, a result of Bax activation, or measuring Bax protein upregulation, 

to confirm posttranslational regulation by testosterone.  Additionally, parallel 

experiments need to be performed for G/T cells of late-stage ovaries exhibiting the 

reverse survival effect when treated by testosterone to determine whether components of 

the same pathway may be involved.  Furthermore, studies are underway to identify, 

clone, and characterize a membrane androgen receptor from croaker, upon which 

additional experiments can be designed to investigate the role of the receptor in apoptosis 

regulation.  Such studies may involve overexpression or knockdown of the receptor to 

determine subsequent effects on testosterone-mediated apoptosis and cell death.  

This thesis examines the role of a nonclassical membrane androgen receptor in 

mediating cell death via an apoptotic pathway, as well as characterizing specific 

intermediaries in the pathway.  Results from this study provide insight into the 

mechanisms of action of a novel membrane androgen receptor, and shed light on its 

potential functional roles in reproduction, particularly during ovarian follicle maturation 

and regression.  This information may be relevant in comparative studies across species, 

particularly with the potential of being considered as a targeted pathway for 

pharmaceutical compounds for cancer treatment and other diseases, as well as a target for 
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endocrine disruption.  Furthermore, we obtained the cDNA sequence of three genes 

relevant to apoptosis, which may serve as useful markers for evaluating croaker ovarian 

atresia and apoptosis triggered by a variety of endogenous and exogenous sources such as 

environmental toxins or hypoxia exposure.   
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APPENDIX 

ABBREVIATIONS: 

5-α-dihydrotestosterone.................................................................................DHT 

Androgen receptor .........................................................................................AR 

Bax inhibitor peptide......................................................................................V5 

Bcl-2-associated X protein.............................................................................BAX 

B-cell lymphoma 2.........................................................................................BCL-2 

Bcl-2 Homology Regions 1-3 ........................................................................BH1-3 

C-jun N-terminal kinase.................................................................................JNK 

Dulbecco’s modified Eagle’s medium...........................................................DMEM 

Enzyme immunoassay .................................................................................EIA 

Extracellular‐signal regulated protein kinase ...........................................ERK 

Follicle Stimulating Hormone........................................................................FSH 

Granulosa/theca..............................................................................................G/T 

Gonadotropin-releasing hormone ..................................................................GnRH 

Gonadosomatic index.....................................................................................GSI 

Hypophysectomized immature female rats....................................................HIFR 

Luteinizing hormone......................................................................................LH 

Mitogen-activated protein kinase...................................................................MAPK 

Membrane androgen receptor ........................................................................mAR 

Membrane progestin receptor ........................................................................mPR 

Phosphate-buffered saline with tween ...........................................................PBS-T 
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Radioimmunoprecipitation assay buffer ........................................................RIPA 

Testosterone ...................................................................................................T 

Testosterone conjugated bovine serum albumin............................................T-BSA 

Tumor protein 53 ...........................................................................................P53 

Sodium dodecyl sulfate..................................................................................SDS 

Caspase 3 inhibitor.........................................................................................Z-DEVD-

FMK 

Caspase 8 inhibitor.........................................................................................Z-IETD-FMC 
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